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Abstract 24 

Long-term anaerobic digestion of switchgrass (SG) was investigated in batch 25 

and semi-continuous reactors operating at different Substrate to Inoculum (S:I) ratios 26 

and organic loading rates (OLRs) by monitoring process stability, microbial community 27 

structure, and investigating kinetic modeling. The highest methane yield of 204 28 

mLCH4/gVS was observed when the batch system was operated at the S:I ratio of 1.1. 29 

Methane yields in the semi-continuous configuration were around 148, 157, and 60 30 

mLCH4/gVS at OLRs of 0.75, 1.0, and 1.5 gVS/(L.d), respectively. A drastic decrease 31 

in methane yields was observed at the highest OLR value of 1.5 gVS/(L.d). The 32 

optimum OLR in the semi-continuous configuration was decided as 1.0 gVS/(L.d) 33 

where 35% of the SG theoretical methane yield and 38% energy recovery were attained. 34 

Several methanogenic archaea, Methanosarcina, Methanosaeta, Methanothrix, and 35 

Methanomethylovorans, together with bacteria species, Chloroflexi, Firmicutes, 36 

Spirochaetes, and Actinobacteria were observed in the semi-continuous configuration 37 

after 270 days of operation. The dominant bacterial phyla of s-CSTR were mostly 38 

members of Spirochaetes phylum, which plays a considerable role in acetate oxidation 39 

under either mesophilic or thermophilic conditions. 40 

 41 

Keywords: Anaerobic Digestion, Lignocellulose, Methane, Microbiome, Modeling, 42 

Switchgrass 43 

 44 
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1. Introduction 48 

Easy access to energy is among the most important needs that directly affects the 49 

living standard, and it is a requirement for sustainable economic growth. In recent 50 

decades, many studies were carried out worldwide to develop sustainable energy 51 

production processes from renewable sources as a replacement for fossil fuels. The 52 

primary motivation for these studies was to reduce the dependence on fossil fuels while 53 

preventing environmental problems caused by the use of fuels as much as possible 54 

[1,2,3]. Among the alternative energy sources, biomass energy stands out with its 55 

remarkable potential as a biofuel feedstock. Notably, most recent studies focused on 56 

utilizing lignocellulosic biomass sources due to their wide availability and suitable 57 

biochemical composition for biofuel production. 58 

One of the prairie grass species native to North America, switchgrass, attracted 59 

much attention from scientists due to its high potential as a biofuel feedstock and its 60 

agricultural advantages. Switchgrass (SG) (Panicum virgatum L.) is a promising 61 

lignocellulosic substrate owing to its agricultural yield (up to 14 tons/acre), easy 62 

adaptation to wide ranges of unfavorable conditions, long lifespan, positive 63 

environmental benefits like erosion preventive, renewable and well-developed deep root 64 

system, tolerance to drought conditions, soil protection against degradation, low 65 

nutritional requirements, high durability, and high carbon content [4,5]. Since SG was 66 

selected as a model perennial energy crop by the U.S. Department of Energy in 1991 67 

[6], Canada, some European countries, and China started research programs on SG in 68 

1990 - 2000 [7]. Turkey initiated a research program on energy crops, including SG, in 69 

2015. Seeds of different varieties of SG, which are not native to Turkey, were brought 70 
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from America. Adaptation studies were carried out in different regions with varying 71 

climate and soil conditions across Turkey by the Ministry of Agriculture and Forestry. 72 

Studies have been broadly focused on the conversion of SG into various 73 

biofuels, especially bioethanol, along with the application of a pre-treatment process to 74 

reach the sugar platform. However, the production of ethanol requires the combination 75 

of costly up- and downstream processing in series. Combining many processes in series 76 

and optimizing the selected pre-treatment processes to minimize sugar loss results in an 77 

uneconomical ethanol production route from SG [8,9]. Integrating methane production 78 

into this route was found to increase the total energy recovery [10]. About the anaerobic 79 

digestion of SG, a few studies have focused on methane yield for different harvesting 80 

seasons [11–14], improving the methane yield via pre-treatment and ensiling [15–18] or 81 

co-digestion [7,19,20], and batch anaerobic digestion kinetic modeling [21–24]. Very 82 

limited attention has been paid to SG’s digestion in a continuous anaerobic bioreactor 83 

with process stability [25–28] in the literature even though it has many advantages like 84 

retention time and reaction volume than the batch system.  85 

In the AD of lignocellulosic biomass, although lignin’s existence slows down 86 

the process, eventually, microorganisms can reach cellulose and hemicellulose fractions 87 

and hydrolyze them by using external enzymes [29]. Along with the many advantages, 88 

the AD process has some common complications such as operational instabilities, pH 89 

drops caused by volatile fatty acid accumulations, C/N ratios deficiency, and 90 

homogenous mixing difficulties due to solids accumulation in the digester. Some of the 91 

process complications can be avoided by the monitoring of pH, volatile fatty acids 92 

(VFA), and alkalinity continuously [24, 25]. Furthermore, reactor types, feeding regime, 93 

macro and micronutrients, and OLR are directly influential on the biomass to methane 94 
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conversion efficiency [30,31,32]. Particularly, there is a significant research gap in 95 

determining the effect of various reactor configurations and OLRs on long term AD of 96 

raw SG. Hence, this study aims at filling this gap by comparing the effect of different 97 

reactor configurations and OLRs on methane production from SG.  98 

In the study, the AD of raw SG was comparatively evaluated in two different 99 

reactor configurations, i.e. batch (fed once) reactors and daily fed and continuously 100 

stirred semi-continuous stirred tank reactor (s-CSTR) fed under three different OLRs, 101 

0.75, 1.0, and 1.5 gVS/(L.d). During the AD process, pH and alkalinity to volatile fatty 102 

acid ratio (Ripley ratio) were monitored to assess the process’s stability. Obtained 103 

methane production results of batch system were modeled using Cone, Reaction Curve, 104 

First Order Kinetic, and Modified Gompertz models. Furthermore, denaturing gradient 105 

gel electrophoresis (DGGE) analysis was performed to identify the microbial diversity 106 

and dynamics in the s-CSTR reactor. Finally, methane productions and the energy 107 

equivalents were compared with the theoretical methane yield and direct combustion 108 

energy of SG, respectively, to determine the process efficiency. 109 

2. Materials and Methods 110 

2.1. Substrate and Seed Sludge 111 

Kanlow variety of SG was cultivated in Konya, Turkey. The samples which 112 

were harvested at 2nd year, received as field dried under the sun. Switchgrass variety 113 

was chosen considering high biomass yield [33] and methane potential [10]. The dried 114 

samples were milled to a size of 0.5 mm before using in experiments. The particle size 115 

of 0.5 mm was selected to increase the hydrolysis rate while not causing any mixing 116 

problems. The grinding process was carried out with a hammer mill, and milled samples 117 

were stored in the plastic bags at room temperature. 118 



6 

 

The anaerobic seed sludge was obtained from a local biogas plant (Rani Farm) 119 

near Manavgat, Turkey. The plant produces biogas from cattle manure in the AD 120 

process. The main reason for obtaining anaerobic seed sludge from a cattle manure 121 

processing plant was the cattle manure’s microbial structure, which contains species that 122 

can enzymatically hydrolyze raw lignocellulosic biomass along with acidogenic and 123 

methanogenic microorganisms. Furthermore, since microorganisms in the cattle manure 124 

seed were already adapted to hydrolyzing cellulose, it was assumed that the system 125 

could reach the steady-state conditions faster. The sludge which contains 53.26% total 126 

solids (TS) and 37.03% volatiles solids (VS) was used as the inoculum.  127 

2.2. Characterization of Switchgrass 128 

The characterization analyzes performed on raw SG were total solids (TS), 129 

volatile solids (VS), soluble reducing sugar (DNS), soluble protein, acid-soluble and 130 

insoluble lignin, van Soest detergent fiber, total organic carbon (TOC), lower heating 131 

value (LHV), and elemental analysis. 132 

TS and VS analyzes were carried out by following the Standard Method 2450-C 133 

[34]. 3,5-dinitrosalicylic acid (DNS) method [35] and Lowry method [36] were used to 134 

measure soluble reducing sugar and soluble protein contents of SG, respectively. Acid 135 

soluble-insoluble lignin analyses were performed by following the National Renewable 136 

Energy Laboratory’s (NREL) procedure TP-510-42618 [37]. Structural carbohydrates 137 

were measured digesting SG in an acid solution and then analyzing the pH neutralized 138 

sample with an ultra-high performance liquid chromatography (Thermo Scientific, 139 

UltiMate® 3000 UHPLC) [37]. Van Soest Detergent Fiber analysis [38] was conducted 140 

to specify the cellulose, hemicellulose, and acid detergent lignin contents of SG. TOC 141 
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of SG was determined with Shimadzu TOC-L equipped with a solid sample module 142 

(SSM-5000A). 143 

In addition, elemental composition (C, H, O, N) analysis was performed by 144 

CHNS elemental analyzer (LECO, CHNS-932). Trace element composition (Ca, K, Na 145 

Mg, Al, Fe, Cu, Mn, Sr, and Se) was determined by ICP-OES – PerkinElmer 7000DV 146 

and ICP-MS PerkinElmer Elan DRC-e. Moreover, the sample’s lower heating value 147 

(LHV) was analyzed by following the ASTM D5865-10A procedure. The higher 148 

heating value (HHV) was also calculated by Dulong Equation [39]. 149 

Buswell Equation, which is a stoichiometric equation, was utilized to calculate 150 

the theoretical methane potential by using carbon (C), hydrogen (H), oxygen (O) and 151 

nitrogen (N) contents of SG measured in the elemental analysis [40]. This formula was 152 

created by Symons and Buswell (1933) by using theoretical and practical studies on 153 

anaerobic digestion of carbohydrates, and the formula assumes that the organic material 154 

(e.g., CaHcOcNd) is completely converted into CH4 and CO2. It was aimed to compare 155 

the methane yield obtained from batch and s-CSTR processes and the theoretical 156 

methane potential to determine the process efficiency. Although it is advantageous to 157 

use Buswell Equation to determine the theoretical methane potential due to quick to 158 

measure nature of the elemental composition, the values calculated by the equation are 159 

always higher than the practical methane potential of the substrate.  160 

2.3. Batch Anaerobic Digestion 161 

In batch reactors, S:I values were selected to correspond to the organic loading 162 

rates specified in the continuous reactor. In order to investigate the methane potential of 163 

SG at different substrate to inoculum ratios (S:I as gVS/gVS) of 1.1, 1.47, and 2.2, 164 

batch tests were performed according to the biochemical methane potential (BMP) test 165 



8 

 

procedure provided by Perendeci et al., (2018) [41]. Batch tests were performed in 166 

reactors with 400 mL working volume and 100 mL headspace. The seed concentration 167 

of the reactors was adjusted to 3 g/L. In accordance with the method, sodium 168 

bicarbonate buffer (2.6 g/L) and micro-macro nutrients were added to reactors to keep 169 

the pH stable and to provide nutrients to the seed sludge, respectively. Table 1 presents 170 

the amounts of macro and micro-nutrients added. After all the components were added, 171 

the liquid volume of the reactors was adjusted to 400 mL with deionized water. A gas 172 

mixture containing 70% N2 and 30% CO2 was used to purge the reactors to eliminate 173 

the oxygen in the headspace. The reactors were sealed with septum caps and kept in a 174 

temperature-controlled incubator at 36±1°C. The batch reactors were incubated for 83 175 

days until the methane production ceased. Methane productions on the 60th day were 176 

taken as the ultimate results. Control reactors without substrate were also run to 177 

determine the biogas production from the seed. The average amount of methane 178 

production from the control reactors was subtracted from those of other reactors to 179 

determine the normalized biogas production directly from the used substrate. A total of 180 

16 times biogas measurements were conducted simultaneously from all the reactors 181 

during the 60 days incubation. The residence time for anaerobic digestion of 182 

lignocellulosic materials is generally taken between 30-60 days depends on the material 183 

degradation [42]. Digestion of lignocellulose takes more time than hemicellulose 184 

structure. Some publications has reported the SRT of switchgrass digestion as follows: 185 

Frigon et al. 37 days [43], Niu et al. 45 days [44] and Zheng et al. 30 days [7]. In our 186 

experiments, we preferred 60 days for batch digestion as well as semi-CSTR digestion.  187 

 188 
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Table 1. Concentrations of micro and macro nutrients added to each batch reactor 189 

Macro 

Nutrients 

Conc. 

(mg/L) 

Micro  

Nutrients 

Conc. 

(mg/L) 

Micro  

Nutrients 

Conc. 

(mg/L) 

NH4Cl 172 FeCl2. 4H2O 20 H3BO3 0.5 

KH2PO4 65 CoCl2. 6H2O 5 Na2SeO3 0.5 

MgCl2.6H2O 39 MnCl2. 4H2O 1 CuCl2. 2H2O 0.4 

CaCl2.2H2O 19 ZnCl2 0.5 Na2MoO4. 2H2O 0.1 

 190 

A liquid-gas displacement setup was used to measure the total volume of biogas 191 

produced in the reactors. In the displacement setup, to avoid dissolution of biogas in the 192 

liquid, an acidic salt solution (pH 1) was used as the displacement liquid that was 193 

prepared according to Standard Method 2720 [34]. The composition of biogas (CH4 and 194 

CO2) was determined by using Varian CP-4900 Micro-gas chromatography (micro-GC) 195 

equipped with a thermal conductivity detector (TCD) and PPQ column (10 m). Column 196 

and injector temperatures were set at 70°C and 110°C, respectively. The flow rate of 197 

carrier gas, Helium, was adjusted to 25 mL/min. Specific methane yield was expressed 198 

as mL CH4/g VS. 199 

 2.4. Semi-Continuous Stirred Tank Reactor (s-CSTR) Digestion  200 

2.4.1. Operational conditions 201 

A 5 L stainless steel reactor (Bioprocess Control 5S) with a heating jacket and 202 

mechanical stirrer (100 rpm) was used as the s-CSTR in the experiments. The heating 203 

jacket was connected to a water bath (JSR JSIB-22T) to maintain the system at a 204 

mesophilic temperature (36±1°C). pH and temperature were monitored by using the 205 

same probe (Hamilton Polilyte Plus Arc120) and a control screen (Ikarus Tech.). Total 206 

biogas production was measured by a gas flow meter (Bioprocess Control µFlow), and 207 
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biogas was collected in a gas collection bag (Supelco Tedlar Bag 5L) to determine the 208 

gas composition. System configuration of s-CSTR is presented in Fig. 1. Initially, the 209 

digester was filled with seed sludge (5.4% TS) and fed every-other-day with SG 210 

depending on the OLR (0.75, 1.0, and 1.5 gVS/(L.d)). The same amount of effluent was 211 

withdrawn to provide semi-continuous reactor conditions. Sludge retention time (SRT) 212 

of 60 days was used for each OLR value. The first 30 days were assumed as the 213 

adaptation period to reach a steady-state condition of examined OLR. Reactors were 214 

kept operational for 90 days for each OLR. After the initial 30 days, average biogas 215 

production yields measurements were started and continued until the 90th day. 216 

 217 

1 Completely stirrer tank reactor 5 Reactor inlet for SG feeding 
2 pH and temperature sensor 6 Gas flowmeter 
3 pH and temperature monitoring  7 Gas sampling bag 
4 Reactor mixer 8 Water bath  

Fig. 1. System configuration of s-CSTR 218 

 219 

 220 

2.4.2. Analytical methods for semi-Continuous Stirred Tank Reactor 221 
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Temperature and pH were monitored daily. TS and VS of the reactor contents 222 

were measured continuously by using the method presented under Section 2.2. The total 223 

volume of the produced biogas and its composition were measured daily. The daily 224 

volume of the biogas production (mL) was monitored by a gas flow meter, which was 225 

connected to a gas collection bag. The composition of biogas (CH4 and CO2) was 226 

measured by following the same method used for the batch reactors described in Section 227 

2.3. Alkalinity represents the pH buffering capacity, which has a substantial role in 228 

digester stability. Total alkalinity was measured by a titrimetric method (2320-B) [34] 229 

twice a week.  230 

VFA compositions of the bioreactor media were measured by Varian GC-430 231 

Gas Chromatograph equipped with a flame ionization detector (FID). The separation of 232 

VFAs was performed by WCOT Fused Silica 25 m x 0.32 mm ID, 0.3µm coating 233 

FFAP-CB capillary column. When samples were directly used in the VFA analysis 234 

method according to APHA 5560C [34], fouling and clogging were observed in the 235 

Varian GC-430 liner and column, and the obtained results were not consistent. 236 

Therefore, to isolate the VFAs from the samples that were containing excessive 237 

impurities, methyl tert-butyl ether (MTBE) liquid-liquid extraction method was applied 238 

as described by Banel and Zygmunt (2011) [45]. Extracted samples were automatically 239 

injected into the chromatography with an injection volume of 5 µL by autosampler. 240 

Injector, oven, and detector temperatures were set to 250°C, 220°C, and 250°C, 241 

respectively. The oven temperature program was starting at 60°C (2 min) and then 242 

heating to 220°C (1 min) with a 10°C/min heating rate. The total analysis time for a 243 

sample was 19 min. Helium was used as the carrier gas with a 28.0 mL/min flow rate. 244 

H2 and airflow were set to 30 mL/min and 300 mL/min, respectively. Split ratio and 245 
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split time were selected as 50 and 1.2 min. A VFA standard solution mixture (SupelCo 246 

Analytical) was used to generate the calibration curve for acetic acid, butyric acid, 247 

formic acid, heptanoic acid, hexanoic acid, isobutyric acid, isovaleric acid, 4-methyl 248 

valeric acid, propionic acid, and valeric acid. Using the VFA results, the Ripley ratio 249 

(VFA/ALK) was calculated as an indicator of the anaerobic digester stability.  250 

2.5. Kinetic Modelling of Anaerobic Digestion 251 

The prediction of substrates’ energy potential is essential to determine the plant 252 

capacity and substrate loading rates in operation. There are few other ways to predict 253 

the energy potential as the BMP test, determination of theoretical methane potential via 254 

elemental fraction, lab-scale continuous reactor systems, or comparing with data of 255 

similar plants. Nevertheless, available kinetic model data are the easiest way to predict 256 

the energy potential of a substrate. 257 

In this study, four different kinetic models as Modified Gompertz [46], Reaction 258 

Curve [47], First Order [48], and Cone [47] models were used, which are widely 259 

utilized in the literature. AQUASIM 2.1 simulation tool was used to perform model 260 

simulations. Lag phases, maximum methane production rates, and methane production 261 

potentials were determined by using Modified Gompertz and Reaction Curve models. In 262 

biochemical reactions, the lag phase is one of the critical parameters, and it is desired to 263 

be short. Modified Gompertz and Reaction Curve equations were represented in 264 

Equation 1 and Equation 2, respectively. 265 

� = �. ��� �−��� 
��. �
� 
λ − t� + 1��                                                                          
��. 1� 266 

� = �. �1 − ��� �− ��
� − λ�
� ��                                                                                    
��. 2� 267 
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In the given equations, M, P, Rm, λ, t, and e represent cumulative methane 268 

production, the maximum methane production potential of the substrate, the maximum 269 

methane production rate, lag phase duration (d), reaction time (d), and the Euler number 270 

(2.7183), respectively. 271 

In order to calculate the hydrolysis rate and the cumulative methane yield, First 272 

Order and Cone models were used. The hydrolysis of cellulosic materials is mainly the 273 

rate-limiting step for anaerobic digestion. Therefore, the hydrolysis rate is crucial for the 274 

efficiency of the process. The equations of First Order and Cone models were 275 

represented, respectively. 276 

� = �. �1 − �
� !�"                                                                                                              
��. 3� 277 

� = �
1 + 
$���%                                                                                                                     
��. 4� 278 

In Equation 3 and Equation 4, M, P, k, t, n, and e are cumulative methane 279 

production, the maximum methane production potential of the substrate, hydrolysis rate 280 

constant (d-1), reaction time (d), shape factor, and the Euler number (2.7183), 281 

respectively. 282 

2.6. Microbial Community of Anaerobic Digestion 283 

Denaturing gradient gel electrophoresis (DGGE) of 16s rRNA genes was carried 284 

out for analyzing the diversity and dynamics of the microbial community in the s-285 

CSTR. The DNA isolation of bacteria and archaea in liquid samples obtained from s-286 

CSTR at different periods was performed with ZR Soil Microbe DNA MiniPrep DNA 287 

extraction kit (Zymo Research) according to the manufacturer’s instructions. For 288 

polymerase chain reaction (PCR) runs with the crude DNA samples, 907r (5ʹ-289 

CCGTCAATTCMTTTGAGTTT-3ʹ) and GC-BacV3f (5ʹ-CCTACGGGAGGCAGCAG-290 

3ʹ) forward primers were used for bacterial DNA, besides 915r (5'-291 



14 

 

GTGCTCCCCCGCCAATTCCT-3ʹ) reverse primers and GC-Arc344f (5'-292 

ACGGGGYGCAGCAGGCGCGA-3ʹ) forward primer were used for archaea [49]. At 293 

the 5ʹ end of forward primers, a GC clamp was added to stabilize the DNA fragments’ 294 

melting behavior throughout the subsequent DGGE process. PCR amplification, DGGE 295 

analysis, and monitoring of the DNA were carried out according to Sahinkaya et al., 296 

(2013) [50]. DGGE runs were performed by mixing 45 µL of PCR product aliquots with 297 

9 µL 6x Loading Dye and loading the mixture onto Polyacrylamide gels (6% (w/v) 298 

acrylamide:bisacrylamide stock solution in TAE (40 mM Tris, 20 mM acetic acid, 1 299 

mM EDTA (Ethylenediaminetetraacetic acid), pH 8.3) with denaturing gradient ranging 300 

from 30% to 70% (100% denaturant contains 40% formamide and 7 M urea). After 301 

DGGE runs, SYBR Gold dye (100 µL/L in 1x TAE) was used for 30 minutes to stain 302 

the polyacrylamide gel, and then it was monitored with Gel Documentation Imaging 303 

System (Vilber Lourmat Quantum St4). Significant bands were excised with a razor 304 

blade, eluted into 20 µL sterile water, stored at 4°C overnight, and re-amplified by using 305 

the same PCR program mentioned above with the primers without GC clamp. DNA 306 

purification and Sanger sequencing reactions were done at Medsantek Ltd. Co. 307 

(Istanbul, Turkey), and similarities of the DNA sequences were compared with the 308 

sequence database of GenBank by using BLAST (Basic Local Alignment Search Tool) 309 

program. 310 

2.7. Determination of Process Efficiency 311 

 Two theoretical values, i.e. theoretical methane yield and energy recovery, were 312 

comparatively used for determining the process efficiency. The calculation of the 313 

theoretical methane yield was presented in Section 2.2. Methane production efficiency 314 

was calculated by comparing the results with the theoretical yield. On the other hand, 315 
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energy recovery calculations were performed by comparing the energy equivalent of 316 

methane produced with the combustion energy of raw SG. The mathematical expression 317 

of the energy recovery was presented in Equation 5. The values of 39.8 MJ/m3 and 318 

15.11 MJ/kg used in the equation represent methane’s and SG’s calorific values, which 319 

was obtained by characterization analyses (Table 2), respectively. 320 

Energy recovery 
%� = m2 CH5 produced  x 39.8 MJ/m2
kg TS of substrate used x 15.11MJ/kg x100                  
��. 5� 321 

 322 

3. Results and Discussion 323 

3.1. Raw Switchgrass Characteristics 324 

SG samples were dried and milled prior to characterization analyses. 325 

Characterization results are presented in Table 2. TS and VS results for the field dried 326 

SG were found as 937 g/kg and 864 g/kg, respectively. Low moisture content indicates 327 

that SG does not require any other drying methods than field drying. SG contains 328 

36.24% hemicellulose, 35.94% cellulose, 20.45% lignin, 38.18% TOC, and 41.95% C. 329 

Having high cellulose, hemicellulose, and carbon contents make SG a suitable raw 330 

material for biofuel production processes. As a result of structural carbohydrates 331 

analysis, SG was found to contain around 40% glucose and 21% xylose. More detailed 332 

characterization results of the substrate were given in a previous study [10]. 333 

The chemical composition of the SG is found as C140H244O109N1 regarding the 334 

elemental analysis results. The Buswell Equation was used to calculate the BU value, 335 

which is defined as the theoretical methane yield, as 442.8 mL CH4/g VS for raw SG. 336 

The theoretical methane potential of SG was reported in the literature as 500 mL CH4/g 337 

VS [51], 448 mL CH4/g VS [52], and 530 mL CH4/g VS [26], which are consistent with 338 

the result of this study. Also, the C/N ratio was found as 120. Lastly, the higher heating 339 
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value of SG was calculated as 15.11 MJ/kg TS (3610.13 kcal/kg TS) using the Dulong 340 

Equation [39]. 341 

Table 2. Characterization results of raw SG 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

Analysis Unit Result 

Total solid, TS (g/kg Sample) 937.28 ± 1.90

Volatile solid, VS (g/kg Sample) 863.96 ± 2.18

Soluble reducing sugar (mg/g VS) 40.19 ± 6.29 

Soluble protein  (mg/g VS) 59.81 ± 1.31 

Total organic carbon, TOC (%) 38.18 ± 0.1 

Hemicellulose (HEMI) (%) 36.24 ± 0.08 

Cellulose (CELL) (%) 35.94 ± 0.06 

Acid soluble lignin, ASL (%) 2.46 ± 0.04 

Acid insoluble lignin, AIL (%) 17.99 ± 056 

Elemental Analysis   

   C (%) 41.95 

   H (%) 6.14 

   N (%) 0.35 

   S (%) - 

Trace Elements 

   Mg  

   Al 

   Fe  

   Cu 

   Mn  

   Sr  

   Se  

   Ca  

   Na  

   K  

 

(ppm) 

(ppm) 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

ppm 

 

1427 

60.2 

69.4 

1.51 

27.4 

21.4 

0.23 

10.62 

2.735 

8.643 

Lover Heating Value, LHV  (MJ/ kg TS) 14.55 

Higher Heating Value, HHV (MJ/kg TS) 15.11 
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3.2. Batch Anaerobic Digestion  362 

The cumulative methane production and the percentage of methane in biogas at 363 

different S:I ratios over time are given in Fig. 2 (a) and (b). The methane potential of 364 

seed sludge, 55.76 mL CH4/g VS, was subtracted from all batch test results for 365 

normalization. 366 

  367 

(a) 368 

  369 

(b) 370 

Fig. 2. Cumulative methane production (a) and methane percentage of the biogas (b) at 371 

different S:I ratios in the batch system 372 

At the end of 60 days of incubation, the cumulative methane productions were 373 

203.9, 190.5, and 181.0 mL CH4/g-VS for S:I values of 1.1, 1.47 and 2.2, respectively. 374 

As the S:I ratios and corresponding loading rate increased, a decrease in the specific 375 

amount of methane production was observed. 376 
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For S:I of 1.1, 79% of the total methane amount (203.9 mL CH4/g VS) was 377 

obtained in the first 24 days, which claims that the retention time for batch AD of SG 378 

can be considered 24-25 days in terms of economic methane production. Methane 379 

percentage of biogas increased in the first 13 days and continued at a constant 380 

percentage without any significant change till the end of the tests (Fig. 2b). The amount 381 

of biogas and methane produced in batch tests are presented in Table 3. 382 

Table 3. Anaerobic batch digestion performance at different S:I ratios 383 

(S:I ratio)  
Biogas Yield  

(mL/g VS) 

Methane Yield  

(mL CH4/g VS) 

1.1 422.15 203.90 

1.47  394.41 190.50 

2.2 373.20 181.00 

 384 

When the batch digestion performance of SG in the literature was reviewed, it 385 

was found that the methane potential of SG was reported as 135.31 mL CH4/g VS at an 386 

S:I ratio of 1:12 for 44 days of digestion [44], 112.4 mL CH4/g VS at F/M ratio of 1:2 387 

for 38 days retention time [13], 216 mL CH4/g VS at an S:I ratio of 1:4.5 for 58 days 388 

retention time [53], 111.0 mL CH4/g VS for 30 days retention time [54] and 131.1 mL 389 

CH4/g VS for 30 days retention time [7] when SG was co-digested with manure. The 390 

results of batch methane production performance in this study for different S:I ratios 391 

were consistent with the literature.  392 

3.3. Semi-Continuous Stirred Tank Reactor (s-CSTR) Digestion  393 

3.3.1. Performance of the Digester 394 
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For different OLRs, average biogas productions, daily biogas production rates, 395 

methane content of biogas, and biogas - methane yields in the s-CSTR system are given 396 

in Table 4.  397 

The biogas production rates were 255.58, 347.2, and 213.81 mL/L∙day with the 398 

average biogas yields of 340.81, 347.34, and 142.55 mL/g-VS for 0.75, 1.0, and 1.5 399 

gVS/(L.d) OLR values, respectively. In the s-CSTR system, a significant decrease in the 400 

biogas yield was observed for the highest OLR of 1.5 gVS/(L.d), along with slightly 401 

lower (3%) the biogas’ methane content compared to that at 1 gVS/(L.d). High 402 

carbohydrate content of SG caused low methane content (50%). The highest biogas and 403 

methane yields of 347.34 mL/g VS and 156.9 mL CH4/g VS were achieved at 1.0 g 404 

VS/(L.d) OLR. For the highest OLR, a homogeneous mixing in the s-CSTR was not 405 

possible due to SG accumulation, which may be considered one of the main reasons 406 

observing lower biodegradation performance. Methane generation decreased by 38.2% 407 

with increasing OLR from 1.5 g VS/(L.d) to 1 g VS/(L.d) OLR, which may be due to 408 

solids build-up in the bioreactor, mixing limitation and nutrient deficiency at higher 409 

OLR. 410 

Methane yields for 0.75 and 1.0 gVS/(L.d) OLRs were quite similar (Fig. 3) and 411 

1.0 gVS/(L.d) would be preferable OLR in terms of using the reactor volume efficiently 412 

and higher methane production.  413 
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 414 

(a) 415 

 416 

(b) 417 

Fig. 3. For different OLRs, (a) biogas and (b) methane yields of SG in the s-CSTR 418 

system  419 

Table 4. Biogas and methane production performances for different OLRs in the s-420 

CSTR system. a: percentage of s-CSTR results to batch system results  421 

OLR 

(gVS/(L.d)) 

Biogas 

Production 

Rate 

(mL/(L.d)) 

Biogas 

Yield 

(mL/g VS) 

Methane 

Content 

(%) 

Methane 

Yield 

(mL/g VS) 

Biogas 

Yielda  

(%) 

Methane 

Yielda 

(%) 

0.75 255.58 340.81±22.7 43.3±1.7 147.56±12.7 80.73 72.37 

1.00 347.20 347.34±31.9 45.16±1.1 156.85±13.6 88.07 82.33 

1.50 213.81 142.55±43.9 42.17±3.2 60.11±21.21 38.20 33.21 

 422 
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There are some contradictory findings in the limited literature. Jin et al. (2012) 423 

studied the co-digestion of SG and sewage sludge (72% primary and 28% secondary 424 

sludge) at 1.7-2.23 kg VS/(m3.day) OLRs (2% and 4% fine grind) [27]. They obtained 425 

0.261 and 0.270 m3 CH4/kg VSSGadded methane yields for 1.7 and 2.23 kg VS/(m3.day) 426 

OLRs values, respectively. In the other studies of Jin and teams [20 21], the same 427 

substrates, SRT, OLR and feeding type were used during the 63 days operation of the 428 

bioreactor. They reported SG specific methane potentials of 296 and 14 mL CH4/g VS 429 

for fine-grind (2 mm) and coarse-grind (7.8 mm) samples, respectively [25]. However, 430 

contrary to these findings, when the same fine-grind (2 mm) and coarse-grind (7.8 mm) 431 

SG samples were digested with local dairy seed sludge, 252 and 328 mL CH4/g VS 432 

methane yields were obtained, respectively [25]. Operational issues such as solids 433 

accumulation, inefficient mixing, or floating were not reported during the bioreactor 434 

operation used in the study. In our study, the average methane productions for long-term 435 

(270 days) reactor operation are lower than those reported in the studies of Jin et al. On 436 

the other hand, these results indicate the importance of using cattle manure as seed for 437 

the anaerobic digestion of raw lignocellulosic biomass. Cattle manure seed, which is 438 

also used in this study, contains naturally adapted microorganisms to process raw plant 439 

material that can hydrolyze lignocellulose using cellulolytic enzymes such as cellulase 440 

and β-glucosidase. Liang et al. (2018) examined the residence time effect on semi-441 

continuous digestion of SG between 20-3.3 day. Progressing from RT=20 days to 3.3 442 

days, methane concentration decreased slightly from 50.5±1.0 to 46.7±0.7% and CO2 443 

increased from 42.6±2.2 to 45.9±1.5% which is also another clue for longer residence 444 

time of lignocellulosic materials [28]. May (2020) suggested to intermittent co-445 

treatment to increase the biogas production, but the microbiome was able to tolerate 446 
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daily milling of 50% of the digester volume [56]. Frigon et al. (2012) demonstrated the 447 

co-digestion of switchgrass with dairy manure with laboratory-scale digesters, which 448 

shows an increase of 86% in methane production compared with a digester fed only 449 

with manure at a similar loading of fresh material [43]. 450 

3.3.2. Stability of Digester 451 

The digester output samples were collected twice a week for the whole period 452 

and analyzed for alkalinity and VFAs. The system’s pH, monitored every day, averaged 453 

7.3, 7.1, and 7.1 for 0.75, 1.0, and 1.5 gVS/(L.d) OLR, respectively. For 0.75 gVS/(L.d) 454 

OLR, the pH values were stable; however, with the increases of OLR, the pH values 455 

decreased on some days. In AD, pH levels lower than ~5 are considered unsuitable for 456 

methanogenic Archaea. Therefore, pH was adjusted back to 7.0 by 0.5 M NaOH to 457 

avoid any possible inhibition. Daily pH data and the occurrence of pH drops are 458 

presented in Fig. 4.   459 

The initial average alkalinity value was 4472.6 mg CaCO3/L for 0.75 gVS/(L.d) 460 

OLR, then a decrease to an average value of 3610.8 mg CaCO3/L was observed when 461 

the OLR was increased to 1.0 gVS/(L.d). At the OLR of 1.5 gVS/(L.d), the system’s 462 

alkalinity increased to an average value of 4588.5 mg CaCO3/L. The optimum range of 463 

alkalinity for the anaerobic digestion varies between 2000 and 5000 mg CaCO3/L, and 464 

the lower limit is 1000 mg CaCO3/L to provide a convenient buffer capacity [57]. The 465 

alkalinity range of the s-CSTR reactor in this study was found in a suitable range for 466 

anaerobic digestion. 467 
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 468 

Fig. 4. pH changes for different OLR values of anaerobic digestion of SG at s-CSTR 469 

Acetic acid (HAc) has been identified as the most observed organic acid in total 470 

volatile organic acids. The average HAc/VFA ratios were 50.1, 85.3, and 65.3% for 471 

0.75, 1, and 1.5 gVS/(L.d) OLRs, respectively. Hence, acetic acid was the most 472 

abundant VFA, as expected. VFA accumulation occurs in cases where the symbiotic 473 

relationship between methanogenic and acetogenic microorganisms in a digester is 474 

disturbed due to the reactor overloading, microbial washout, or inhibition in the AD. In 475 

the anaerobic treatment systems, high VFA/ALK ratios caused by an increase in VFAs 476 

or a decrease in alkalinity lead to a sudden decrease in pH [20]. This pH decrease may 477 

affect the system’s microbial balance due to the inhibition effect of VFAs on 478 

methanogens. In this study, VFA/ALK ratios were observed lower than 0.1 for all OLRs 479 

during the operation.  480 

3.4. Kinetic Models 481 

The kinetic parameters were presented in Table 5. The statistical indicator, R2, 482 

was also calculated and presented in Table 5. Predicted methane potential values were 483 

plotted against experimental data to compare visually, as illustrated in Fig. 5. All kinetic 484 

models showed high prediction capacity with high R2 values.  485 
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Higher values of the maximum methane production rate are an indication of a 486 

higher methane potential. As may be noted from the kinetical parameters given in Table 487 

5, the highest Rm value was observed as 9.3 mL CH4/g VS.d according to the Modified 488 

Gompertz model for S:I ratio of 1.1. The increase in S:I ratio resulted in decreases in 489 

Rm. For 1.47 and 2.2. S:I ratios, on the other hand, Rm values were 8 mL CH4/g VS.d 490 

and 7.1 mL CH4/g VS.d, respectively. In accordance with the maximum methane 491 

production rate, the lag phase increased with the increasing S:I ratio. λ values were 492 

estimated by the model as 1.68 days, 1.86 days, and 2.18 days for 1.1, 1.47, and 2.2 S:I 493 

ratios, respectively. El-Mashad, (2013) reported the maximum methane production rate 494 

and lag phase duration as 6.96 mL CH4/g VS.d and 2.11 day for SG [22]. High R2 495 

values were determined for all experiments as 0.992, 0.994, and 0.996 for 1.1, 1.47, and 496 

2.2 S:I ratios, respectively. Differences in the measured and the calculated values were 497 

relatively higher and calculated as 5.3%, 4.1%, and 3.3% for 1.1, 1.47, and 2.2 S:I 498 

ratios, respectively. 499 

The maximum methane production rates, Rm, were determined as 12.6 mL CH4/g 500 

VS.d, 10.8 mL CH4/g VS.d and 9.5 mL CH4/g VS.d for S:I ratios of 1.1, 1.47, and 2.2, 501 

respectively, for reaction curve model. Lag phase durations were calculated as 1.01 502 

days, 1.03 days, and 1.21 days for S:I ratios of 1.1, 1.47, and 2.2, respectively. The 503 

trend for Rm and λ values was in parallel with the findings of the Modified Gompertz 504 

model. Determination coefficients, R2, were 0.994, 0.993, and 0.993 for 1.1, 1.47, and 505 

2.2 S:I ratios, respectively. Differences in measured and the calculated values were 506 

quite low as 0.3%, 0.3% and 0.2% for S:I ratios of 1.1, 1.47, and 2.2, respectively. 507 

Another critical biochemical reaction kinetic parameter is the hydrolysis rate 508 

constant (k), which indicates the biodegradation and methane production rates. The k 509 
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values were observed as 0.054 1/day, 0.050 1/day and 0.046 1/day for S:I ratios of 1.1, 510 

1.47, and 2.2, respectively. El-Mashad (2013) found the hydrolysis rate as 0.05 1/day 511 

for SG, which is similar to this study’s findings [22]. The hydrolysis rate decreased via 512 

increasing S:I ratios. The decrease in hydrolysis rate was parallel with methane 513 

production. The R2 value was calculated as 0.993 for all experiments.  514 

Cone model uses hydrolysis rate constant (k) and shape factor (n) kinetic 515 

parameters to estimate the methane production. The calculated k values were 0.080 516 

1/day, 0.073 1/day and 0.067 1/day for S:I ratios of 1.1, 1.47, and 2.2, respectively. The 517 

decrease in the hydrolysis rate of Cone model with increasing S:I ratio was parallel with 518 

those of the First Order model. The R2 value was calculated as 0.999 for all 519 

experiments. The highest prediction capacity for anaerobic digestion of SG was 520 

obtained for the Cone model.  521 

 522 

 523 

Table 5. Predicted model parameters 524 

Model Parameter S:I = 1.1 S:I = 1.47 S:I = 2.2 

Experimental M (mL CH4/g VSadded) 203.9 190.5 181.0 

First Order Kinetic 

k (1/Day) 0.054 0.050 0.046 

P (mL CH4/g VSadded) 203.7 189.7 178.7 

R2 0.993 0.993 0.993 

Difference (%) -0.1 -0.4 -1.3 

Cone 

k (1/Day) 0.080 0.073 0.067 

N  1.7 1.8 1.9 

P (mL CH4/g VSadded) 198.9 186.2 177.1 

R2 0.999 0.999 0.999 
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Difference (%) -2.5 -2.3 -2.2 

Modified Gompertz 

Rm (mL CH4/g VSadded.Day) 9.3 8.0 7.1 

λ (Day) 1.68 1.86 2.18 

P (mL CH4/g VSadded) 193.6 183.0 175.2 

R2 0.992 0.994 0.996 

Difference (%) -5.3 -4.1 -3.3 

Reaction Curve 

Rm (mL CH4/g VSadded.Day) 12.6 10.83 9.45 

λ (Day) 1.01 1.03 1.21 

P (mL CH4/g VSadded) 203.3 191.1 180.5 

R2 0.994 0.993 0.993 

Difference (%) -0.3 0.3 -0.2 

 525 
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(c) 

Fig. 5. Methane productions and model predictions in the batch system for (a) S:I = 1.1 526 

(b) S:I = 1.47, and (c) S:I = 2.2  527 

 528 

 529 

 530 

3.5. Microbial Community Structure 531 

Denaturing Gradient Gel Electrophoresis (DGGE) of 16S rRNA genes was 532 

carried out for characterizing microbial community structures of s-CSTR for 0.75, 1.00, 533 

and 1.50 OLRs and for seed culture as well. Comparison of gene sequences with 534 

GenBank databases for detecting reactor clones’ similarity to the reference strains was 535 

performed with the BLAST program. The microbial community of the s-CSTR was 536 

found to be stable according to the similarity search. 537 

Several methanogenic archaea, including Methanosarcina, Methanosaeta, 538 

Methanothrix, and Methanomethylovorans genus, as well as Chloroflexi, Firmicutes, 539 

Spirochaetes, and Actinobacteria, were observed in s-CSTR (Table 6). Besides, some 540 

uncultured bacteria were also obtained in samples. 541 

Table 6. Blast results of the sequences 542 
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 Phylogenic phylum/genus Similarity (%) Accession No. 
B

ac
te

ri
a 

Spirochaetes 89 GQ347015.1 

Chloroflexi 93 CU921102.1 

Firmicutes 97 KX367894.1 

Actinobacteria 97 NR_146663.1 

A
rc

h
ea

 

Methanosarcina 98 NR_148758.1 

Methanosaeta 93 NR_113571.1 

Methanothrix 99 NR_102903.1 

Methanomethylovorans 94 NR_102454.1 

 543 

One of the dominant bacterial phyla of s-CSTR are members of Spirochaetes 544 

phylum, that play an important role in acetate oxidation. These bacteria can be 545 

commonly found in natural environments, engineered habitats, and anaerobic digesters. 546 

In municipal waste sludge processing anaerobic digesters, Spirochaetes play a 547 

significant role in acetate oxidation under both mesophilic and thermophilic conditions, 548 

in liaison with hydrogenotrophic methanogenic archaea (i.e., Methanobacteriales, 549 

Methanomicrobiales, or Methanococcales) [58]. 550 

The other Bacteria identified in s-CSTR are the members of Firmicutes and 551 

Actinobacteria phylum. Clostridia class of Firmicutes phylum include Clostridium and 552 

Terrisporobacter genera, which are endospore-forming strictly anaerobic bacteria. 553 

Clostridium is responsible for lignocellulose degradation with its cellulolytic enzymes 554 

[59]. Besides, they perform as acetate oxidation during methane production from the 555 

digestion of organic substances [60]. Terrisporobacter can also act as an acetic acid 556 
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producer by utilizing simple carbohydrates during anaerobic digestion [61]. Ziganshin 557 

et al. also stated that, throughout the agro-industrial waste treatment, Firmicutes (mainly 558 

Clostridia) were the major bacterial phyla [61, 62]. The role of Actinobacteria and 559 

Chloroflexi in methanogenic habitats is yet to be characterized, but they are reputed to 560 

hydrolyze carbohydrates and ferment sugars [64]. The higher populations of 561 

hydrolyzing bacteria produce more organic acids during the hydrolysis stage, providing 562 

more carbon sources for archaea to generate more biogas. 563 

Methanosarcina genus can metabolize a wide range of substrates for methane 564 

production, unlike the other methanogens. Some strains of this genus isolated from 565 

anaerobic sewage sludge are model organisms for methane production [65]. In biogas 566 

plants, the genus is one of the highly dominant species of archaeal communities because 567 

of their acetate consumption potential as a carbon and energy source via acetoclastic 568 

pathway. The other member of Methanosarcinales order is Methanosaeta genus, which 569 

is also a methane producer via acetoclastic pathway. Unlike Methanosarcina, they are 570 

obligate acetate utilizer for methanogenesis [64]. Methanothrix is an obligate anaerobic 571 

archaea which can be isolated from mesophilic sewage digesters. They decarboxylate 572 

acetate to produce methane and become dominant in the population when acetate 573 

concentration is low. With an increase in acetate concentration, they leave the 574 

dominance to Methanosarcina genus [66]. The Methanomethylovorans genus members 575 

are methyl group consuming and methane-producing archaea, which can be isolated 576 

from the slurry obtained from eutrophic pond sediments [67]. 577 

Meanwhile, very limited microbial community studies have also been performed 578 

from the anaerobic reactor digesting SG [19]. Zhong et al. (2020) stated that bacterial 579 

phyla of Bacteroidetes and Firmicultes and archaeal genera of Methanobrevibacter, 580 
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Methanosarcina, and Methanobacterium were abundant in the co-digestion of SG and 581 

agricultural waste [19]. 582 

 583 

3.6. Methane and Energy Yields 584 

 Comparisons of average methane productions to theoretical methane potential 585 

and energy equivalents of methane produced to direct combustion energy of SG were 586 

performed to determine the process efficiency. The theoretical methane yield of SG was 587 

calculated as 408.2 mL CH4/g TS by using the Buswell Equation equal to 16.2 MJ/kg 588 

TS, whereas the higher heating value, calculated by using the Dulong Equation, was 589 

found 15.11 MJ/kg TS. Methane productions in the batch and s-CSTR systems, 590 

presented in Table 3 and Table 4, were multiplied by 39.8 MJ/m3, which is methane’s 591 

calorific value under normal temperature and pressure, to determine the average energy 592 

recoveries in the form of methane. Although the energy equivalent of the theoretical 593 

methane yield and the SG’s calorific value were found close, the theoretical methane 594 

yield’s energy equivalent was slightly higher due to the differences in the calculation 595 

methods. Energy recovery and methane production yields are presented in Fig. 6. 596 
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 597 

Fig. 6. Energy recoveries and methane yields reached in different reactor systems 598 

 Methane production results of the batch system for S:I ratios of 1.1, 1.47, and 599 

2.2 were 187.95, 175.6, and 166.84 L/kg TS, respectively. The highest methane yield, 600 

obtained at S:I ratio of 1.1, represents 46.1% of the theoretical methane yield, and it 601 

reached around 50% energy recovery. Increasing the S:I ratios to 1.47 and 2.2 in the 602 

batch system caused a slight decrease in energy recovery to 46.25% and 43.95%. On the 603 

other hand, for 0.75, 1.0, and 1.5 gVS/(L.d) OLRs in the s-CSTR system, methane 604 

production yields were 33.32%, 35.42%, and 13.57% of the theoretical yield, 605 

representing energy recovery of 35.83%, 38.08%, and 14.59%, respectively. Although 606 

energy recovery results seem to be low compared to the direct combustion of SG, when 607 

the robust biochemical structure of lignocellulose is considered, it can be seen that 608 

anaerobic digestion was successful in converting raw lignocellulosic biomass into 609 

methane. Moreover, after fermentation, the remaining media can be used in soil 610 

amendment, or it can be dried and combusted for further energy recovery. 611 
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4. Conclusions 613 

Specific methane potential of SG was investigated in batch and s-CSTR. According to 614 

the batch results, the energy recovery was around 50%, 46%, and 44% for the S:I ratios 615 

of 1.1, 1.47, and 2.2, respectively. The s-CSTR system’s energy recovery was around 616 

36%, 38%, and 15% for the OLRs of 0.75, 1.0 and 1.5 gVS/(L.d), respectively. Low 617 

methane production from 1.5 OLR was mostly due to SG accumulation, causing mixing 618 

problems and high C/N ratio, VFA accumulation, which led to pH decrease from time 619 

to time. Even though the results showed that the methane production from the s-CSTR 620 

process at 1.0 gVS/L∙day of OLR can reach 82 % of the batch process, the optimal 621 

choice for industrial applications should be the usage of s-CSTR from the point of the 622 

working volume and the hydraulic retention time. In the long-term operated s-CSTR, 623 

several methanogenic archaea, including Methanosarcina, Methanosaeta, 624 

Methanothrix, and Methanomethylovorans genus were detected. The nutrient deficiency 625 

was found as the main reason behind the low digestion performance in this study. 626 

Therefore, we recommend future studies to supply micronutrients to the SG anaerobic 627 

digestion processes.  628 
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