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Abstract 

Nanobubble water (NBW) has been proven to efficiently improve methane 

production from organic solid wastes. However, the increase in reactor volume due to 

addition of NBW hinders its practical applications. In this study, anaerobically 

digested sludge was first pre-augmented by N2-NBW and O2-NBW using corn straw 

as sole substrate for methane production with electron transfer activity being 

monitored. 20%, 33% and 38% of cellulose and 29%, 35% and 35% of hemicellulose 

were reduced respectively from the control, N2-NBW and O2-NBW pre-augmented 

sludge reactors. N2-NBW and O2-NBW pre-augmented sludge reactors achieved 

methane yields of 127 and 142 mL/g-VS, about 10% and 22% higher than that from 

the control. Results show that use of NBW pre-augmented anaerobically digested 

sludge as inoculum can remarkably enhance methane yield from corn straw, providing 

a novel concept for NBW-based anaerobic digestion system with no increase of 

reactor volume and construction cost in practice. 
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1. Introduction 

The irregular climate change and energy crisis are considered to closely associate 

with excessive use of non-renewable fossil fuel, and biofuel may be a good solution 

for these issues (Robertson et al., 2017). Biofuel generation from renewable resources 

can solve the energy shortage as well as the associated environmental problems. In 

recent years, agricultural wastes, such as crop straws have gained great attention due 

to their abundant distribution, carbon neutrality and ability to sidestep competition 

with food crops for land. They have also demonstrated significant potential to satisfy 

the feedstock targets for the advanced 2nd-generation biofuels (Cornejo et al., 2019). 

Anaerobic digestion (AD) of lignocellulosic biomass is a promising approach for 

bioenergy (mainly methane) production (Xu et al., 2019). Corn straw is a typical 

agricultural waste that is produced in large quantities globally for food, feed and 

industrial applications. Corn productions in the US and China account for 40% and 

20% of the world, respectively (Veljković et al., 2018). In China, the annual 

production of corn straw is about 216 million tons, which shows high potential for 

methane production (Wei et al., 2020). Although AD of lignocellulosic biomass has 

been widely applied to achieve the sustainable management of agricultural wastes, the 

low energy conversion efficiency limits its application mainly due to the following 

two aspects: 1) the low metabolic activity of microbes, and 2) the rigidity and 

recalcitrant structure of lignocellulose (Huang et al., 2019). 

To cope with the above problems, various pretreatments including physical, 

chemical and biological methods have been attempted to enhance biogas production 
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from AD of lignocellulosic biomass. For physical methods, steam explosion 

pretreatment could decrease the hemicellulose content of corn straw by 28% and 

increase the neutral detergent solute by 24% (Shi et al., 2019). Some chemical 

methods like phosphate addition could accelerate the biogasification process of rice 

straw particles and total solids or volatile solids reduction to a certain extent (Lei et 

al., 2010). In addition, biological methods such as Trichoderma reesei addition could 

effectively remove lignin by 23% compared to the untreated rice straw (Mustafa et 

al., 2016). However, the improvement of methane production is difficult to balance 

the additional energy consumption, high process cost and secondary pollution 

potentials due to the additives addition. Thus, environment-friendly methods are still 

urgently required to meet the sustainable development goals (SDGs). 

Most recently, nanobubble water (NBW) has been proven to enhance methane 

production from AD of waste activated sludge and lignocellulosic biomass (Wang et 

al., 2020; Yang et al., 2019; Wang et al., 2019a). NBW is defined as the water 

containing gas nanobubbles (NBs) with diameter less than 1000 nm that have some 

special physicochemical properties, such as negative surface charge, low buoyancy, 

high gas solubility (Lyu et al., 2019), rapid mass transfer rate (Agarwal et al., 2011) 

and better stability (dispersed in liquids or adhered to solid surfaces) (Ghadimkhani et 

al., 2016). The NBs in NBW could improve the contact areas between the solid and 

liquid phases (Lyu et al., 2019). The chemical reactions at the gas-liquid interface can 

be enhanced by injecting NBW rather than through normal aeration with macroscopic 

bubbles. The hydrophobic attractiveness force property of NBs enables them to 
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adhere to solid surfaces, thus promoting the metabolism and chemical reactions 

(Wang et al., 2020). In addition, the reactive oxygen species (ROS) produced by 

NBW are beneficial for vegetable seed germination, and the proper amount of ROS 

can increase the metabolism of cells (Liu et al., 2016). The most advantageous aspect 

of NBW-based technology systems is that the additive, i.e. NBW addition does not 

bring about secondary pollution. NBW has been applied in many fields including food 

(Wu et al., 2019), biomedicine (Hayakumo et al., 2014) and agriculture (Ahmed et 

al., 2018), due to its extremely high bioactivity (Agarwal et al., 2011). The 

enhancement of NBW on biological activity can be mainly divided into two aspects, 

i.e. enzyme activity and microbial community. As Yang et al. (2019) reported, the 

activity of extracellular hydrolases (acid phosphatase, alkaline phosphatase, α-

glucosidase and protease) was enhanced by 14-17% under NBW addition, promoting 

methane production from AD of waste activated sludge due to its enhanced 

hydrolysis. The higher water molecules mobility of NBW can also promote the 

hydrolysis of lignocellulosic biomass, providing abundant carbon and nutrient sources 

for the growth of microorganisms with resultant enriched microbial communities 

(Wang et al., 2020). 

Obviously, however, the shortcomings of the NBW-based AD technology are 

relating to its large reactor volume and then high construction cost. Therefore, the 

NBW-based AD systems need further improvements for its practical application. In 

this study, in order to increase the methane production from AD of lignocellulosic 

materials using NBW while at the same time with no increase in reactor volume, 
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anaerobically digested sludge was firstly pre-augmented by N2-NBW and O2-NBW 

and then used as inoculum to produce methane from corn straw via AD process. Thus, 

a series of experiments were performed to identify the effects of NBW pre-

augmentation on the activity of the lignocellulolytic microorganisms. The microbial 

activity during the pre-augmentation process and methane production efficiency were 

also explored. Comparative analysis was conducted between the NBW and deionized 

water (DIW) pre-augmented sludge as inoculum for methane production from AD of 

corn straw in addition to cellulose, hemicellulose and lignin reductions. Results from 

this study are expected to lay the foundation for practical application of NBW-based 

AD technology to effectively produce methane from organic solid wastes with a high 

lignocellulose content (corn straw in this study). 

 

2. Materials and methods 

2.1. Raw materials 

Corn straw was collected from Japan Agricultural Co-operatives, Ibaraki, Japan.  

The harvested corn straw was washed with DIW and dried at 60±1oC to constant 

weight, then passed through a cutting mill (WDL-1, Osaka Chemical Co., Ltd., 

Japan). The crushed biomass was sieved through a 0.6 mm pore size sieve and stored 

at room temperature in vacuum bags, which was used as the sole substrate for AD in 

this study. 

The anaerobically digested sludge used in this study was sampled from 

Shimodate sewage treatment plant in Ibaraki, Japan. Before being used, the sludge 
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was filtered through a 1 mm pore size sieve and centrifuged at 5000 rpm for 10 min to 

concentrate, and then digested at 35±1oC for one week to remove the residual fibers 

and easily biodegradable substances. The sludge was stored anaerobically in a 

refrigerator at 4°C until further use. The characteristics of corn straw and 

anaerobically digested sludge are listed in Table 1. NBW was prepared as previously 

described (Yang et al., 2019). O2, N2 and DIW were used for O2-NBW and N2-NBW 

production, respectively. O2 (purity ≥ 99.9995%) and N2 (purity ≥ 99.9995%) 

were purchased from Taiyo Nippon Sanso Co., Ltd., Japan. DIW was produced from 

a distillation unit (Elix, Merck Co., Ltd., Japan). 

 

Table 1 

 

2.2. Pre-augmentation of anaerobically digested sludge by DIW, N2-NBW and O2-

NBW 

The interaction between the digested sludge and NBW was explored during the 

long-term AD of corn straw. In this study, N2-NBW and O2-NBW were selected to 

pre-augment the anaerobically digested sludge. The total volume of the effective pre-

augmentation reactors (600 mL serum bottles) was about 400 mL, which composed of 

200 mL of anaerobically digested sludge and 200 mL of NBW or DIW. Corn straw 

was added into the bottles to achieve a feed-to-microorganisms (F/M) ratio of 1.5 

(volatile solid (VS) basis) at the beginning of each pre-augmentation with DIW or 

NBW addition. The initial pH of the pre-augmentation reactor was adjusted to 
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7.0±0.05 by use of 2.0 M NaOH or HCl. Afterwards, all the pre-treatment bottles 

were sealed using rubber stoppers and purged with nitrogen gas for 5 min to create 

anaerobic condition and pressure balance with the atmosphere, which were then 

placed into a temperature-controlled incubator (35±1C). The reaction residue was 

centrifuged at 5000 rpm for 10 min to remove the supernatant when methane 

production was less than 1% of the accumulated volume of methane during three 

consecutive days (Holliger et al., 2016), which was then used as the inoculum for the 

next step of pre-augmentation. Namely, the equal amounts of DIW or NBW and corn 

straw were added to repeat the above steps for 6 times, totally about 214 days for this 

pre-augmentation duration. All the experiments were conducted in triplicate. In the 

process of DIW or NBW pre-augmentation, 2 mL of reaction liquid was sampled 

from each bioreactor during each augmentation cycle (about 30 days) for the 

determination of electron transport system (ETS) activity. 

2.3. Biochemical methane potential (BMP) tests 

According to the protocol proposed by Angelidaki et al. (2009), BMP tests were 

conducted to assess the biodegradability of corn straw and methane production by 

using the above pre-augmented anaerobically digested sludge as inoculum. All the 

tests were performed in triplicate in closed Schott Duran serum bottles (100 mL). In 

these bottles, the added mass weight of pre-augmented anaerobically digested sludge 

as inoculum was 35 g, with an appropriate mass weight of corn straw to obtain an 

F/M of 1.5 (VS basis). In addition, to avoid detection error, the effective volume of 

each bottle was controlled at 60 mL by adding DIW. The BMP tests were performed 
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under the same condition as the AD in section 2.2. Blank treatments were also carried 

out to eliminate the methane production from the inoculum only, which was 

anaerobically digested with DIW, N2-NBW and O2-NBW, respectively (Holliger et 

al., 2016). All the bottles were manually shaken twice at the fixed time points every 

day. Samples from every bottle were collected to analyze the total volatile fatty acids 

(TVFAs), pH, crystallinity degree, cellulose, hemicellulose and lignin contents, etc. 

Net methane yield (mL/g-VS) from corn straw at all conditions was calculated as 

previously described (Wang et al., 2020). The BMP in this study was expressed as the 

volume of methane under standard conditions (1013 hPa, 273 K). A 20 mL graduated 

glass syringe directly connected to the headspace of each AD reactor was used to 

measure the biogas volume at lab condition (1013 hPa, 298 K). Then the methane 

volume (V) under standard condition was obtained by Eq. (1) (Lalak et al., 2016). 

V=(273/Texp.)∙(Pexp./1013)∙Vexp.                                       (1) 

where Texp. is lab temperature (298 K in this study); Pexp is the atmospheric pressure in 

the laboratory at lab temperature (1013 hPa in this study); Vexp. is the methane volume 

obtained from the lab test, which was calculated by methane content and biogas 

volume from the experiment. 

2.4. Analytical methods 

2.4.1. Evaluation on AD performance 

Total solids (TS) and volatile solids (VS) were measured according to the 

standard methods (APHA, 2012), and VS lost at 105±2°C was corrected by drying TS 

at 60±1°C to constant weight. Methane and hydrogen contents were measured by a 



10 
 

gas chromatograph (GC-8A, Shimadzu, Japan) using nitrogen as carrier gas. The GC-

8A was equipped with a thermal conductivity detector (80oC) and a Porapak Q 

column (60oC). For the analysis of volatile fatty acids (VFAs), 0.5 mL of reaction 

liquid was extracted using a 5 mL precision syringe with 0.55 mm diameter injection 

needle (24G NN-2425R, Terumo Co., Japan). The reaction liquid was centrifuged at 

5000 rpm for 10 min and then filtered through a 0.22 μm microfiber filter. The pH of 

the filtrate was adjusted to 4 by 3% phosphoric acid solution before the VFAs analysis 

on a Shimadzu GC-14B/FID packed with Unisole F200 30/60 column. The injector 

and the column temperatures were set at 180 oC and 150 oC, respectively. The 

pressure of carrier gas (nitrogen) was maintained at 200 KPa. 

2.4.2. Electron transport system (ETS) activity 

The 2-(p-iodophenyl)-3(p-nitrophenyl)-5-phenyltetrazolium chloride-electron 

transport system (INT-ETS) method was used to analyze the microbial metabolic 

activity in NBW or DIW pre-augmented anaerobically digested sludge. ETS activity 

was measured according to the INT (2-(p-iodophenyl)-3-(p-nitrophenyl)-5-

phenyltetrazole chloride) reduction method proposed by Zhang et al. (2018). 

2.4.3. Major polymers quantification and structural characterization 

All the samples from the reactors were respectively dried at 105±2oC to constant 

weight followed by milling, and used for the determination of lignin, cellulose, 

hemicellulose contents and elemental content (C, H, O and N). After being 

hydrolyzed with 72% H2SO4 (w/w), lignin content was determined by gravimetric 

method. The liquid after hydrolysis was used to analyze glucose and reducing sugars, 
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which were utilized for the estimation of cellulose and hemicellulose contents 

(Ververis et al., 2007). Glucose was measured by a colorimetric micro-method 

(Mendel et al., 1954), and reducing sugar was quantified with a dinitrosalicylic acid 

(DNS) colorimetric method (Miller, 1959). Elemental analysis of corn straw was 

performed on a CHN elemental analyzer (Perkin-Elmer 2400 II, USA). 

The sample powders were also analyzed with a wide angle X-ray diffraction (D8 

Advance, BrukerAXS, Germany) at 40 kV and 40 mA in the scanning angle of 10-40° 

(2θ) at a scanning speed of 1.0°/min, which can be used to estimate crystallinity. The 

crystallinity index (CrI) was calculated according to Eq. (2) (Park et al., 2010). 

Crystallinity Index (CrI,%)=100  {[I]
crys

-[I]
amor

}/[I]
crys

                   (2) 

where [I]crys is the intensity for crystalline portion of biomass at 2θ=23°, and [I]amor is 

the intensity for amorphous portion of biomass at 2θ=19°, respectively. 

2.5. Theoretical maximum methane yield from AD and biodegradability of corn straw 

The theoretical methane production (TMP) can be estimated from the elemental 

composition (C, H, N and O) of corn straw by using the stoichiometric equations 

(Tarvin and Buswell, 1934), which was obtained according to Eqs. (3) and (4). 
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where a, b and c represent the mass fractions of organic carbon, hydrogen and oxygen 

in the dry matter of corn straw, respectively. 
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The anaerobic biodegradability (BD) of corn straw was calculated from the 

experimental methane production (EMP) divided by TMP (Raposo et al., 2011), as 

shown in Eq. (5). 

BD (%)=100 × EMP/TMP                                           (5) 

2.6. Model-based analysis 

To further understand the effect of DIW or NBW pre-augmented anaerobically 

digested sludge as inoculum on the AD of corn straw, the Gompertz model (Eq. (6)) 

(Cossu et al., 2016) was used to describe the methane yield data obtained from section 

2.3. 

M(t)=M × exp{-exp[1+Rme(-t)/M]}                                  (6) 

where, M (t) is the cumulative methane yield (mL/g-VS) at time t; M refers to the 

maximum methane yield (mL/g-VS); Rm is the maximum methane production rate 

(mL/(g-VS·d)); λ represents the lag time of methane production (d); t denotes the 

digestion duration (d); and e is the Euler's number, 2.718. M, Rm, and λ were 

simulated and estimated by the exponential equations using Origin 2018 software. 

2.7. Statistical analysis 

One-way analysis of variance was performed for statistical validation of the 

gained results. Origin 2018 software was used to estimate the significant difference 

among the treatments. Factors with a probability (p value) less than 0.05 were deemed 

as significant. 

 

3. Results and discussion 



13 
 

3.1. Bioactivity of anaerobically digested sludge during pre-augmentation with DIW 

or NBW 

The increase in reactor volume due to NBW addition hinders the applications of 

NBW-based AD technology for methane production from waste lignocellulosic 

biomass. Thus, in this study, NBW was firstly used to pre-augment anaerobically 

digested sludge with corn straw as the sole substrate in order to avoid the volume 

increase of the real AD reactors if being applied in practice. It is of the first 

importance to evaluate the activity of microorganisms during the pre-augmentation 

with NBW or DIW addition. Results show that N2-NBW or O2-NBW stored at 

35±1oC for 30 days can maintain its NBs concentration and zeta potential with no 

obvious difference. This phenomenon is similar with the result from Ghadimkhani et 

al. (2016). Thus, in order to utilize NBW to continuously enhance the biological 

activity of digested sludge during 214 days of augmentation, DIW, N2-NBW and O2-

NBW were supplied to the reactors approximately every 30 days by taking NBs 

stability into consideration. 

ETS is an effective indicator for the respiration of microorganisms and the 

potential performance of substrate removal in sludge (Wang et al., 2016). As shown 

in Fig. 1, during the entire NBW or DIW pre-augmentation of anaerobically digested 

sludge, the ETS activities in all the reactors were enhanced along with the pre-

augmentation times. Till the last pre-augmentation (the 6th pre-augmentation), the 

ETS activity in the reactors with DIW, N2-NBW and O2-NBW addition increased by 

13.8%, 11.8% and 21.0% when compared to the 1st pre-augmentation. The highest 
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ETS activity was achieved in the O2-NBW reactor (155.2±2.6 mg/(gh)) after the 6th 

pre-augmentation, followed by N2-NBW (149.1±3.5 mg/(gh)) and DIW (134.8±3.1 

mg/(gh)) reactors. This observation suggests that the electron transport efficiency of 

microbial metabolisms was facilitated with the addition of NBW. O2 can act as an 

electron acceptor to increase the EST activity (Gui et al., 2017), which might be the 

reason for the highest ETS activity in the O2-NBW pre-augmented anaerobically 

digested sludge. This observation indicates that NBW could increase the ETS activity 

of anaerobically digested sludge and enhance the microbial metabolism. In contrast, 

copper oxide nanoparticles treatment can greatly reduce ETS activity by 24-48% due 

to its toxic effects on microorganisms (Zhao et al., 2020). Silver nanoparticles may 

also decrease ETS activity, showing toxicity to microbial glucose metabolism (Liu et 

al., 2020). Results from this work suggest that the contaminant-free NBW is 

advantageous for the respiration of microorganisms. 

  

Fig. 1 

 

Under DIW or NBW pre-augmentation condition, the methane yield was also 

observed to increase along with the pre-augmentation times. In the 1st pre-

augmentation, the methane yields from the DIW, N2-NBW and O2-NBW reactors 

showed no significant difference (p > 0.60), while the yields increased along with the 

pre-augmentation operation. During the last or 6th pre-augmentation, the O2-NBW and 

N2-NBW reactors produced more methane from corn straw, about 19.5% and 8.5% 
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respectively higher than the DIW reactor (the control group) after 214 days’ pre-

augmentation of anaerobically digested sludge. The changes in ETS activity were in 

agreement with the methane yields obtained in this study. Results from this work 

indicate that the microbial activity of anaerobically digested sludge was enhanced by 

NBW pre-augmentation, which can overcome the low metabolic activity of microbes. 

Still, future research is demanding on more direct evidence for changes in microbial 

community during the augmentation process by adding NBW. The enhanced 

metabolic activities of anaerobic microbes pre-augmented by NBW on corn straw 

degradation for methanogenesis were confirmed in the BMP tests by methane 

production and cellulose, hemicellulose and lignin reductions in the following 

sections 3.2.2 and 3.4.1, respectively. 

3.2. Changes in crystallinity degree and digestibility of corn straw during BMP tests 

3.2.1. Crystallinity degree 

Crystallinity degree, an indicator for the digestibility of lignocellulosic biomass, 

can be used to reveal the relative extent of cellulose crystallinity of corn straw 

(Perrone et al., 2016). Highly crystalline cellulose can be degraded by 

microorganisms during the hydrolysis stage, resulting in the decrease in crystallinity 

degree of biomass (Gupta et al., 2016). It’s necessary to investigate the effect of 

NBW pre-augmented anaerobically digested sludge on the decrease of corn straw 

crystallinity during BMP tests. In this study, the crystallinity degree of corn straw was 

determined by XRD (Table 2). After AD of corn straw, the largest reduction in 

cellulose crystallinity (21.1%) (p < 0.01) was detected in the O2-NBW pre-augmented 
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sludge reactors, followed by N2-NBW (20.2%) (p =0.02) and DIW (17.4%) pre-

augmented sludge reactors. There is no significant difference (p =0.14) in the 

reduction of cellulose crystallinity between the O2-NBW and N2-NBW reactors. A 

higher crystallinity reduction of corn straw reveals more crystalline cellulose was 

degraded during the AD process (Xu et al., 2018). The decrease in crystallinity of 

corn straw could destroy the cellulosic crystalline areas and inner surface areas, 

subsequently improving the hydrolysis of corn straw. This observation might explain 

why more cellulose decomposition occurred in the reactors with NBW pre-augmented 

anaerobically digested sludge. Thus, use of NBW pre-augmented sludge as inoculum 

could enhance the degradation of corn straw. 

 

Table 2 

 

3.2.2. Reduction of cellulose, hemicellulose and lignin 

In order to further understand the improvement of corn straw digestibility and the 

utilization of its major organic constituents, cellulose, hemicellulose and lignin 

contents were quantified during BMP tests with their reductions shown in Fig. 2. The 

DIW or NBW pre-augmented anaerobically sludge can achieve 20.4-38.4%, 28.8-

35.4% and 8.4-9.4% of cellulose, hemicellulose, and lignin reductions, respectively 

during these tests. The observation also reflects that generally the NBW pre-

augmented anaerobically sludge had a better performance on the degradation of corn 

straw. Specifically, all the BMP tests showed no significant difference in the 
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reduction of lignin (p > 0.05), most probably attributable to the more recalcitrant 

nature of lignin than cellulose and hemicellulose (Li et al., 2018). Compared to the 

DIW test group (control), the reductions in cellulose and hemicellulose were 

enhanced by 60.3-88.2% and 21.5-22.9%, respectively in the reactors with the NBW 

pre-augmented anaerobically digested sludge. As expected, the largest cellulose 

reduction was detected in the reactors with the O2-NBW pre-augmented sludge (p < 

0.05). These results imply that the anaerobically digested sludge augmented by O2-

NBW was enriched with microbial consortium that possess higher biodegradation 

capability of corn straw. The rigidity and recalcitrant structure of the lignocellulose 

can be destroyed by the NBW pre-augmented digested sludge. More corn straw can 

be decomposed and converted into soluble monomers. Thus the reductions of 

cellulose, hemicellulose and lignin can promote the degradation of lignocellulose and 

then improve intermediate products (VFAs and hydrogen) production for 

methanogenesis. 

 

Fig. 2 

 

3.3. Changes in TVFAs and hydrogen during BMP tests 

3.3.1. TVFAs 

During a typical AD process, conversion of macromolecule matters to soluble 

substrates is the first step, namely, the hydrolysis-acidification stage, which is also the 

limiting step of the AD of corn straw (Janke et al., 2017). As the important 
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intermediate products from the hydrolysis-acidification, TVFAs were detected as 

shown in Fig. 3a. Initially, the TVFAs increased rapidly in all the reactors, and the 

highest TVFAs were detected in the DIW reactors on day 6 (2337.3 mg/L), followed 

by N2-NBW (1971.7 mg/L) and O2-NBW (1747.2 mg/L) reactors on day 2. On day 

18, almost no TVFAs production was detected in the O2-NBW reactors, and a very 

small amount of TVFAs in the N2-NBW and DIW reactors; from then onwards, very 

little TVFAs were detected in all the reactors. The trace amount of oxygen in AD 

might enhance the proliferation of hydrolytic bacteria, strengthening the hydrolysis 

and acidification to produce more TVFAs (Ruan et al., 2019). Also, Wang et al. 

(2020) reported that micro-oxygen environment could enhance VFAs yield during the 

hydrolysis and acidification of cellulose under Air-NBW addition. It thus was 

expected that the trace amounts of oxygen in O2-NBW could improve the production 

of VFAs during the hydrolysis of corn straw. However, lower TVFAs concentrations 

were detected in the O2-NBW reactors, likely attributable to the higher consumption 

rate of TVFAs by the O2-NBW pre-augmented sludge than TVFAs production rate 

from hydrolysis of corn straw. This observation implies that NBW pre-augmentation 

may enrich the methanogens in the anaerobically digested sludge, thus enhancing the 

methanogenic stage of AD. As a result, the O2-NBW pre-augmented sludge reactors 

gained the highest methane yield, followed by the N2-NBW and control groups. 

Further discussion could be found in section 3.4. 

Besides, the oxidation of propionic acid and butyric acid can generate electrons 

that are transferred to protons to produce hydrogen (Tian et al., 2019), providing a 
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reasonable explanation for the reactors with O2-NBW pre-augmented sludge to have a 

rapid consumption of VFAs. This is most probably due to the highest ETS activity 

gained by the O2-NBW reactors that promoted the oxidation of VFAs to hydrogen. 

Results from this work show that anaerobically digested sludge pre-augmented by 

NBW could enhance VFAs production during the hydrolysis-acidification stage and 

then the consumption of VFAs to produce hydrogen for methanogenesis. 

 

3.3.2. Hydrogen 

Hydrogen as the major intermediate gaseous product during the BMP tests was 

monitored as shown in Fig. 3b. Hydrogen and carbon dioxide can be converted into 

methane by hydrogenotrophic methanogens (Amani et al., 2010). As it can be seen, 

the hydrogen content was relatively high (2.7%, 4.1% and 4.8% in the DIW, N2-NBW 

and O2-NBW reactors, respectively) during the initial stage of AD; then its content 

gradually decreased to zero in all the reactors. NB has been claimed to generate 

reactive oxygen species (ROSs) when NB collapses, a cost-effective and non-

chemical approach, which include singlet oxygen (1O2), hydroxyl radicals (•OH), and 

super-oxide anion radicals (O2
−) (Lyu et al., 2019). All of them have been proven to 

contribute the improved hydrogen yield from AD of organic compounds (Wang et al., 

2019b). In addition, O2-NB favors the formation of free radicals compared to N2-NB 

(Li et al., 2009). These observations may explain why the highest hydrogen content 

was detected in the O2-NBW reactors in this study. Generally, the activity of 

hydrogenotrophic methanogen can be enhanced under high hydrogen content 
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condition, resulting in the accelerated consumption of hydrogen to produce methane. 

Therefore, a rapid consumption of hydrogen can be an indicative of a faster methane 

production during the subsequent methanogenesis (Ambuchi et al., 2017).  

 

Fig. 3 

 

3.4. Methane production during BMP tests 

3.4.1 Methane yield from AD of corn straw with anaerobically digested sludge pre-

augmented by NBW or DIW 

The cumulative methane yields from corn straw by using NBW or DIW pre-

augmented sludge are shown in Fig. 4. Almost no gas was produced from the blank 

treatments (only the inoculum augmented by DIW, N2-NBW and O2-NBW), and there 

is no obvious difference in methane content in all the reactors. The methane yields 

from the NBW pre-augmented sludge reactors increased sharply before day 16 and 

reached a plateau afterwards. The final methane yield from the DIW pre-augmented 

sludge reactors was 115.9±3.5 mL/g-VS after 24 days’ AD of corn straw. As 

expected, the highest methane yield, averagely 141.7±5.8 mL/g-VS (p = 0.03 < 0.05) 

was achieved in the O2-NBW pre-augmented sludge reactors, followed by the N2-

NBW reactors (127.3±2.6 mL/g-VS) (p = 0.03 < 0.05), increasing by 22.3% and 

9.8%, respectively when compared with the control reactors. Fu et al. (2016) claimed 

that microaeration could enhance methanogenesis of corn straw. When calcium 

peroxide was added into AD of lignocellulosic biomass, methane production could be 
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enhanced by 11% (Eom et al., 2019). Xu et al. (2018) reported that Bacillus Subtilis 

micro-aerobic pretreatment of cellulosic material improved methane production and 

cellulose removal by 17.4% and 7%, respectively from AD of corn straw. Seen from 

this comparison analysis, it is certain that the NBW pre-augmented anaerobically 

digested sludge as inoculum could achieve the comparable enhancement effect on 

methane production from corn straw. 

 

Fig. 4. 

 

The mass fractions of organic C, H, O and N in the dry corn straw were 

determined as 39.5%, 5.7%, 35.9% and 1.9% (TS basis), respectively (Table 1). 

According to Eq. (4), the TMP of corn straw was calculated as 223.3 mL/g-VS. The 

BD value denotes the biodegradability of corn straw during the AD process  

according to Eq. (5). The highest BD was achieved in the O2-NBW pre-

augmented sludge reactors, about 63.5%, followed by N2-NBW (57.0%) and DIW 

(51.9%) reactors (Table 2). These results show that the biodegradation of corn straw 

can be enhanced by the anaerobically digested sludge after NBW pre-augmentation, 

which has been further evidenced by the methane production from the BMP tests. 

3.4.2 Gompertz model analysis 

The methane yields from all the reactors were fitted to the Gompertz model, and 

the results are also summarized in Table 2. The Gompertz model parameters are 

usually used to better understand the methanogenesis process. The maximum methane 
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yields from the model simulation were similar to the experimental data, indicating 

that the cumulative methane yield curve fitted well with the Gompertz equation. This 

is further supported by the high correlation coefficient (R2=0.993-0.998). As for the 

O2-NBW pre-augmented sludge reactors, the lag-phase time (λ) was the shortest 

among all the test reactors. As reported by Xu et al. (2018), a higher bacteria 

proportion is responsible for the shorter lag-phase time obtained. In this work it is 

hypothesized that O2-NBW pre-augmentation may enrich the hydrolytic and 

methanogenetic bacteria in the anaerobically digested sludge, thus shortening the lag-

phase time of AD, which is still under investigation. In addition, a shorter lag phase 

can improve the economic benefits of the AD system (Wang et al., 2020). Results 

from kinetic modeling further indicate that use of NBW pre-augmented anaerobically 

digested sludge is promising for the enhancement of methane production from corn 

straw and its AD efficiency. 

 

3.5 Implication of this study to practice 

NBW has unique merits for the AD process, such as low cost, simple operation 

and strong pertinence. Compared with other pretreatment technologies, including 

acid, alkali and steam explosion, NBW-based AD system has low ecological risk with 

relatively low energy consumption. In this study, we first attempted NBW pre-

augmentation of anaerobically digested sludge and then checked its effects on 

methane production from corn straw in lab-scale tests, which is also very important to 

better understand the fundamentals involved. NBW-based AD technology is still at its 
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preliminary stage. Results from this study show that the NBW augmented 

anaerobically digested sludge could contribute to enhanced methane production from 

corn straw with no need of increasing reactor volume like previous studies. Future 

research should be directed to its great potentials for pilot- and/or full-scale AD 

systems, and their long-term practical application and commercial tests. 

 

4. Conclusions 

Anaerobically digestion sludge was subjected to NBW pre-augmentation to 

improve its bioactivity and methane production from corn straw via AD. The O2-

NBW pre-augmented sludge reflected the highest microbial bioactivity, achieving 

22% increase in methane yield (141.7±5.8 mL/g-VS), and 88.2% and 22.9% 

increments in cellulose (38.4%) and hemicellulose (35.4%) reductions during AD of 

corn straw in comparison to the control (DIW reactors), respectively. This work 

demonstrates the concept and possibility of NBW pre-augmentation of anaerobically 

digested sludge and then the improvement of methane production from corn straw, 

targeting no increase of AD reactor volume in practice and sustainable management 

of lignocellulosic biomass. 
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Tables 

Table 1 Characteristics of corn straw and anaerobically digested sludge used in this study. 

Characteristics Corn straw 
Anaerobically 

digested sludge 

pH ND 7.27±0.01 

Total solid (TS, %) 91.10±0.02 2.100±0.007 

Volatile solid (VS, % of TS) 83.40±0.02 1.570±0.001 

Organic C (% of TS) 39.5 ND 

Organic H (% of TS) 5.7 ND 

Organic O (% of TS) 35.9 ND 

Organic N (% of TS) 1.9 ND 

Crystallinity (%) 31.0±0.01 14.0±0.01 

Cellulose (%) 32.5±0.8 14.3±1.7 

Hemicellulose (%) 28.4±0.4 12.3±1.5 

Lignin (%) 8.6±1.2 5.6±2.3 

ND- not determined 
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Table 2 

Methane production, crystallinity index, and parameters estimated from the modified Gompertz model by fitting to the experimental data. 

 
Pre-augmented 

sludge reactors 

TMP  

(mL/g-VS) 

EMP  

(mL/g-VS) 

BD  

(%) 

Modified Gompertz model Crystallinity 

reduction (%) M  Rm  λ R2 

DIW 

223.3 

115.9±3.5 c 51.9 122.5 8.4 1.0 0.998 17.4±0.08 b 

N2-NBW 127.3±2.6 b 57.0 136.2 9.9 1.4 0.993 20.2±0.54 ab 

O2-NBW 141.7±5.8 a 63.5 145.9 13.4 0.9 0.996 21.1±0.01 a 

BD, biodegradability; DIW , deionized water; EMP, experimental methane production; M, simulated maximum methane 

yield (mL/g-VS); NBW, nanobubble water; R2, correlation coefficient; Rm, maximum methane production rate (mL/g-

VS/day); TMP, theoretical methane production; λ, lag phase time (day). Data are expressed as mean ± SD, and data with 

different superscript letters denote significant difference at p < 0.05. 
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Fig.1. Changes in electron transport system activity during six times of pre-augmentation by 

DIW, N2-NBW and O2-NBW with corn straw as sole substrate. DIW, deionized water; NBW, 

nanobubble water. Data are expressed as mean ± SD, and the data with different superscript letters 

denote significant difference at p < 0.05. 
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Fig. 2. Reductions of cellulose, hemicellulose and lignin by the DIW, N2-NBW and O2-NBW 

pre-augmented anaerobically digested sludge with corn straw as sole substrate. DIW, deionized 

water; NBW, nanobubble water. 
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Fig. 3. Variations of total volatile fatty acids (TVFAs), a) and hydrogen content (b) in the DIW, 

N2-NBW and O2-NBW pre-augmented anaerobically digested sludge reactors during anaerobic 

digestion of corn straw. DIW, deionized water; NBW, nanobubble water. 
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Fig. 4. Cumulative methane yields from the DIW, N2-NBW and O2-NBW pre-augmented 

anaerobically digested sludge reactors during the 24 days’ anaerobic digestion of corn straw. 

DIW, deionized water; NBW, nanobubble water. 
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