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Abstract 

Anaerobic digestion (AD) is an environmentally friendly promising solution for recycling of agro-

industrial wastes. However, overloading of an anaerobic digester with the substrate might cause 

inhibition of the AD process. Present study investigates effects of substrate to inoculum (S/I) ratio on 

the AD of Potato-chips processing (PCP) wastes from Potato-Chips Processing Industry (PCPI). The 

PCP wastes include expired potato-chips (EPC), recovered potato starch (RPS) and potato peels (PP). 

Mesophilic AD was carried out in batch-wise static reactors at 35±1 oC using 4 different S/I ratios (0.5, 

1.0, 1.5 and 2.0 g VS/g VS) for each waste. Different optimum S/I ratios were obtained for the different 

wastes; however, pH ranges were comparable (7.0 to 7.5) for all batches. The optimum S/I for EPC, 

RPS and PP were 1.0, 1.5 and 2.0 respectively. Cumulative biogas yields for EPC, RPS and PP were 

367.5±6.3, 310.0±5.5 and 202.5±4.9 ml/g VS added, respectively. Methane content of biogas yields 

ranged between 60% and 70%. There was a variable remarkable shift in the microbial population at 

the optimum S/I ratio of each waste. Firmicutes increased in case of EPC and RPS while decreased in 

case of PP. Conversely, Proteobacteria increased by using PP as substrate and decreased in case of 

EPC. Herein the results of AD of PCP wastes confirm its potential for onsite production of renewable 

bioenergy and reduction of energy bill in the PCPI. Also it provides guidance for optimizing the AD 

of PCP wastes for large scale application. 

Keywords: potato peels; expired potato-chips; recovered potato starch; biogas; anaerobic digestion 

 

1. Introduction 

Recently, global energy demand has increased faster than usual throughout all geographical 

regions, driven by accelerated industrialization and too rapid population growth  [1]. As reported, 

fossil  fuels including oil, natural gas and coal currently provide around 80% of the world energy 

supply [2]. Over-use of the fossil fuels has been encountered in many problems and the 

environmental implications of pollution have prompted significant interest in clean and sustainable 

energy sources [3,4]. Many countries like Egypt start depending on the renewable sources of energy 

to fulfill their growing demand. Sector of energy represents the most important cornerstone aspect 

among the 10 features of Egypt’s vision 2030 [5]. The vision suggests that energy resources should be 

used effectively and domestically, and there should be sufficient diversity in the power generation 

between fossil fuels and renewable resources [5]. Thus, suitable substitutes have drawn the 

researcher’s attention for producing renewable energy from different resources. Biofuels derived 
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from biomass represents  a viable option of renewable fuels  since biomass is a sustainable source 

of organic matter that comes from animal and plant sources [6] and biomass-bed biofules have 

excellent environmental impacts. 

Biogas is considered one of these renewable energy sources; however negligible portion of global 

renewable energy (6.3%) is produced from biogas that is derived from biomass of plants, animals and 

microorganisms  [7]. Several initiatives and programs in Europe and recently in the whole world 

encourage use of biomass to produce renewable energy. The worldwide biogas industry has 

increased more than 90% between 2010 and 2018, making it one of the World's fastest-growing sectors 

[8].  Biodegradable organic matter is converted into energy-dense biogas, which is mostly composed 

of methane, carbon dioxide, hydrogen, and hydrogen sulfide under  anaerobic digestion process [9]. 

Anaerobic digestion of organic wastes has gained interest as a way of producing renewable 

energy while also addressing issues related to safe disposal of organic wastes. Uncontrolled 

decompositions of the organic wastes in the landfills release substantial volume of methane that has 

20 times global warming potential of carbon dioxide [10]. Anaerobic digestion is a multistage 

complex process in which hydrolysis is the first and the key component of the whole process. 

Hydrolytic bacteria hydrolyze complicated insoluble substrate macromolecules to produce simple 

and more soluble intermediates  [11]. A vast number of microbial species, working together, on the  

organic substrates like carbohydrates, proteins, and lipids to generate volatile fatty acids (VFAs), 

which are subsequently handled by methanogenic bacteria to produce methane and carbon dioxide. 

Bacteria produce extracellular enzymes to hydrolyze particulate substrates into tiny transportable 

molecules that can pass across the cell membrane. Once these basic molecules get into the cell, they 

are utilized to generate energy and assemble biological components [12]. 

Recently, AD process has been widely used for remediation of many organic solid wastes. Potato 

crop is starchy tuberous and represents the 3rd most important crop for human consumption and its 

use as a staple food is steadily increasing [13]. In North-western Europe, Germany, France, 

Netherlands, UK and Belgium constitute the biggest five potato producers, with total potato crop 

production around 60% of EU-28 production before Brexit [14]. Potato peels are the most common by 

product of potato processing, accounting for around 15 % to 40% of waste by weight, depending on 

peeling method and their removal is becoming a serious concern [15]. In 2021, Egypt's potato 

production was estimated to be 6.9 million metric tons with a small rise above the production of year 

2020 that recorded around 6.8 million metric tons  [16]. Achinas et al. 2019 [17] examined the 

performance of anaerobic digestion of potato peels and impacts of different pre-treatments  and co-

digestion with different percentages of cow manure. It was found that co-digestion of potato peel 

waste and cow manure yielded up to 237.4 ml CH4/g VS added, whereas the maximum methane yield 

from the mono-digestion of potato peels was 217.8 ml CH4/g VS added. However, Fang et al. 2011 

[18], used a potato-juice as a by-product from potato starch processing for biogas production in an 

up-flow anaerobic sludge blanket (UASB) and found that the maximum methane potential of the 

potato-juice was 470 ml CH4/g VS added. The difference in degradation efficiency is related to the 

microbial consortium, which consists of highly diverse communities within different trophic groups 

such as fermenting bacteria, syntrophic bacteria and methanogens. These groups such as Firmicutes, 

Proteobacteria, and Chloroflex will vary due to mainly pH change, substrate change and toxicity [19].  

Potato-chips Processing Industry (PCPI) produces large amounts of different types of solid 

wastes. These solid wastes could represent a sustainable source of renewable energy by anaerobic 

digestion (AD).  The AD and biodegradation of organic solid waste is eco-friendly method for 

energy recovery and stabilization of organic waste. There are different laboratory methods to 

estimate/determine rate of anaerobic biodegradation of organic wastes; liquid and solid. The 

elemental composition of the organic solid waste is recently used as an innovative method for 

theoretical determination of potential methane production from organic solid wastes [20,21]. 

However, the traditional lab method for the measurement of the anaerobic biodegradability and 

biochemical methane potential (BMP) of the anaerobic digestion of organic wastes under test 

conditions remains the most trusted one [22,23]. Thus the aim of the current study is the measurement 
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of BMP and AD of potato-chips processing (PCP) wastes. The anaerobic digestion and biogas 

production from three different wastes from PCPI were investigated at different substrate/inoculum 

(S/I) ratios. These organic solid wastes include Expired Potato-Chips (EPC), Recovered Potato Starch 

(RPS) from wastewater stream and Potato Peels (PP) from screening process. The application of 

inoculum for starting anaerobic digestion has been arbitrary [24]. Therefore, there is a need to 

determine the optimum quantity of inoculum that is required for maximum specific biogas yield. 

Furthermore, to the best of our knowledge, the scientific information on the best S/I ratio for 

maximum biogas production from anaerobic digestion of these wastes is scarce in the literature. 

Establishing an optimum S/I ratio for enhanced anaerobic biodegradability and maximum biogas 

yield from PCP wastes is the target of the current study. Production and degradation of volatile fatty 

acids during the AD of PCP wastes have been assessed. Moreover, microbial community shifts during 

the AD of PCP wastes comparing to the initial sludge inoculum have been assessed and used to map 

the proposed mechanisms of biodegradation processes. 

2. Materials and Methods 

2.1. Anaerobic Biodegradability and Methane Production with Experimental Set-Up 

Most of the anaerobic digestion and biodegradability assay is carried out using mesophilic 

sludge or bacteria within temperature range of 30-40 oC [22,23] and more specifically at temperature 

range of 35-37 oC under stirring or stagnant conditions [25,26]. The duration of the experiment is also 

important and it is recommended to be extended at least for 21 days and mostly extend for 100 days 

for solid wastes [27].  

Batch anaerobic digestion bioassays were carried out to assess bioremediation and biogas 

production from three different potato-chips processing wastes inoculated with mesophilic anaerobic 

sludge at different S/I ratios. The experiments were carried out in duplicate at mesophilic condition 

(37 oC). Graduated serum bottles with 100 ml volumetric capacity for each were used. 20 ml head 

space has been left in each bottle to accommodate generated biogas. Four different S/I ratios were 

used for each substrate. The S/I ratios were 0.5, 1.0, 1.5 and 2.0 as shown in Table 1. In addition control 

bottles containing only demi-water and sludge inoculum were used to measure potential biogas 

production of the sludge inoculum. The phosphorus from KH2PO4 and nitrogen from NH4Cl were 

added according to the ratio of 200 (COD): 5 (N): 1 (P) or 142.9 (g volatile solids): 5 (N): 1 (P) assuming 

1 g VS has 1.4 g COD. 

Table 1. Different batches that used in the anaerobic digestion experiment with different S/I ratios.  

Feed S/I Ratios Key 

Control Batch (solely sludge) 100 % inoculum CB 

Expired Potato-Chips 

0.5 EPC-O.5 

1.0 EPC-1.0 

1.5 EPC-1.5 

2.0 EPC-2.0 

Recovered Potato Starch 

0.5 RPS-O.5 

1.0 RPS-1.0 

1.5 RPS-1.5 

2.0 RPS-2.0 

Potato Peels 

0.5 PP-0.5 

1.0 PP-1.0 

1.5 PP-1.5 

2.0 PP-2.0 
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2.2. Source of the Sludge Inoculum 

The sludge inoculum was sampled from the anaerobic digester of excess sludge at Al-Gabal Al-

Asfar wastewater treatment plant which represents the largest activated sludge municipal 

wastewater treatment plant in Egypt.  The sludge sample has been subjected to laboratory analysis 

of total solids (TS), volatile solids (VS), total Kjehdahl nitrogen (TKN) and total phosphorus (TP) 

according to the standard methods, APHA 2023 [28].  

Characteristics of the anaerobic sludge inoculum are presented in Table 2. Experiment was 

extended till the end or cease of biogas production. 

Table 2. Laboratory analyses of the anaerobic sludge inoculum*. 

Parameter Dry solid Volatile solids VSS/TSS TKN TP 

Unit g/l g/L % % DM %  DM 

Anaerobic sludge 35.0±0.2 27.0±0.5 77.2±1.7 4.48±0.06 0.9±0.02 

*average of 3 samples. 

2.3. Sampling of PCP Wastes 

PCP wastes including EPC, RPS and PP were collected from one of the largest potato-chips 

processing factories in Egypt. The factory located in 6-October industrial city. Figure 1 shows process 

diagram of the industrial process including types of generated solid wastes and wastewater streams.   

Speed washing and dehydration process generates wastewater laden with high concentration of 

potato starch which should be recovered to decline pollution load. The starch recovery process from 

wastewater stream is carried out using rotating drums partially or half submerged in the wastewater 

tank where the starch is deposited on their surface and automatically removed from the drum surface 

with skimmer. The RPS was collected from the starch recovery machine. PP was obtained from the 

wastewater curved screen that is used to separate the potato peel from wastewater generated from 

peeling process.  EPC was collected from the factory and this waste includes expired-shelf product 

returned back from the market, rejected product during the inspection process and product fallen on 

the ground during production and packaging process.  Potato peel was washed several times with 

tap water to remove mud and then dried at 70 oC before use. RPS was dried in the oven at 70 oC before 

use. All solid wastes were grinded using electric grinder. 

 

Figure 1. Schematic diagram of PCPI showing sources of organic solid wastes. 

2.4. Analytical Methods 
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pH value was measured by JENWAY 3510 device, chemical oxygen demand (COD) was 

measured by HACH method, ammonia–nitrogen (NH4- N) (steam distillation, Behr S-1, Germany), 

TKN (Macro Kjeldhal digestion followed by steam distillation, Behr S-1, Germany), TS (drying oven, 

DHG-9055A, China) and VS (muffle furnace, Vulcan A-550, Germany),  were measured according 

to the standard methods for the examination of water and wastewater [28]. TP was analyzed using 

potassium persulfate digestion method followed by colorimetric measurement using 

vanadomolybdate method, APHA 2023 [28]. For solid wastes, crude protein was calculated using 

TKN method (Crude protein = Organic nitrogen or TKN × 6.25) as described by [29] while lipids, 

crude fiber and carbohydrates were measured using methods described by [30]. All chemicals used 

in this study are analytical reagent (AR) grade.  

Biogas composition was determined using portable biogas 5000 gas analyzer (Geotech, 

Geotechnical Instruments (UK) Ltd, England). VFAs in terms of propionate (HPr), acetate (HAc) and 

butyrate (HBu) were determined by high-performance liquid chromatography (HPLC) instrument 

(Agilent 1260). HPLC analysis was performed using InertSustain. The separation was done using the 

Eclipse AQ-C18 HP column (4.6 mm × 150 mm i.d., 3 μm). The mobile phase comprised 0.005-N 

sulfuric acid. The mobile phase was programmed consecutively in a linear gradient for the following 

flow rates: 0–4.5 min (0.8 mL/min); 4.5–4.7 min (1 mL/min); 4.7–4.71 min (1 mL/min); 4.71–8.8 min 

(1.2 mL/min); 8.8–9 min (1.3 mL/min); 9–23 min (1.3 mL/min); and 23–25 min (0.8 mL/min). A diode 

array detector was fixed at 210 nm. The injection volume was 5 μL for each sample solution. The 

column temperature was maintained at 55 °C. 

2.5. Microbial Community Analysis: DNA Extraction and Metataxonomic Analysis 

Samples from the sludge inoculum (I) and from the reactors at the optimum S/I ratios of EPC, 

RPS and PP were collected for microbial analysis. About 0.5 mL from the sample was used for DNA 

extraction using the PureLink™ Microbiome DNA Purification Kit (Invitrogen™, USA) according to 

instruction of the manufacture.  High-throughput sequencing was performed using 16S rRNA gene 

at Illumina platform using the Nextera XT Index Kit (Illumina, USA) according to the methods 

described elsewhere [4].  

3. Results and Discussions 

3.1. Physicochemical Characteristics of PCP Wastes 

The physicochemical characteristics of organic solid wastes (EPC, RPS and PP) from PCPI are 

shown in Table 3. The results showed great variation in total carbohydrates, crude protein and 

fat&lipid content of the three solid wastes. This variation is expected to affect the biogas yield of the 

wastes  [31]. As showing from the results, RPS has limited nitrogen and phosphorous content; both 

are extremely necessary for the microbial growth, however, high protein content in the waste may 

cause excessive release of ammonia during the anaerobic digestion process. This ammonia may cause 

rise in pH with subsequent rise in the fraction of free ammonia which inhibits the AD process at 

excessive concentration [32,33]. Anaerobic sludge inoculum is added as a source of microbial 

consortium to reduce the lag phase and enhance biogas yield. Additionally anaerobic sludge 

inoculum act as a source of nitrogen and phosphorous and compensate their deficiency in the RPS. 

However, nitrogen and phosphorus were added from chemical sources to neutralized nitrogen and 

phosphorous deficiency in the solid wastes as mentioned in the materials and methods section 2.1.  

Table 3. Laboratory analyses of solid wastes collected from Potato-Chips Processing Industry (PCPI). 

Parameter % DM OM Protein Ash Fat&oil 
Carbohydrate

s 
TKN TP 

EPC 97.4±0.05 96.97±0.24 5.55±0.02 3.03±0.06 39.00±0.84 49.82±0.29 0.89±0.03 0.50±0.01 

RPS 63.6±0.06 99.57±0.03 0.28±0.01 0.43±0.01 0.87±0.01 98.14±0.30 0.045±0.00 0.17±0.01 
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PP 10.8±0.01 94.69±0.22 9.23±0.02 5.31±0.01 1.73±0.02 56.23±0.20 1.48±0.03 0.40±0.01 

*Organic matter (OM) and other components are calculated as % of the dry matter. 

3.2. Impact of S/I Ratio on Biogas Yield 

Figure 2 shows the results of the cumulative biogas at the different S/I ratios for EPC, RPS and 

PP. The results confirm importance of optimizing appropriate inoculum dosage to enhance microbial 

anaerobic digestion of organic wastes. The experiments were run using four different S/I ranging 

from 0.5 to 2.0. There was a distinct variation in the initial biogas yield during the first week of the 

AD process of EPC, RPS and PP compared to the control batch (CB).  

 
 

 

Figure 2. Cumulative biogas yield for EPC (A), RPS (B) and PP (C) at different S/I ratios. 

Figure 2-A shows that the initial production of the biogas for lower S/I ratios of EPC i.e EPC-0.5, 

EPC-1.0 and EPC-1.5 exhibit better performance than higher S/I ratio i.e EPC-2.0, while the start-up 

performance for PP recorded the same produced biogas for all S/I ratios (Figure 2-B). The lower initial 

biogas production at S/I ratio of 2 in case of EPC could be attributed to high content of fat and lipids 

in the waste. In case of RPS the initial biogas production of S/I ratios of 1.0; 1.5 and 2.0 exhibits better 

performance than S/I ratio of 0.5; Figure 2-C. This observation was attributable to a consequent 

increase in active methanogen population occasioned by increased organic load and this was the 

same observation of Owamah and his colleagues [34] who reported that the start-up of higher S/I 

ratios was much better than lower S/I ratios for digestion of food waste and maize husk. On the other 

hand during the anaerobic digestion of potato peel waste, increasing the inoculum to substrate ratio 

significantly improved the biogas yield [17]. Variation between observation of Achinas [17] and the 

current study might be attributed to the variation in the solid content of the reactor since Achinas 
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and his colleagues [17] used 1% solid content comparing to 2% in the current study. Determining of 

the optimum S/I ratio is crucial to enhance biogas production and is essential for further large scale 

anaerobic digestion operations as reported from Raposo et al. (2009) [35], however, that the different 

performance as shown in Figure 2 and a direct comparison of biogas production from EPC, RSP, and 

PP has not previously been documented. After 90 days of AD process of EPC, RSP and PP, the 

cumulatively produced biogas from anaerobic digester of EPC-0.5 was higher than the CB by 3.5 

factor, however, the produced biogas was increased by 5.9, 5.4 and 5.5 factors for EPC-1.0, EPC-1.5 

and EPC-2.0 as shown in Figure 2-A. For our knowledge, no study has been found in literature using 

this range of substrate to inoculum ratio to enhance biogas production from EPC for such 

comparison. 

Regarding the AD of RSP, the produced biogas increased from 124 mL at the CB to 318 mL, 566 

mL, 620 mL and 265 mL for RSP-0.5, RSP-1.0, RSP-1.5 and RSP-2.0. The results confirm that the 

optimum S/I ratio for AD of RSP was RSP-1.5. On the last comparison of AD of PP, the produced 

biogas of PP-2.0 was the optimum as the produced biogas reached to 3.2 time compared to CB, 

however, the produced biogas for using PP-0.5 was only 1.7 times compared to CB and this ratio 

increased to 2.6 for using PP-1.0 and increased to 2.9 for using PP-1.5. These results regarding mono-

digestion of PP and EPC was different than Zhang et al. 2019 [36] who did a comparison for mono-

digestion of PP and potato waste at only two S/I ratios of 0.5 and 1.0 and reported that the optimum 

S/I for both substrates was 0.5. The methane content of the biogas was 75%, 73% and 71% for EPC, 

RSP and PP and these percent of bio-methane was higher than Liang et al. 2015 [22], who reported 

that the methane content of biogas was ranged from 60% to 70% for anaerobic digester inoculated 

with PP and lactic acid fermentation residue.  

Figure 3 shows the biogas yield for the control and different S/I ratios of EPC, RSP and PP. The 

biogas yield was 62.0 mL/g VS added for CB and this value increased by factor of 2.5, 4.9, 4.4 and 4.5 

for EPC-0.5, EPC-1.0, EPC-1.5 and EPC-2.0 as shown in Figure 3-A. Optimum biogas yield using EPC 

as substrate was EPC-1.0 and the yield reached 338 mL/g VS added and this result was better that 

Jacob et al., 2016  [37] who used potato processing waste as substrate for dry anaerobic digestion 

process with using 5 g TS/L and reported that the yield of biogas production reached to only 239 L/Kg 

VS added. Figure 3-B shows that the biogas yield in CB increased by factors of 1.5, 3.5, 4.0 and 1.1 for 

RSP-0.5, RSP-1.0, RSP-1.5 and RSP-2.0. However, using PP as a feedstock with different S/I ratios 

increased the biogas yield by factor 0.7, 1.6, 1.9 and 2.2 for PP-0.5, PP-1.0, PP-1.5 and PP-2.0 as shown 

in Figure 3-C. The optimum biogas yield for EPC, RPS and PP were 338 mL/g VS added, 310 mL/g 

VS added and 202 mL/g VS added. The better results of EPC and RPS in comparison to PP could be 

attributed to higher content of lipids and fats in case of EPC (table 3). It is well known that fat and 

lipids have high carbon content than protein and carbohydrates and provide more biogas yield under 

anaerobic digestion. Also RPS contains more digestible carbohydrates (starch) than PP which 

contains more fibers and ash content (Table 3). The results of biogas yield in this study are lower than  

Zhang et al., 2019 [36] who reported 439 mL and 348 mL CH4/g VS by mono-digestion of parts of 

potato and PP, respectively. The results of biogas yields confirm that there is no ideal S/I ratio for all 

substrates as the optimum S/I ratio for EPC was 1.0 and this optimum became 1.5 in case of RSP, 

however, the optimum S/I ratio for PP was 2.0. 
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Figure 3. Biogas yield in mL/g VS added for EPC (A), RSP (B) and PP (C) at different S/I ratios. 

3.3. Effect of Using Different S/I Ratio on Treatment Efficiency and VFAs Degradation for EPC, RPS and PP 

Figure 4-A shows TS degradation for all different S/I ratios. TS degradation ranged from 29.9% 

for S/I 0.5 to 42.1 % for S/I 1.0 using EPC as substrate. The removal of TS for RPS after using S/I of 1.5 

and 2.0 was comparable and almost the same and this indicated that the behaviour of the bacteria 

was very similar for both S/I ratios. Using RPS as substrate change the behaviour of the bacterial 

community regarding to the digestion of TS. The degradation of TS was 16.1 % after using S/I of 0.5 

for RPS and this degradation was doubled to reach 32.9 % after doubling the S/I ratio to 1.0. Increasing 

S/I ratio to 1.5 leads to increasing the degradation of TS to reach 57.6% and more increasing of S/I to 

2.0, the degradation decreased to 41.8% and this indicate that toxicity has been happen for bacteria 

after increasing S/I ratio and confirm that there is no constant S/I ratio for all substrates. 

The degradation for TS after using PP was increasing gradually from 19.0 %, 19.7 %, 24.2% to 

37.2% for S/I 0.5, 1.0, 1.5 and 2.0. This was different from Liang et al., 2015 [22] who used only one 

ratio of S/I (1.0) and reported that the TS degradation reached to 74.5%. As shown in Figure 4-B, the 

optimum degradation for VS after using EPC, RPS and PP was S/I ratios of 1.0, 1.5 and 2.0. This was 

the same trend and observation for degradation of TS and this indicates that the degradation of VS 

was comparable with best biogas yield as shown in Figure 2. The degradation of VS for PP reached 

to 57.5 % at S/I ratio of 2.0 and this result better than Liang et al., 2015  [22] who reported that the VS 

removal was 35.5% for S/I ratio of 1.0. Figure 4-C shows COD degradation for the three different 

types of waste at different S/I ratios. COD degradation after using EPC as substrate was very close 

for all S/I ratios ranging from 55.6% to 61.9%, with mentioned that the optimum COD removal was 

using S/I ratio of 1.0 and this was different than Zhang et al., 2019 [36] who reported that the optimum 

S/I ratio was 0.5. COD degradation for using RPS was very variant ranging from 37% for S/I of 2.0 to 

67% for S/I of 1.5 and this result was lower than Antwi et al., 2017 [38] who reported that COD 

removed by using up-flow anaerobic sludge blanket (UASB) at organic loading rate (OLR) ranging 

from 2.7 kg COD/m3.d to 13.27 kg COD/m3.d and various hydraulic retention times (72 h, 48 h and 

36 h). By using this such scheme, COD degradation has been ranged from 92.1% to 97.7%. For using 
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PP as substrate, COD was removed by 53%, 62.4%, 60% and 70.7% for S/I ratios of 0.5, 1.0, 1.5 and 2.0. 

The total volatile fatty acid (T.VFA) groups varied significantly after treatment with all substrates 

and different S/I ratios as shown in Table 4. The table shows that the total volatile fatty acids (T.VFA) 

produced after digestion were 187 mg/L for EPC-0.5 and 165 mg/L for EPC-1.0. For EPC-1.5 and EPC-

2.0, the final T.VFA concentrations were 135 mg/L and 274 mg/L, respectively. These findings indicate 

that lower substrate-to-inoculum (S/I) ratios in EPC do not significantly enhance T.VFA degradation 

during the anaerobic digestion process. The high degradation confirms that the microorganisms 

utilized the different groups of acetic, propionic, and butyric acid. Furthermore, optimization of S/I 

ratios accelerated the transfer of electrons from acetogens as an energy source for the methanogens, 

resulting in higher conversion of T.VFAs to bio-methane. Regarding to TVFAs production using PP 

as substrate, there are some of the acids were in the fermenters compared to the other substrates as 

shown in Table 4. Some studies have attributed the increased VFAs yields to the involvement of 

organic matter and the microbial community [39,40] . For example, when adding different types of 

substrates, some major phyla, such as Firmicutes, Chloroflexi, and Proteobacteria, were significantly 

changed as will be shown later and this was the same observation of Ma et al., 2017 [41]. 

  

 

Figure 4. Biodegradation of TS (A), VS (B) and COD (C) of EPC, RPS and PP at different S/I ratios. 

Table 4. The main produced VFAs of the EPC, RPS and PP for the different S/I ratios in mg/L. 

Samples/ 

Parameters Acetic acid* Butyric acid* Propionic acid* TVFAs* 

EPC 0.5 98 ± 7.5 44 ± 4.2 45 ± 3.5 187 ± 12.3 

EPC 1.0 95 ± 6.8 43 ± 3.9 27 ± 1.6 165 ± 11.5 

EPC 1.5 89 ± 7.2 33 ± 3.5 13 ± 0.5 135 ± 10.7 

EPC 2.0 165 ± 10.5 77 ± 5.6 32 ± 1.9 274 ± 18.7 

RPS 0.5 166 ± 9.4 111 ± 8.5 98 ± 1.5 375 ± 22.7 

RPS 1.0  66 ± 3.2 12 ± 1.5 10  ± 0.6 88 ± 6.7 
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RPS 1.5 111 ± 9.5 55 ± 3.5 22 ± 0.9 188 ± 11.8 

RPS 2.0 142 ± 10.9 55 ± 2.7 44 ± 3.7 241 ± 19.7 

PP 0.5 112 ± 8.5 33 ± 0.8 45 ± 2.5 190 ± 16.7 

PP 1.0 180 ± 12.3 22 ± 0.7 17 ± 1.0 119 ± 9.9 

PP 1.5 175 ± 9.6 18 ± 0.5 13 ± 0.9 106 ± 9.6 

PP 2.0 177 ± 9.7 17 ± 0.3 12 ± 0.8 106 ± 9.7 

* Effluent. 

3.4. Microbial Community Shifts for AD of PCP Wastes at Optimum S/I Ratios 

At the phylum level, there was a significant difference between the inoculum sludge, ECP-1.0, 

RPS-1.5 and PP-2.0 as shown in Figure 5. Firmicutes, Proteobacteria, and Chloroflex were the 

dominant phyla in the four samples. Figure 5 shows that the inoculum sludge was dominated by the 

representatives of bacteria – Firmicutes (42.0 %) and Proteobacteria (16.5 %) phyla and other co-

dominating phyla like Chloroflex (11.11 %), Bacteroidota (8.9 %), Actinobacteriota (5.6 %), 

Fusobacteriota (5.5 %), Synergistota (2.1 %) and Euryarchaeota (0.29 %) respectively. These relative 

abundance was significant with the relative abundance that reported from Al-Shemy et al., 2024  [42] 

that has been used the same inoculum from the same source treatment plant for enhancement of 

biogas production from landfill leachate. 

Figure 5 shows that after adding EPC for inoculum sludge at ratio (S/I=1.0) as optimum ratio, 

Firmicutes phyla increased to 59.8 % compared to inoculum sludge (42.0%), however, Firmicutes 

phyla was 49.6 % and 37.5% using RPS-1.5 and PP-2.0 as substrate and this variations confirm the 

highly difference between microbial community composition using the same potato industry waste 

[43]. Firmicutes phyla has been decreased using PP as substrate and was close to inoculum sludge 

using RPS and this was due to that fiber produced from potato starch and potato peels reduced the 

growth of Firmicutes phyla as reported from literature [44,45].  Chloroflex phyla increased from 

11.11 % to 19.8% and 15.9% using EPC-1.0 and RPS-1.5 as substrate, however, this percent has been 

decreased to 9.5 % using PP-2.0 as substrate. The increase in Chloroflexi phylum when RPS was used 

as a substrate aligns with the findings of Antwi et al. (2017c) [46], who reported a similar rise in 

Chloroflexi abundance using potato starch wastewater. Chloroflex phyla are hydrolytic-fermentative 

bacteria that have the tendency to accelerate anaerobic degradation of cellulose by the production of 

cellulosomes enzyme to degrade recalcitrant microcrystalline cellulose [47]. Chloroflex phyla [45] 

could always be enriched under alkaline conditions, and these bacteria mainly participated in VFAs 

generation and the low amount of this phyla in PP community confirms VFAs results using PP as 

substrate [41]. Proteobacteria phyla decreased to 9.9 % using EPC-1.0 and recorded 16.1% as a 

significant percent with inoculum sludge (16.5 %) using RPS-1.5 as substrate and increased to 26.0 % 

using PP-2.0 as substrate. Similarly, Proteobacteria has been counted 12.7 % of the whole microbial 

community during potato starch processing wastewater treatment in an UASB [46], however, 

Proteobacteria slightly affected in the current study by starch waste and decreased from 16.5% to 

16.1%. Proteobacteria phyla has been increased by using PP as a substrate and this is in agreement 

with what has been reported before that Proteobacteria were enriched under alkaline conditions with 

added agricultural residue like potato peels [48]. Moreover, Proteobacteria phyla, the second most 

abundant phyla using PP as substrate and this may be attributed that Pseudomonadaceae family 

from Proteobacteria phyla could be increased in AD system due to strong correlation with cellulose 

utilization during AD process [49,50]. Fusobacteriota phyla is gam-negative, non-motile and rod-

shaped bacteria. Fusobacteriota phyla made up of two main families, Fusobacteriaceae and 

Leptotrichiaceae [51] and this phyla has been disappeared for all batches compared to inoculum 

sludge and this confirm that Fusobacteriota phyla cannot survive with all types of potato waste 

processing. However, Euryarchaeota phyla increased from 0.2 % in the inoculum sludge to a 

significant percent using all types of potato waste processing. Euryarchaeota phyla responsible for 

acetate biosynthesis (including carbon monoxide dehydrogenase and enzymes mainly produced by 
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Firmicutes phyla) [52]. Euryarchaeota phyla increased from 0.29 % to 1.3%, 4.4% and 0.6 % using 

EPC-1.0, RPS-1.5 and PP-2.0. Using RPS as substrate increased Euryarchaeota phyla by 15 times and 

this was the same observation of [38] who stated that Euryarchaeota phyla increased using potato 

starch processing wastewater. Bacteroidota phyla has been disappeared using EPC-1.0 and RPS-1.5 

and recorded a significant percent (6.1%) using PP-2.0. Some species of Bacteroidota phyla are 

considered of hydrolytic microbes, assisting in the conversion of macro molecular organic 

compounds, such as cellulose, protein, and lipids, into simple organic compounds and this has been 

stated by Hafez et al., 2024 [53] who stated that Bacteroidota has increased from 0.89 % to 32.0 % 

while using paper mill sludge that rich in cellulose as PP substrate. Synergistota phyla increased from 

2.1 % in the inoculum sludge to 5.4 % using PP-2.0 as substrate and this due to Synergistota phyla is 

cellulostic bacteria and this was the same observation of Luiz et al.,2023 [54] who found that 

Synergistota phyla has increased by 10% compared to inoculum sludge after using micro-crystalline 

cellulose in batch and pilot scales. 
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Figure 5.  Composition of microbial communities of the sludge samples for inoculum sludge, optimum EPC-

1.0, RPS-1.5 and PP-2.0 at phylum levels. 

3.5. Biodegradation Pathways of PCP Wastes 

The anaerobic biodegradation of carbohydrates, lipids and cellulose occurs due to bacterial and 

enzymatic activities, as shown in Figure 6. The degradation of EPC that composed mainly from 

carbohydrates and lipids into mono-sugars and long chain fatty acids by bacterial activities of the 

Firmicutes, Proteobacteria, Chloflexi and Acinetobacter. Proteobacteria and Firmicutes phyla have a 

high capability for secreting the enzymes of alpha amylase and lipase [55] required for degradation 

of carbohydrates and lipids in the EPC. The same situation occurs for RPS which mostly contains 

starch. This starch degraded to simple sugars using mainly bacteria from Proteobacteria and 

Firmicutes phyla. The released sugars are converted into hydrogen that converted in the 

methanogenisis step into carbon dioxide and methane. Using PP in digestion usually converted into 

mono-sugars by bacterial activities of the Proteobacteria and Bacteroidiota phyla. Proteobacteria and 

Bacteroidiota phyla have a high capability for secreting the enzymes of cellulose required for organics 

degradation of PP. Besides the fact that most of the members of the phylum Proteobacteria that break 

down the cellulose were represented by Pseudomonas spp., and lignocelluloytic-related genus, 
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Enterobacter sp [56]. Mono-sugars converted into pyruvic acids and latter compounds are converted 

into hydrogen that converted in the methanogenisis step into biogas. 

 

Figure 6. The interactions between enzymatic metabolism pathways and AD routes of EPC, RPS and PP. 

4. Conclusions 

Buttressing the earlier reports that the addition of inoculum could enhance biogas production 

from various substrates, this study has demonstrated that inoculum/substrate ratio ranging from 0.5 

to 2.0 could greatly enhance the biogas yield and its methane content from the AD of PCP wastes; 

namely EPC, RPS and PP. Biogas yield was found to vary with inoculum/substrate ratios as well as 
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source of substrate. The optimum S/I ratios which provide maximum biogas yield were 1.0, 1.5 and 

2.0 for EPC, RPS and PP, respectively. Microbial community has been changed for each substrate as 

Firmicutes increased from 42 % at CB to 59.8 % at EPC-1.0, 49.6 % at RPS-1.5 and 37.5% at PP-2.0. 

Proteobacteria phyla decreased from 16.5% to 9.9 % by using EPC-1.0 and recorded the same percent 

of inoculum sludge by using RPS-1.5 while increased to 26.0 % by using PP-2.0. The study’s findings 

add to existing knowledge of sustainable biofuel production, suggesting that different PCP wastes 

can serve as potential feedstock to AD process for renewable energy production. Future research 

should focus on mixing EPC, RPS and PP to maximize efficiency of biogas production efficiency and 

industrial full-scale applications.   
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