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Anaerobic digestion (AD) is an effective method to treat swine manure and recover energy. However, 
swine manure with high total solid concentration often leads to long startup time of anaerobic 
digesters, low degradation efficiency of organic matter and incomplete fermentation. Herein, the 
hydrothermal hydrolysates of digestate obtained at two centrifugal speeds (i.e., the supernatant 
derived from 4000 to 10,000 rpm, respectively, named H4000 and H1000) co-digested with swine 
manure were conducted to investigate the effects of hydrolysate addition on AD startup and 
performance. Although the concentrations of organics were a slightly higher in H4000 than in H10000, 
a rapider biogas production occurred in the co-digestion of the H10000 hydrolysate and swine manure, 
indicating that the finer hydrochar was more optimal to prompt AD startup and performance than 
larger hydrochar. The fine hydrochar in the hydrolysate had a higher charge storage capability, and 
lower electron-transfer resistance, which could enhance the direct interspecies electron transfer 
between bacteria and methanogens and microbial activity. Also, hydrolysate addition could promote 
the growth of potential exoelectrogenic bacteria in AD. These findings provide a deep understanding 
of the effects of hydrolysate on the AD systems and are helpful for developing AD techniques for swine 
manure treatment.
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Anaerobic digestion  (AD) is an effective method to treat swine manure and recover energy in the form of 
biogas  (i.e., methane)1. Methane generation in AD is carried out by a series of microorganisms including 
hydrolytic and fermentative bacteria, acetogenic bacteria and methanogens2,3. During AD, swine manure 
with high total solid (TS) concentration often leads to volatile fatty acid (VFA) accumulation and pH decrease 
due to the growing imbalance of hydrolytic and fermentative bacteria and methanogens, which result in long 
startup time of anaerobic digesters, low degradation efficiency of organic matter and incomplete fermentation4,5. 
Therefore, improving the conversion of organic matter in swine manure and shortening the startup time of 
anaerobic digester are necessary for engineering applications.

Hydrothermal treatment (HT) has been employed to treat organic matter for producing hydrochar, bio-oil/
chemicals, aqueous phase and gas6,7. HT is generally carried out in a mild temperature range of 120–250 °C with 
water functioning as the reaction media8. HT of organic matter can produce a large amount of hydrothermal 
hydrolysate, which contains high concentrations of proteins, organic acids, phenols, benzene, saccharides and 
nitrogen compounds9. A combined process of hydrothermal hydrolysate and AD has been widely studied and 
used for solid organic matter treatment such as sludge and agricultural straw, owing to non-fossil resource heat 
needed for HT, especially, this treatment becomes attractive if proximity to a power plant is provided10. Wang et 
al.11 reported that the co-digestion of corn stover and its hydrothermal hydrolysate could increase 5.8–10.7% of 
methane production compared with the mono-digestion of corn stover or its hydrothermal hydrolysate. Zhao et 
al.12 found the hydrothermal hydrolysate of wheat straw obtained at 120 °C co-digested together with the solid 
residual could increase 21.5% of the methane yield. So far, the addition of hydrothermal hydrolysate has been 
proven to be a promising approach for solid organic waste valorization and potential carbon emission reduction.
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The degradation of soluble organics in the hydrolysate has been considered to be mainly responsible for the 
enhancement of biogas (methane) production. Except for the organics, there are abundant suspended particles 
(i.e., fine hydrochar) in the hydrothermal hydrolysate. Hydrochar is one of organic waste hydrothermal products, 
which is rich in various functional groups such as –OH and –COOH and has a good pore structure13. Hydrochar 
can work as the carrier to support methanogens, leading to a more stable activity under high load conditions 
and less lag time of AD. Additionally, the porous frame structure of hydrochar can act as a good electronic 
conductor, enhance the electron transfer between bacteria and methanogens in AD systems, and improve 
AD performance14,15. Moreover, the hydrochar addition in AD system is beneficial to the removal of toxic 
contaminants (e.g., nanoplastics and phenol) through capture or bio-degradation and mitigating the inhibitory 
effect of toxic contaminants on methane production16. However, the effects of hydrolysate components including 
organics and fine particles on AD startup and performance has been rarely known.

The aim of this study was to explore the effects of organics and fine particles in the hydrolysates on AD startup 
and performance of swine manure. Two hydrolysates of swine manure digestate obtained at different centrifugal 
speeds (i.e., the supernatant derived from 4000 and 10,000  rpm) were used to conduct the AD experiment. 
The physio-chemical characteristics, electron transfer capacity, and conductivity of the hydrolysate particles 
and hydrothermal residue (HR, i.e., centrifugal precipitate) were characterized. During the AD operation, the 
biogas and methane yield, and the degradation of organics were detected. The shift of microbial community and 
exoelectrogenic bacteria in different hydrolysate treatments was analyzed by applying MiSeq sequencing. The 
obtained results could provide a deep understanding of the effects of hydrolysate on the AD systems and was 
helpful for developing AD techniques for swine manure treatment.

Materials and methods
HT process and material preparation
Swine manure digestate was taken from swine farms in Quzhou City, Zhejiang Province, China, as described 
by Sun et al.17. The TS and volatile solid (VS, on TS basis) concentrations of the dewatered digestate were 
24.75 ± 2.31% and 64.82 ± 3.27%, respectively. HT was applied to pretreat the swine manure digestate to obtain 
hydrolysate. The swine manure digestate was adjusted to the TS content of 10% with tap water and then put 
into a hydrothermal device, which consisted of a hydrothermal tank with an effective volume of 4 L and a flash 
tank with an effective volume of 8 L18. The hydrothermal device was purged with high-purity N2 (99.99%) at a 
flow rate of 400 mL min−1 to create an oxygen-free environment. The mixture was heated to 180 °C at a heating 
rate of 3 °C min−1 and kept at 180 °C for 35 min. Then, the electric valve was opened to burst the hydrothermal 
slurry into the flash tank. The hydrothermal slurry was centrifuged at 4000 (i.e. 1431 × g) or 10,000 rpm (i.e. 
8944 × g) for 20 min to obtain hydrolysate, labeled H4000 and H10000, respectively. The centrifugal precipitate 
at 4000 rpm was dried in an oven at 65 °C and was denoted as HR.

AD experiment with hydrothermal products
In order to illustrate the effects of hydrothermal hydrolysate components including organics and fine particles 
on AD startup and performance, six AD treatments were conducted in the batch experiment: (1) the traditional 
swine manure AD (control), labeled as CK; (2) the co-digestion of swine manure and H4000 hydrolysate, labeled 
as CL1; (3) the co-digestion of swine manure and H10000 hydrolysate (the particle concentration in the H10000 
hydrolysate was adjusted to the same as in the H4000 hydrolysate with the particles, which was obtained from 
the H10000 hydrolysate by drying at 60 °C), labeled as CL2; (4) the mono-digestion of the H4000 hydrolysate, 
labeled as CL3; (5) the co-digestion of swine manure, H4000 hydrolysate and HR, labeled as CLS; and (6) AD 
only with the inoculum as the blank group, labeled as NT (Table S1). Each treatment was conducted in triplicate.

AD reactor was composed of a 1 L glass bottle with an 800 mL working volume. After being purged with 
high-purity N2 (99.99%) at a flow rate of 50 mL min−1 for 10 min, the AD reactor was sealed with a rubber 
stopper, and wrapped with black plastic to avoid light as described by Kang et al.19. The swine manure was taken 
from swine farms in Quzhou City, Zhejiang Province, China17. To ensure the experimental materials of swine 
manure were relatively uniform, the swine manure was first air-dried, ground and screened through a 10-mesh 
sieve, and then added into the AD reactors with the TS content of ~ 12% for AD. Although the physiochemical 
and biological properties of air-dried swine manure might vary a little, it could be well used to construct the 
same mass of manure substrate for the experiment treatments to eliminate the operation error owing to the 
settlement of manure slurry. The inoculum collected from lab-scale swine manure AD digesters was added to 
accelerate AD, with the TS and VS concentrations of 29.7 and 23.2 g L−1, respectively. A low inoculum of 10% 
(v/v) was used to investigate the effects of the components of hydrolysate on the AD startup and performance in 
this study. AD experiments were conducted in a 38 °C-water bath at 80 rpm for 100 d. The biogas and methane 
production in the AD reactors were calculated by the blank control (NT treatment) subtracted from those in the 
corresponding treatments and expressed in the unit of mL gTS−1.

Characterization of the hydrothermal products
To investigate the electron transfer properties of HR and the fine particles in the hydrolysate (i.e., H4000 and 
H10000 particles), the HR and hydrolysate were dried in an oven at 60 °C, respectively. The surface morphology 
and elemental compositions of the dried HR and the fine particles of H4000 and H10000 were analyzed by a 
field emission scanning electron microscope (FESEM, FEI Quanta 450, 20 kV, USA) equipped with an energy 
dispersive spectrometer (EDS). The fourier transform infra-red (FTIR, Nicolet iS10, Thermo Fisher, USA) 
and X-ray photoelectron spectroscopy (XPS, ESCALAB, 250Xi, Thermo Scientific, USA) were used to analyze 
the functional groups and elemental structures of the hydrothermal products. Cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) of HR and fine particles were analyzed by an electrochemical 
workstation CHI660E (Shanghai Chenhua, China). The working electrodes were prepared by the dropcast 
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method20. Briefly, the prepared fine particles or HR samples (0.8 g) were mixed with conductive carbon black 
and polytetrafluoroethylene water lotion (60 wt%) in a mass ratio of 8:1:1 in 10 mL ethanol. The mixture was 
ultrasonicated for 30 min to make it completely dispersed, and then heated in a water bath to form a sample 
paste. The paste was brushed on 1 × 1 cm stainless steel foam (the effective surface area was 2 cm2), and dried 
in vacuum under 60°C. The fine particles or HR sample loading rate was ~ 25 mg on each working electrode. 
In the three-electrode test system, stainless steel and Hg/HgO reference electrode (SEC) were applied as the 
counter and reference electrodes, respectively, and the fine particles- or HR-modified electrodes were working 
electrodes. The electrolyte was Na2SO4 solution (0.5 mol L−1). The voltage of the CV test was set from − 0.1 to 
1.1 V. The EIS tests were performed at an open-circuit voltage in the frequency range of 10‒2–105 Hz and the 
amplitude of 5 mV.

Analytical methods
During the AD experiment, biogas samples were collected to measure the concentrations of CH4 and CO2 by a 
gas chromatograph with a thermal conductivity detector (GC-TCD) as described by Wang et al.21. Approximately 
20  mL AD samples were taken from the anaerobic reactors periodically for physicochemical characteristics. 
The concentrations of TS and VS were determined by drying a certain volume of digestion at 105  °C until 
constant weight, and igniting at 600 °C for 3 h, respectively. The remaining samples were centrifuged at 4000 rpm 
for 20  min to obtain the solid and liquid samples. The concentrations of chemical oxygen demand (COD), 
NH4

+-N, TN and pH value were measured as the methods described by Eaton et al.22. The concentrations 
of soluble protein and soluble sugar were determined by modified Lowry’s method and phenol sulfuric acid 
method, respectively23. The concentration of VFAs was analyzed by a gas chromatograph with a flame ionization 
detector (GC-FID) as described previously24. The contents of protein and total sugar in the solid samples were 
determined by the Kjeldahl determination and phenol–sulfuric acid method, respectively25,26. The contents of 
cellulose, hemicellulose and lignin in the solid samples were determined by Van Soest method27.

The conductivity of hydrolysate, tap water, and the initial mixture of CK (tap water + swine manure), CL1 (tap 
water + H4000 + swine manure), CL2 (tap water + H10000 + swine manure), and CLS (tap water + H4000 + swine 
manure + HR), was measured with DDS-307A conductivity meter (Thundermagnetic, China). The size 
distribution of the particles in the H4000 and H10000 hydrolysates was determined using the QICPIC system 
(Sympatec, GmbH, Germany)28. The morphology of the solids was observed using a Philips XL-30E scanning 
electron microscope (Holland). Each sample was measured in triplicate.

DNA extraction, PCR amplification, and MiSeq sequencing
The AD samples were collected from the AD reactors on days 1, 13, 34, 62, and 100, and used to analyze the 
succession of microbial community structure. Genomic DNA was extracted using the E.Z.N.A.™ soil DNA 
extraction kit (Omega Bio-Tek, Inc., Norcross, USA). PCR amplification was performed for the V3-V4 region 
of total bacterial DNA using the primer set 338F/806R with barcodes29. The PCR products were sequenced 
on Illumina Miseq platform at Shanghai Majorbio Bio-Pharm Technology Co., Ltd. The sequencing data were 
analyzed as described by He et al.30.

Data analysis
In the three-electrode system, the specific capacitance (Cp, F g−1) was calculated using Eq. (1)31.

	
Cp =

∫ Vf

Vi
|i| dV

2mk(Vf − Vi)
� (1)

where i is the response current density inside the CV curve, A; Vi and Vf are the initial and final scan voltages, 
respectively, mV; m is the mass of active material, g; k is the scan rate, mV s−1.

The statistical analysis of data was performed by one-way analysis of variance (ANOVA) using SPSS 19.0. 
Canonical correlation analysis (CCA) for the correlation between the environmental parameters and the 
microbial community in the AD reactors was performed using the Vegan package in R software. The Monte 
Carlo test was adopted based on 499 random permutations.

Results and discussion
Characteristics of hydrolysate and HR
The pH values of the two hydrolysates were 7.63–7.74. The TS and VS concentrations were 2.04 ± 0.09% and 
71.55% ± 0.34% in the H4000 hydrolysate, respectively, while they decreased to 1.77 ± 0.21% and 69.89 ± 0.80% 
in the H10000 hydrolysate due to the increasing centrifugal speed (Fig.  1). The COD, NH4

+-N and TN 
concentrations were 25.9–29.4 g L−1, 669–772 mg L−1 and 1667–1805 mg L−1 in the experimental hydrolysates, 
owing to the release of the organics and the degradation of nitrogen compounds during HT11. Compared with 
the H4000 hydrolysate, the COD, NH4

+-N and TN concentrations of the H10000 hydrolysate decreased by 
11.90%, 9.83%, and 7.63%, respectively, likely owing to the fact that more dissolved organic matter and nitrogen 
compounds adhere to or adsorbed on particle surfaces were removed with the increasing centrifugal speed from 
4000 to 10,000 rpm32. The particle compositions were different in the two hydrolysates. The average particle size 
of the solids in the H10000 hydrolysate was 769.48 ± 44.55 μm, while it was 1047.12 ± 73.31 μm in the H4000 
hydrolysate, indicating that fewer large particles were presented in the H10000 hydrolysate due to the higher 
centrifugal speed. The experimental HR and swine manure were both rich in cellulose, hemicellulose, lignin, 
total sugar and protein. The lignin content was 20.98% in the HR, owing to the refractory components33. The VS 
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content was 77.48% in the swine manure, while it was 45.55% in the HR owing to a large amount of non-volatile 
solid retained in the digestate after AD17.

The SEM images suggested that the largest particles occurred in HR, and fewer large particles were presented 
in the H10000 hydrolysate than in the H4000 hydrolysate due to the higher centrifugal speed (Fig.  2). The 
average pore diameters of the particles in the H4000 and H10000 hydrolysates, and HR were 11.52, 10.26 and 
15.47 nm, respectively (Table S2). Compared with the particles in the H4000 hydrolysate, the specific surface area 
of particles was higher in the H10000 hydrolysate (9.75 m2 g−1). Further analysis on the functional groups and 
elemental structures of the hydrothermal products were conducted by FTIR and XPS. The results demonstrated 
that O–H (3438  cm−1)34, C–H (2924 and 2845  cm−1)35, C=O (1640  cm−1)36 and C–O (1062  cm−1)37 were 
abundant in all the hydrothermal products. The O–H and C=O peaks of the particles in the H4000 and H10000 
hydrolysates were larger than those of HR, indicating the particles in H4000 and H10000 hydrolysates had 
more O–H and C=O groups. The full scan spectra of XPS revealed that C and O were the major elements in the 
hydrothermal product, and the percentage of O in HR was higher than that in the particles in the H10000 and 
H4000 hydrolysates. The high-resolution XPS C 1 s deconvolutions of the hydrothermal products confirmed 
the existence of C–O, C–C and C=O groups. The area percentage of C=O in the particles in the H10000 and 
H4000 hydrolysates, and HR was 9.26%, 3.71% and 3.56%, respectively. More C–O presented in the particles 
in the H4000 hydrolysate and HR than that in the H10000 hydrolysate (Table S2). The area percentage of C–C 
was 81.55–84.89% in the particles in the H10000 and H4000 hydrolysates, and HR. Since carbon was rich in the 
hydrolysate particles and HR, all the particles in the H10000 and H4000 hydrolysates, and HR could be called 
hydrochar38.

Hydrolysate addition promoting startup and gas production of AD
During the whole experiment, the biogas production was low in NT with a cumulative value of 9.4 mL, indicating 
that the biogas production generated from the inoculum could be neglected. Compared with CK, the biogas 
production increased quickly in CL2 and CLS from day 33, which was earlier than in CL1 (day 38) and CK (day 
48) (Fig. 3), indicating that hydrolysate addition could prompt the startup of AD. Although the relative biogas 
production was higher in CL1 than CL2 in the first 35 d, owing to the high COD concentration of hydrolysate. 
However, the biogas production increased more early in CL2 than in CL 1 after 36 d. The cumulative biogas 
production was significantly higher in CL2 than in CL1 between days 54 and 82 (p < 0.05) with the relative 
higher biogas production between days 43 and 82. The NH4

+-N concentration was slightly higher in H4000 than 
in H10000, but they both less than 800 mg L−1, which is reported to have no obviously inhibitory effect on AD 
performance39. This suggested that the finer hydrochar in the hydrolysate were more favorable for the startup of 
AD. A higher cumulative biogas production was observed in CL1, CL2 and CLS with the hydrolysate addition 
than in CK. Wu et al.40 also reported that fine biochar (i.e., 75–150  μm) was more favorable for enhancing 
the production of medium chain fatty acids with an increased electron transfer efficiency of 92.6% than large 

Fig. 1.  The concentrations of TS and VS (A), NH4
+-N, TN and COD (B), and particle size composition (C) 

in the experimental hydrolysates (i.e., H4000 and H10000), and the specific organic compound contents of 
total sugar, protein, hemicellulose, cellulose, lignin and VS in the swine manure and HR (D) (** represents 
significant differences, p < 0.01).
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Fig. 3.  Variations of the cumulative biogas (A) and methane (B) production, and the relative biogas (C) 
and methane production (D) of CK in the experimental AD reactors over time. The cumulative biogas and 
methane production in CL3 was expressed as mL g-TSdigestate

−1.

 

Fig. 2.  Scanning electron microscope images of the dry particles in the H4000 (A) and H10000 (B) 
hydrolysates, and hydrothermal centrifugal residues (HR) (C); FTIR images (D), XPS full scan spectra (E) and 
XPS C 1 s spectra (F) of the dry particles in the H4000 and H10000 hydrolysates, and HR.
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particle biochar of 2000–5000 μm. Luo et al.41 found that biochar with smaller particle size was more effective in 
promoting AD, and was more suitable for methanogens attaching to its surface. Compared with CL1, a higher 
biogas production was observed in CLS with the addition of H4000 hydrolysate and HR. This indicated that a 
suitable addition of HR could also accelerate biogas production, likely owing to the conductive materials such as 
hydrochar and/or organics generated in the HT42.

The cumulative biogas and methane production showed similar trends during the experimental period. 
At the end of the experiment, the cumulative biogas and methane productions were 267.6–271.8 and 175.3–
177.0 mL g-TS−1, respectively, in CL1, CL2 and CLS, which were around 1.4 times of those in CK. This indicated 
that hydrolysate addition could increase biogas and methane production during AD of swine manure. In CL3 fed 
only with the hydrolysate (without swine manure), the degradation of organics in the hydrothermal hydrolysate 
from digestate could produce 24.1 mL g-TSdigestate

−1 biogas during the whole experiment.

Hydrolysate addition accelerating organic degradation
In order to well understand the effects of hydrolysate addition on AD performance, the variations of organic 
concentrations over time were investigated in this study. Since CL3 was only fed with the H4000 hydrolysate 
and inoculum, the concentrations of organics in CL3 during the entire experiment were not detected. The initial 
pH value was 6.59–6.67 in the experimental AD reactors (Fig. 4). With the degradation of organic matter, the 
pH value presented a slight decrease in the first stage. The pH value fluctuated between 6.52 and 6.73 during 
days 13 and 34 in CL1, CL2 and CLS, which was lower than in CK. This might be attributed to the enhanced 
hydrolysis, acidogenesis and acetogenesis occurring in CL1, CL2 and CLS. Similarly, low biogas and methane 
production were observed during this period. After that, the pH value increased to 7.91–8.28 between days 62 
and 100 in the AD reactors, which was consistent with the high biogas and methane production. This indicated 
that methanogenesis was dominant in the AD reactors after day 34.

Hydrolysate was rich in organics such as VFAs and reducing sugar, which were released from the hydrolysis 
of macromolecular organics during HT9,43. The hydrolysate addition increased the COD concentration in the 
AD samples, owing to the abundant organics in the hydrolysate such as soluble sugar and soluble protein (Fig. 
S1). An increased concentrations of soluble sugar and soluble protein were also observed in CL1, CL2 and 
CLS. With the degradation of organic matters, the COD concentrations increased, and reached the maximum 
values in the AD samples on day 34. It was consistent with the decreasing pH value on day 34. This indicated 
that hydrolysis, acidogenesis, and acetogenesis reactions were dominant in the first 34 d. After day 34, the COD 
concentrations decreased and dropped to 15.13–22.33 g L−1 in the AD samples on day 100. Compared with CK, 
higher COD concentrations remained in the AD reactors with the hydrolysate addition (p < 0.005), likely owing 
to the refractory organics such as soluble protein in the hydrolysate44. Compared with the soluble sugar, the 
soluble protein was more difficult to degrade in AD. The soluble protein remaining in the AD samples of swine 
manure with hydrolysate addition was significantly higher than that in CK (p < 0.001), suggesting that high 
refractory organics remained in the hydrolysate. Similarly, Zhong et al.45 reported that solid protein and soluble 
protein in the hydrolysate were the main nitrogen compounds during hydrothermal treatments. The change in 
protein structure might influence the biodegradability of soluble protein in the hydrolysate46.

Acetic acid, propionic acid and butyric acid were the main VFAs during AD. With the degradation of organics, 
the VFA concentrations increased and reached the peaks on day 34, which was consistent with the increasing 
COD concentrations and the decreasing pH values. After that, the VFA concentrations decreased with time. 
However, propionic acid decreased after day 62. This might be attributed to the pH value of ~ 8 between days 34 
and 62, which led to propionic acid-enriched VFAs production47. Compared with CK, the VFA concentrations 

Fig. 4.  Variations of the pH value (A), COD (B), acetic acid (C), propionic acid (D), isovaleric acid (E), butyric 
acid (F), isobutyric acid (F) and pentanoic acid (H) in the AD reactors over time.

 

Scientific Reports |        (2025) 15:22873 6| https://doi.org/10.1038/s41598-025-06044-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


decreased more quickly in CL1, CL2, and CLS. This indicated that a faster VFA degradation occurred in the AD 
reactors with the hydrolysate addition. Pentanoic acid was not detected in CL2 and CLS on day 62, while it was 
not detected in CK and CL1 on day 100, suggesting that a faster organic degradation occurred in CL2 and CLS 
than in CK and CL1.

During the AD process, organic matters are mainly degraded into CH4 and CO2 by microorganisms48. After 
the operation of 100 d, the TS concentration decreased from the initial value of 12.32–13.76% to 7.23–7.88% 
with degradation efficiencies of 38.6–45.5% (Fig. S2). The VS concentrations decreased from 75.37–79.39% 
to 66.3–68.78% in the AD reactors. Total sugar, protein, hemicellulose, cellulose, and lignin were the main 
organic matter in the swine manure. During the AD process, the contents of total sugar, hemicellulose and 
cellulose decreased, while the contents of protein and lignin increased indicating that organic matters such as 
total sugar, hemicellulose and cellulose presented rapid degradation, especially the total sugar could quickly be 
converted into biogas (mainly methane and CO2). Compared with total sugar, the contents of hemicellulose 
and cellulose, protein decreased slowly. During AD, the degradation efficiencies of protein were 20.2%-34.1% 
in the experimental treatments. However, almost no lignin was degraded during AD, owing to the complicated 
composition of lignin49.

Electron transfer capacity and conductivity of hydrolysate
The specific conductance of the hydrolysates, swine manure, and their mixture with HR was investigated (Fig. 5). 
The conductivity was 10.62 ± 0.04 and 10.72 ± 0.02 mS cm−1 of the H4000 and H10000 hydrolysate, respectively, 
which were higher than those of tap water (0.13 mS cm−1) and tap water with manure (i.e., the conductivity of 
swine manure slurry, 2.59 ± 0.07 mS cm−1), owing to the abundant compounds in the hydrolysate released during 
HT such as VFAs and NH4

+9. When the hydrolysate was added to the swine manure, the conductivities of the 
mixture increased about 4.4 times (11.43–11.69 mS cm−1) compared with the control without hydrolysate. And 
the addition of HR into the H4000 hydrolysate and manure mixture further increased the specific conductance 
to 12.35 mS cm−1. The higher conductivity of the mixture with hydrolysates might improve the electron transfer 
rate50.

CV is used to denote the capacitive characteristics of the hydrochar in hydrolysate, manure and HR samples, 
owing to the area enclosed by CV curve positively related with the capacitance51. The fine particles in the 
H4000 and H10000 hydrolysates were dried and then dropcasted on a stainless steel substrate to prepare fine 
particle-modified electrodes for electrochemical property tests. Within the scan range of − 0.1 ~ 1.1 V vs. SEC, 
the stainless steel electrode didn’t show obvious current change, while the electrodes with sample loading on 
the stainless steel substrate surfaces demonstrated a large current increase during the positive scan, suggesting 
that the sample particles had better electro-activity than that of stainless steel in the scan range. With the 
modification of H4000 and H10000 hydrochar, the specific capacitance of the electrodes was 23.67 and 26.08 

Fig. 5.  The conductivities (A), cyclic voltammetry (B) and electrochemical impedance spectroscopy (C) of 
the experiment materials. H4000 and H10000 in Figure B and C denote the fine hydrochar in the H4000 and 
H10000 hydrolysate, respectively. Different letters in the figure denote significant difference at p < 0.05.

 

Scientific Reports |        (2025) 15:22873 7| https://doi.org/10.1038/s41598-025-06044-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


F g−1, respectively, which was only around half of that with the HR modification and 40% of that with the solid 
manure modification. It indicated that the hydrochar in the H4000 and H10000 hydrolysate could store more 
charges than the HR and manure particles, which could enhance the number of available active sites30. Besides, 
there was no obvious redox peak in the experimental materials, indicating that the redox reactions were not the 
main role in enhancing electron transfer50.

To explore the resistance characteristics of the sample materials, EIS was conducted for the prepared working 
electrodes. The diameter of the semicircle in the high-frequency region in the Nyquist plot represents the 
charge-transfer resistance (Rct) of the electrodes, and the straight line in the low-frequency region represents 
the Warburg resistance (W0)52. The Rct of the H4000 and H10000 hydrochar-modified electrodes was 25.12 
and 29.2 Ω, respectively, which was significantly lower than that of HR (113.7 Ω) and swine manure (95.7 Ω) 
modified electrode (Table S3), suggesting that the fine hydrochar in the hydrolysates had higher electron transfer 
activity. The superior charge-transfer properties of the fine hydrochar might mainly contribute to the good AD 
performance of swine manures, with the better work of the finer H10000 hydrochar.

Effects of hydrolysate addition on microbial community
Microbial diversity varies with treatments and time during the AD process (Fig. S2). Firmicutes, Proteobacteria, 
Bacteroidota and Synergistota were the main phyla in the experimental AD reactors, accounting for 95.1–99.7% 
of the total sequencing reads (Fig. 6). Compared with bacteria, the relative abundance of archaea was lower in 
the AD reactors (less than 0.05%). In our previous study, Firmicutes, Proteobacteria and Bacteroidota were also 

Fig. 6.  Taxonomic classification of bacterial 16S rRNA gene at phylum level (A) and main genera (B), 
heat map of correlation between the main genera and environmental factors (C), the relative abundance of 
methanogens (D), and canonical correlation analysis (CCA) of microbial communities and environmental 
factors (E) in the AD reactors. The number after the rod in the sample name denotes the sampling time. * 
represents P < 0.05. ** represents P < 0.01.
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found to be the predominant microorganisms in the AD reactors with the addition of Fe-modiffed digestate 
hydrochar53. Clostridium sensu stricto 1, Ruminofilibacter, Proteiniphilum, Thiopseudomonas, Advenella, 
Hydrogenispora, Caldicoprobacter, Terrisporobacter, Tepidimicrobium, Petrimonas and Advenella were the 
predominant genera in the experimental AD reactors, which mainly belonged to the hydrolytic bacteria, 
acidogenic bacteria, and acetogentic bacteria. The microbial community structures changed with the substrate 
biodegradation in the AD reactors. In the initial stage (day 1), the degrading microorganisms of multiple sugars 
and hydrocarbon such as Clostridium sensu stricto 1, Terrisporobacter, Turicibacter and Romboutsia dominated 
in the reactors, which were positively correlated with the concentrations of VFA, TS, cellulose, hemicellulose 
sugar and COD. The variation in the relative abundance of these genera could indicate the decomposition of 
the easily biodegradable organics. For example, the relative abundance of Clostridium sensu stricto 1 was high 
in the initial AD samples with the values of 3.9–15.8%, and increased a little in the AD reactors in the first 34 
d. After that, the relative abundance of Clostridium sensu stricto 1 decreased to 2.6–3.4% in CL1, CL2 and CLS 
on day 62, while it kept a high value of 17.0% in CK. This suggested a faster degradation of multiple sugars 
occurred in CL1, CL2 and CLS. Similarly, Terrisporobacter, a strictly anaerobic bacterium that can degrade 
carbohydrate raw materials into acetic acid54, dominated the AD reactors on day 1 with the relative abundance 
of 1.2–3.6%. With the degradation of organic matter, the relative abundance of Terrisporobacter reached a peak 
on day 13 or 34. Then it decreased to below 1% in CL1, CL2 and CLS on day 62, while it was 3.1% in CK. This 
also indicated that a faster hydrocarbon degradation occurred in CL1, CL2 and CLS than that in CK. With the 
degradation of easily biodegradable organics and VFA production, microorganisms involved in small molecule 
organic degradation such as Thiopseudomonas, Tepidimicrobium, Petrimonas, Advenella, Fermentimonas, 
Sporanaerobacter and protein-degrading bacteria Proteiniphilum began rapid growth and reached the high peak 
in the relative abundance between days 13 and 3455. Except for Proteiniphilum, the relative abundances of the 
small molecule organics-degrading microorganisms were positively correlated with the VFA concentrations. 
The relative abundance of Proteiniphilum was low with the values of 0.14–0.59% in the AD reactors on day 
1. With the degradation of organic matters, the relative abundance of Proteiniphilum increased and reached 
the peak in CL2 and CLS on day 34, and then decreased to 5.8–7.8% in the end, while it kept a high value of 
17.5–20.6% in CK and CL1. This suggested that a fast protein degradation occurred in CL2 and CLS. After the 
consumption of biodegradable organics such as protein and sugars, lignocellulose-degrading bacteria including 
Ruminofilibacter, Herbinix and Caldicoprobacter became dominant in the AD reactors between days 62 and 100. 
The relative abundances of Ruminofilibacter and Caldicoprobacter increased from less than 0.15% on day 1 to 
9.8–34.5% and 3.3–11.9%, respectively, in the AD reactors between days 62 and 100. This was consistent with the 
high removals of cellulose and hemicellulose in the AD reactors. Hydrogenispora are acetogenic bacteria, which 
have been reported to dominate in the later stage of AD, and can work as a indicator for AD stage19. The relative 
abundance of Hydrogenispora increased from less than 0.04% to 1.2%-6.1% in CL1, CL2 and CLS on day 62, 
while it was 0.13% in CK, suggesting that a faster AD occurred in CL1, CL2 and CLS than in CK. The correlation 
analysis of environmental factors, biogas and methane production rates, and the main genera also showed that 
the relative abundances of Ruminofilibacter,  Herbinix, Caldicoprobacter, Proteiniphilum and Hydrogenispora 
were significantly correlated with the methane production rate.

Hydrogenotrophic methanogens including Methanobrevibacter, Methanoculleus, Methanosphaera, Candidatus 
Methanoplasma, Methanofollis and Methanomassiliicoccus, RumEn M2 and Methanoculleus56–59 were the 
dominant genera for methanogenesis in the experimental AD reactors (Fig. 4D). Among them, Methanosphaera, 
Candidatus Methanoplasma, Methanofollis and Methanomassiliicoccus, RumEn M2 and Methanoculleus were also 
capable of converting methyl compounds into methane56–59. Similarly, Hu et al.60 found that hydrogenotrophic 
methanogens predominated in the AD reactor of swine manure with the relative abundance of 90.2%, while 
acetoclastic methanogens were not detected. In the initial samples, Methanobrevibacter and Methanosphaera 
predominated in the AD reactors. With the degradation of organic matter, the methanogenic community varied. 
In CK, Candidatus Methanoplasma, Methanofollis, Methanoculleus and RumEn M2 became dominant on day 
100. Compared to CK and CL1, the relative abundances of Candidatus Methanoplasma and Methanoculleus 
were higher in CL2 and CLS in the end.

CCA analysis showed that the microbial communities in the AD reactors at the same sampling points 
clustered together except for the CK-62 sample, indicating that the AD time was the most important factor in 
affecting microbial community structure. Among all the detected environmental factors, TS and isobutyric acid 
had significant effects on the microbial communities (p < 0.005). Between days 13 and 34, VFAs had significant 
influences on the microbial communities (p < 0.05), which might be because they were the major substrates for 
microbial growth and metabolism at this stage.

Mechanisms of hydrolysate addition on AD performance
Exoelectrogenic bacteria have been reported to be abundant in the AD system to transfer electrons to 
methanogens through cell components, such as c-type cytochrome and e-pili61,62. Compared with interspecies 
electron transfer using H2 or formate as the electron carrier, DIET has a more prominent capacity to accelerate 
the degradation of organic matter in AD systems63. The enhancement in methane production by conductive 
materials is often correlated with a high abundance of potential exoelectrogenic bacteria51. In this study, there 
were about 20 known potential exoelectrogenic bacteria detected in the AD reactors (Fig.  7 and Table S4). 
Defluviitoga, Syntrophomonas, Lentimicrobium, Comamonas, Lysinibacillus, Enterococcus and Desulfovibrio 
were the main potential exoelectrogenic bacteria in the AD reactors. The relative abundance of potential 
exoelectrogenic bacteria was 0.27–0.97% in the initial AD samples. With the degradation of organic matter, the 
relative abundance of potential exoelectrogenic bacteria increased to 3.7–9.1% in CL1, CL2 and CLS in the end, 
which was higher than that in CK (1.7%). This suggested that the hydrolysate addition could promote the growth 
of potential exoelectrogenic bacteria, enhance the DIET process between bacteria and methanogens owing to 
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the good conductivity of hydrochar (shown by CV and EIS in Fig. 5), and thus accelerate the degradation of 
organics such as VFAs and increase the biogas and methane production64.

Heat map visualizing correlation between the main potential exoelectrogenic bacteria and environmental 
factors were drawn based on Pearson correlation analysis (Fig.  7). The potential exoelectrogenic bacteria 
including Syntrophomonas, Desulfovibrio, Syntrophaceticus, Defluviitoga and Pelotomaculum were positively 
correlated with pH, protein, lignin and methane production rate. Compare with CK, the relative abundance of 
Syntrophomonas, Desulfovibrio, Syntrophaceticus, Defluviitoga and Pelotomaculum was higher in the treatments 
with hydrolysate addition, especially in CL2 with the addition of H10000 hydrolysate. This suggested that the 
hydrolysate addition could prompt the growth of exoelectrogenic bacteria, especially the finer hydrochar in the 
hydrolysate.

The correlation analysis of environmental factors, biogas and methane production rates, and their Mantel 
test analysis for potential exoelectrogenic bacteria showed that pH, TS, hemicellulose and cellulose, sugar, 
protein and lignin had the strongest correlations with potential exoelectrogenic bacteria community in the AD 
reactors with a mantels’r above 0.4 and P < 0.01. Isovaleric acid, soluble sugar and methane production rate were 
significantly correlated with potential exoelectrogenic bacterial community (0.01 < P < 0.05). This indicated that 
organic matter including hemicellulose and cellulose, sugar, protein, lignin and pH were the main factor in 
affecting the community of potential exoelectrogenic bacteria.

Nutrients in hydrolysate have been reported to be responsible for boosting the growth of the functional 
microbial community, especially exoelectrogenic bacteria65. In this study, although there were more NH4

+-N, 
TN, COD, TS and VS in the H4000 hydrolysate than those in the H10000 hydrolysate, the H10000 hydrolysate 
was more favorable for biogas production. This indicated that the hydrochar in the H10000 hydrolysate were 
better in prompting AD startup and performance than that in the H4000 hydrolysate. Further study on the 
hydrochar in the hydrolysates revealed that the average particle size of the solids in the H10000 hydrolysate 
was 26.51% smaller than that in the H4000 hydrolysate. The finer hydrochar possessed higher charge storage 
capability, and lower electron-transfer resistance. Additionally, compared with CL1, a high relative abundance of 
potential exoelectrogenic bacteria was observed in CL2 and CLS, indicating that the hydrochar in the H10000 

Fig. 7.  The relative abundance of potential exoelectrogens bacteria in the AD reactors (A), heat map of 
correlation between the potential exoelectrogens bacteria and environmental factors (B), and correlation 
analysis of environmental factors, biogas and methane production rates, and their Mantel test analysis 
for potential exoelectrogens bacteria community (C) in the AD reactors, with a color gradient denoting 
Spearman’s correlation.
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hydrolysate was more optimal to facilitate the growth of potential exoelectrogenic bacteria than that in the 
H4000 hydrolysate. The higher electron-transfer properties of the fine hydrochar in the hydrolysate might be the 
major reason to enhance the DIET process and microbial activity in AD.

Taken together, we hypothesized the mechanisms of hydrolysate addition in the AD systems as shown in Fig. 8. 
The superior charge storage capability, and electron-transfer activity of the fine hydrochar in the hydrolysate 
improve the DIET process and microbial activity to prompt AD startup and performance. The fine hydrochar in 
the hydrolysate could work as conductive materials, which could facilitate the growth of potential exoelectrogenic 
bacteria such as Defluviitoga, Syntrophomonas and Lentimicrobium, and increase the extracellular electron 
transfer between bacteria and methanogens in AD systems. Additionally, the organics in hydrolysate could also 
promote the growth of hydrolytic bacteria, acetogenic bacteria and acidogenic bacteria, which could accelerate 
the degradation of macromolecular substrates such as sugar, protein, cellulose and hemicellulose to generate 
VFAs, H2 and CO2. Thus, the AD performance was enhanced by the hydrolysate addition. Hydrogeno-trophic 
methane production might be the main pathway in the AD reactors, but we also did not rule out ‌acetoclastic 
methane production occurred in this system. Further studies such as methanogenic abundance and activity need 
to be conducted to illustrate the influencing mechanisms of hydrolysate on methane production.

Conclusions
Fine hydrochar was rich in the hydrolysate despite of high centrifugal speeds of 4000–10,000 rpm. Compared 
with HR, the hydrochar in the H4000 and H10000 hydrolysates had more O–H and C=O functional groups. The 
hydrochar in the H10000 hydrolysate had more C=O, while the hydrochar in the H4000 hydrolysate and HR had 
more C–O. Although the concentrations of organics such as COD were higher in the H4000 hydrolysate than 
in the H10000 hydrolysate, more biogas was produced in the co-digestion of the H10000 hydrolysate and swine 
manure. Compared with the larger hydrochar, the finer hydrochar in the H4000 and H10000 hydrolysates were 
more optimal for facilitating the growth of potential exoelectrogenic bacteria. Moreover, the fine hydrochar had 
higher charge storage capability, and lower electron-transfer resistance that could enhance the DIET process 
and microbial activity. These findings provided new insights into the mechanisms of hydrolysate in prompting 
AD startup and performance. Since the hydrolysates obtained only from two centrifugal speeds were used in 
this study, the influence of fine hydrochar in the hydrolysate on AD performance might be interfered by the 
complex components in hydrolysates. Further studies such as effects of a wider range of centrifugal speeds, and 
particle sizes of hydrochar on AD performance and microbial activity should be conducted to illustrate the role 
of hydrochar and develop AD techniques for swine manure treatment.

Data availability
Raw reads obtained in this study are available at the NCBI Short Read Archive (SRA) under the accession num-
ber PRJNA916386.
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