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A B S T R A C T   

The effects of three nanomaterials (ZnO, Al2O3, and Fe2O3) on the wet and dry anaerobic 
digestion (AD) processes of hybrid Pennisetum were assessed over 33 days, and the microbial 
communities of dry AD systems were studied. The results demonstrated that biogas production 
improved by 72.2% and 33.6% when nanoporous Al2O3 (nano-Al2O3) and nano-Fe2O3 were 
added during dry AD, respectively. However, biogas production decreased by 39.4% with nano- 
ZnO. Kinetic analysis showed that the three nanomaterials could shorten the lag phase of the AD 
sludge, while the 16S rRNA gene amplicon sequencing results demonstrated that microbes such as 
Longilinea and Methanosarcina were enriched in the nano-Al2O3 reactors and methanogenic 
communities community such as Methanobacterium sp., Methanobrevibacter sp., and Methanothrix 
sp., which were enriched in the nano-Al2O3 and nano-Fe2O3 reactors. However, the microbial 
community and some methanogenic communities diversity and richness were inhibited by the 
addition of nano-ZnO.   

1. Introduction 

In recent years renewable sources of energy have drawn significant attention due to the lack of fossil fuels [1,2]. Biomass energy, 
such as lignocellulosic materials, livestock wastes, and sludge, has attracted increasing attention [3,4]. Hybrid Pennisetum (HP) is a 
lignocellulosic material and one of the most suitable perennial energy grasses due to its higher biogas production and good resistance, 
making it a promising substrate for biogas production. However, it is difficult to utilize in anaerobic digestion due to its complex 
structure [5–7]. Anaerobic digestion (AD) is one of the best technologies for degrading lignocellulosic materials to convert biomass 
energy into biogas. It includes four stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis [8]. There are two types of AD 
processes, namely wet anaerobic digestion and dry anaerobic digestion. In the wet anaerobic digestion system, the total solid (TS) will 
be less than 15%, and the value of TS in the dry AD system will be higher than 15%. However, AD has some disadvantages, such as a 
long reaction time, a lower production rate of methane, and a low degradation rate of organic matter [9]. Therefore, some strategies, 
such as additives [10,11], pretreatment [12–16], and co-digestion [17], have been used to improve biogas production and AD 
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performance. 
Nanomaterials as additives have been applied to the AD process because of their unique properties [18,19]. Fe2O3 and Al2O3 

nanoparticles have also been used in industrial and medical products, and they were released from these products when they came into 
contact with water [20–22]. Ünşar et al. reported that Fe2O3 and Al2O3 nanoparticles had no impact on the AD of waste-activated 
sludge in short term toxicity tests, and nano-Al2O3 could improve biogas production. However, the reason was not clear [21]. In 
2020, Chen et al. reported that AD processing could be affected by adding conductive nanomaterials, and the results showed that 
biogas production improved when nano-carbon powder and nano-Al2O3 particles were added to the AD process [22]. Nano-ZnO have 
been widely used in various industries, including in cosmetics, paints, plastics [23,24]. ZnO nanoparticles, the production of which 
could reach 550 tons per year, were found to easily remain in the waste sludge. Furthermore, the effect of waste-activated sludge on 
anaerobic digestion through ZnO addition has been reported. For example, the mechanism of toxicological change of ZnO and TiO2 in 
AD was investigated by Zheng et al. The study showed that ZnO engineered nanoparticle materials clearly inhibited the metabolism of 
volatile fatty acids and biogas production in the system due to Zn2+ and reactive oxygen species [23]. Zhang et al. used cationic 
polyacrylamide to alleviate the inhibitory effects of ZnO nanoparticles on AD. The results showed that cationic polyacrylamide could 
reduce the toxicity of ZnO nanoparticles and the inhibition rate changed from 28.6% to 9.3% [24]. In addition, there were also another 
additives, such as carbon nanotubes. Carbon nanotubes could improve methane production by stimulate the biodegradation of volatile 
fatty acids or promot Direct Interspecies Electron Transfer (DIET) in complex anaerobic microbial communities [25,26]. 

Although many scholars have paid special attention to the study of AD with nanoparticles, the influence of three nanomaterials on 
the AD performance of HP and microbial community has not yet been investigated. In this study, the effects of three nanoporous 
materials (nano-ZnO, nano-Fe2O3, and nano-Al2O3) were investigated on the dry and wet AD processes, and microbial communities of 
the AD system. The purpose of this study was to (a), investigate the AD performance of HP, including biogas production, pH, and 
coenzyme F420 with different nanomaterials in the two AD processes, and (b), investigate and analyze the bacterial community and 
methanogenic communities structure of nano-ZnO, nano-Fe2O3 and nano-Al2O3 reactors during the dry AD processing. 

2. Materials and methods 

2.1. Raw materials (HP) and inoculum (dehydrated sludge) 

The aboveground portion of HP was used for experimentation and was obtained from an experimental field at Yunnan Agricultural 
University. The dehydrated sludge was obtained from the fifth water purification plant in Kunming, Yunnan Province. The total solid 
(TS) content and the volatile solid (VS) content of the HP and sludge were tested, as shown in Table 1. The C/N ratio of HP was (31.15 
± 0.96)% (shown in Table 2), and carbon (C) and nitrogen (N) played a key role in AD and could affect microbial growth. Choosing the 
optimal C/N ratio was very important, and according to previous literature, the C/N ratio of 20%–30% was best [27]. Thus, the C/N 
ratio of HP was optimal. 

2.2. Experiment 

The digestion device consisted of a 1-L reaction bottle (Fig. 1), gas bottle, water bottle, and constant-temperature water bath [(37 
± 1) ◦C]. According to the experiment design, different amounts of nanomaterials (0.1 g, 0.2 g and 0.3 g) were added to the dry and wet 
AD systems. In this paper, we only chose the dry and wet AD systems with adding 0.3 g nanomaterials because the variation of biogas 
production is relatively obvious. Each fermentation experiment was conducted in parallel with three groups. In wet AD systems, four 
reactors were set, namely, the control [without nanomaterials, S-0], nano-ZnO(S-1), nano-Fe2O3(S-2), and nano-Al2O3 (S-3) materials. 
In dry AD systems, four reactors were set, namely, the control [without nanomaterials, G-0], nano-ZnO(G-1), nano-Fe2O3(G-2), and 
nano-Al2O3 (G-3) materials. All experiments were incubated at 37 ◦C for 33 days. 

2.3. Nanomaterials synthesis 

Polymethyl acrylate (PMMA) was synthesized according to the literature [28], and the nano-ZnO were synthesized by the 
impregnation method. First, ZnC2O4⋅2H2O (1 g) was dissolved in methanol (10 mL), filter and then the filtrate was dropped into the 
PMMA (20 g) and the samples were dried 30 min at room temperature. Second, the ethanol solution of oxalic acid (3.6 g of oxalic acid 
dissolved in 30 mL of ethanol) were dropped into the PMMA and soak for 2min. Finally, this samples were dried in a vacuum oven at 
70 ◦C over night. The PMMA templates were removed by calcination in flowing air keeping at 300 ◦C for 3 h, and then at 400 ◦C for 4 h, 
respectively. The nano-Fe2O3 were synthesized by the impregnation method, where FeC2O4⋅2H2O (2 g) was dissolved in H2O (5 mL) 
and H2C2O4 (2 g) was added. Then, H2O2 was added dropwise until the solid was completely dissolved and ethanol (5 mL) was 
subsequently added to the mixture solution. Finally, this solution was dropped into the PMMA microsphere templates (20 g) and the 

Table 1 
The TS and VS of the HP and sludge.  

Raw materials TS (%) VS (%) 

Hybrid Pennisetum 94.38 ± 0.17 89.82 ± 0.45 
Sludge 51.71 ± 0.21 10.09 ± 0.16  
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sample was dried at 70 ◦C. The PMMA templates were also removed by calcination in flowing air keeping at 300 ◦C for 3 h, and then at 
450 ◦C for 4 h, respectively. The nano-Al2O3 porous materials were also synthesized by the impregnation method, where AlCl3⋅6H2O 
(1.272 g) was dissolved in 10 mL ethanol, the solution was added into PMMA. The templates were fully impregnated for about 3 min, 
the excess solution was removed by suction. And then NH3⋅H2O (25%, 5 mL) was dropped into PMMA (20 g). The sample was finally 
dried at 70 ◦C and then calcined at 300 ◦C for 3 h, and then at 550 ◦C for 4 h, respectively. 

2.4. SEM observation of the three nanomaterials 

The morphology of the samples were observed by XL30 ESEM-TMP scanning electron microscope (SEM) and Zeiss Sigma scanning 
electron microscope. 

2.5. Analytical methods 

The values of pH were monitored by pH meter (OHAUS, ST3100C). TS, and VS were measured according to the standard methods 
[29]. The analytical method of F420 was previously described in the literature [30]. The total carbon (TC) and total nitrogen (TN) were 
measured by an elemental analysis instrument (VARIOEL Ш, Germany), and 16s rRNA gene amplification sequencing was obtained 

Table 2 
Element content analysis of HP.  

Raw materials Element content 

C (%) N (%) C/N (%) 

HP 47.350 ± 0.04 1.520 ± 0.02 31.15 ± 0.96  

Table 3 
The design of the experiments in wet AD systems.  

Reactors Substrate Inoculum The amounts of additives 

Water Sludge 

Control (S-0) 33.25 g 62.5 g 154.25 g 0 
S-1 33.25 g 62.5 g 154.25 g 0.3 g 
S-2 33.25 g 62.5 g 154.25 g 0.3 g 
S-3 33.25 g 62.5 g 154.25 g 0.3 g  

Table 4 
The design of the experiments in dry AD systems.  

Reactors Substrate Inoculum The amounts of additives 

Water Sludge 

Control (G-0) 30 g 20 g 200 g 0 
G-1 30 g 20 g 200 g 0.3 g 
G-2 30 g 20 g 200 g 0.3 g 
G-3 30 g 20 g 200 g 0.3 g  

Fig. 1. The devices for anaerobic digestion.  
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using an NGS Illumina MiSeq 2 x 300 bp. 

2.6. 16S rRNA gene amplicon sequencing 

2.6.1. The V4 region of the bacteria 
21 samples were collected on different dry AD periods. The bacteria stucture of 12 samples in the middle of AD process were chose to 

analysized (Fig. 6). The microbial DNA of All samples were extracted by using the method of CTAB-SDS. The remaining steps for DNA 
extraction were performed according to the DNA isolation kit protocol. Subsequently, the V4 variable region of the bacterial 16S rRNA 
gene was amplified using primers 515F (GTGCCAGCMGCCGCGGTAA)and 806R (GGACTACHVGGGTWTCTAAT), through polymerase 
chain reactions (PCRs) [16,31,32]. Then the Illumina pair-ended sequencing was performed on Illumina NovaSeq600 platform. 

2.6.2. Methanogenic communities 
DNA extraction of the different digestion period samples was conducted by an MIO-BIO Power Soil DNA isolation kit. The 

remaining steps for DNA extraction were performed according to the DNA isolation kit protocol. Subsequently, the mcrA gene was 
amplified using primers MLF 5′-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3′ and MLR 5′-TTCATTGCRTAGTTWGGRTAGTT-3’. 
The PCRs were carried out in 10 μL of volume containing 1 × PCR buffer, 1 μL dNTPs, 1 μL primer (F/R), 1 unit of taq DNA polymerase, 
and a 5–50 ng of template DNA under the following cycling conditions: pre-denaturation at 94 ◦C for 2 min, 36 cycles of denaturation 
at 94 ◦C for 30 s, annealing at 60 ◦C for 30 s, and extension at 72 ◦C for 30 s, with a final extension at 72 ◦C for 5 min. Finally, the PCR 
products were tested through high-throughput sequencing using the Illumina MiSeq 2 x 300 bp platform. 

3. Results and discussion 

3.1. Scanning electron microscopy (SEM) of the three nanomaterials 

The three nanomaterials were fabricated by using the PMMA templates. Fig. 2a showed the SEM image of nano-ZnO structure. The 
ordered structure have been destroyed after PMMA was removed. This because the crystallinity of nano-ZnO was enhanced [33] and 
the porous structure was collapsed. Fig. 2b presented the SEM image of the mesoporous Al2O3 structure after calcination at 550 ◦C. It 
was seen that the ordered structure replicated into Al2O3 matrix was not destroyed when PMMA templates were removed. An average 
pore diameter of 75 nm was obtained. The porous structures of and nano-Fe2O3 were damaged and they possibly exhibited high 
crystallinity (Fig. 2c). 

Fig. 2. SEM images of nano-ZnO (a), nano-Al2O3 (b) and nano-Fe2O3 (c).  
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3.2. The effect of the three nanomaterials on AD 

3.2.1. Change in biogas production 
In a previous study, nano-Al2O3 was found to be nontoxic with a positive effect on methanogenic activity, and a high concentration 

of nano-Fe2O3 could inhibit biogas production [21]. ZnO nanoparticles were found to exhibit toxicity against microorganisms and 
could cause a reduction in biogas production [34–36]. Fig. 3a showed the effects of three nanomaterials on daily biogas production in 
wet AD, where the pH values were controlled between 6.5 and 7.5 because methanogenesis could retain activity in this range. The 
daily biogas production values of nano-Al2O3 and the nano-Fe2O3 reactor were higher than the control (S-0) reactor. However, the 
value was the lowest in the nano-ZnO reactor. At about 19 days, daily biogas production in the four reactors peaked. It demonstrated 
the daily biogas production of the wet AD systems, which followed S-3 > S-2 > S-0 > S-1. At about 23 days, the nano-Al2O3 reactor 
peaked. As shown in Fig. 3b, the cumulative biogas production of the nano-Al2O3 reactor and nano-Fe2O3 reactor were higher than the 
control reactor and nano-ZnO reactor. After 33 days of experimentation, the cumulative biogas production values of the four reactors 
were 4404 (S-0), 3665 (S-1), 6424 (S-2), and 16,981 (S-3) mL. The cumulative biogas production of nano-Al2O3 was the highest. 
However, the biogas production of nano-ZnO decreased compared to the biogas production of control. Fig. 4 demonstrates the daily 
biogas production and the cumulative biogas production in the dry AD process. It can be seen that biogas yields of S-3 reactor were 
highest. Moreover, After 33 days of experimentation, the cumulative biogas production values of the S-3 reactor was 20,285 mL. This 
was higher than that of wet AD system. The biogas production of nano-ZnO decreased compared to the biogas production of control. 
This illustrated that porous Al2O3 could improve the cumulative biogas production of AD, while, the addition of nano-ZnO could 
inhibit biogas production [22]. 

The above results showed that the biogas production of wet AD and dry AD could be improved by adding nano-Fe2O3 and nano- 
Al2O3, especially nanoporous Al2O3, which could better increase the cumulative biogas production of dry AD. This was because 
nanoporous Al2O3 could serve as a good carrier for the anaerobic medium [22]. Biogas production could be inhibited when nano-ZnO 
was added to the wet and dry AD system. The toxicity of the ZnO nanoparticles was mainly attributed to the released Zn2+, which 
increased the reactive oxygen species (ROS) and inhibited methane production. This explained why in this study, biogas production 
was inhibited by adding nano-ZnO. 

3.2.2. Coenzyme F420 activity in the AD system 
Coenzyme F420 is a specific enzyme that can affect the formation of methane and characterize the activity of methanogenium [37]. 

The results showed that the activity of coenzyme F420 in the nano-Al2O3 reactor and nano-Fe2O3 reactor was faster than the other two 
reactors. At the start of the experiment, the addition of nano-Al2O3 and nano-Fe2O3 showed no noticeable acceleration in the activity of 
the coenzyme F420, but after 12 days, the activity of coenzyme F420 increased and reached a peak at 21 days (Fig. 5a and b). The activity 
of coenzyme F420 in nano-Al2O3 was higher, which was consistent with the experimental results of biogas production. 

3.3. Kinetic study of cumulative biogas production 

To analyze the kinetics of the cumulative biogas production in four reactors during dry AD, the Gompertz model were used, and the 
parameters are shown in Table 5. According to Table 5, it was obvious that cumulative biogas production was better fitted by this 
model, and R2 was in the range of 0.96–0.99. Biogas production could be evaluated by using Rm (the maximum biogas production rate), 
where the Rm values of the four reactors were 207.74008 ± 4.0319 (control), 125.83007 ± 2.83418 (nano-ZnO), 312.84163 ±

Fig. 3. The effect of daily biogas yield (a) and cumulative biogas production (b) in the wet AD system.  
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4.76187 (nano-Fe2O3), and 748.06075 ± 7.32091 (nano-Al2O3) mL/d, respectively. The Rm values in the nano-Al2O3 and nano-Fe2O3 
reactors increased by 72.2% and 33.6% more than the control reactor, respectively, but the Rm values in the nano-ZnO reactor 
decreased by 39.4%. The value of P followed: nano-Al2O3 > nano-Fe2O3 > control > nano-ZnO, and the values of the theoretical 
parameters were consistent with the experimental values. This illustrated that nano-Al2O and nano-Fe2O3 had a positive impact on the 
AD system, and the value of λ also showed that the reaction rate of dry AD improved when the three nanomaterials were added. 

Fig. 4. The effect of daily methane yield (a) and cumulative methane production (b) in the dry AD systems.  

Fig. 5. Variation in coenzyme F420 activity in the wet AD (a) and in dry AD (b).  

Table 5 
Modified Gompertz model parameters of the cumulative biogas production during dry AD systems.  

Reactors P Rm λ R2 

Control 5380.90362 ± 128.26508 207.74008 ± 4.0319 6.67264 ± 0.20246 0.99747 
Nano-ZnO 6671.99899 ± 1223.46151 125.83007 ± 2.83418 1 ± 0 0.96483 
Nano-Fe2O3 7642.2958 ± 111.39486 312.84163 ± 4.76187 5.60125 ± 0.15372 0.99859 
Nano-Al2O3 36864.89923 ± 1498.36054 748.06075 ± 7.32091 5.28101 ± 0.207 0.99892  
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3.4. Microbial community 

3.4.1. Variation in bacterial community structure by adding nanomaterials during the dry AD process 
Fig. 6a displayed the species composition and distribution of the bacterial community at the phylum level, which mainly consisted 

of 11 phyla in four reactors. The predominant phyla of the bacterial community were Firmicutes, Bacteroidetes, Chloroflexi, and Pro
teobacteria. Firmicutes played an important role in the AD process. In 2018, Cheng et al. reported that Chloroflexi could produce hy
drolytic enzymes to degrade soluble protein and soluble polysaccharides. Obviously, Chloroflexi decreased in the nano-ZnO reactor, 
and this illustrated that the hydrolysis of soluble protein and soluble polysaccharide could be inhibited by the addition of nano-ZnO. 
Bacteroidetes play an important role in hydrolyzing polysaccharides [38]. Fig. 6b demonstrated the evolution of bacterial in genus 
during the middle period of dry AD process in four reactors, the top 20 abundant genera were chosen for analysis. Longilinea that 
belonged to Chloroflexi and Longilinea in nano-Al2O3 was higher than in the other reactors, and Longilinea and lostridium_sensu_stricto_12 
were also higher in the nano-Al2O3. These two genera were mainly related to the changes in VFA concentrations and could be used to 
explain the higher biogas production in the nano-Al2O3 [22]. In previous studies, several genera (Clostridium sp., Lysinibacillus sp., 
Acetivibrio sp., and Ruminofilibacter sp. as cellulolytic bacteria) played an important role in cellulose degradation [39]. 

3.4.2. Community diversity of the bacterial community 
Four indices of alpha diversity in the different fermentation periods are shown in Table 6. The observed number of bacterial species 

followed: nano-Al2O3-1 > nano-Fe2O3-1 > control > nano-ZnO-1. The species richness could be compared according to the ACE and 
Chao1 indices, and Shannon’s index was used to compare community diversity. The highest number of bacterial observed species 
(1884), ACE (2289.065), and Chao1 (2271.773) all occurred in nano-Al2O3-1 (the middle of anaerobic fermentation). Moreover, the 
Shannon and Simpson indices of nano-Al2O3-1 were higher, and the lowest numbers of observed species (648), Chao1 (730.940), ACE 
(758.788), Shannon (4.492), and Simpson (0.824) indices were observed in the nano-ZnO-1 reactor. This indicated that the greatest 
negative effect on this AD system occurred when nano-ZnO was added to the AD system. 

Beta diversity was used to illustrate the differentiation in species composition between the different reactors in the different 
fermentation periods. The differences in microbial community composition were evaluated by principal coordinate analysis (PCoA), as 
shown in Fig. 7. The contribution rates of principal components 1 and 2 were 15.51% and 14.38%, respectively. This showed that the 
nano-Al2O3 and nano-Fe2O3 reactors in the middle period of AD had a high similarity rate in their bacterial structure. Maybe nano- 
Fe2O3 and nano-Al2O3 can reduce acids accumulation and ammonia inhibition [40]. Meanwhile, they can enhance direct interspecies 
electron transfer (DIET) by the methanogenesis pathways using acetate and H2/CO2 [25,40]. 

3.5. Community diversity of methanogenic communities 

To further study the effects of the three nanomaterials on the methanogenic communities community structure, especially the 
effects of nanoporous Al2O3, the composition and distribution of the methane function flora community at different periods at the 
phylum and genus level were analyzed. Fig. 8a showed that the methane community in the seven reactors mainly included three phyla, 
and Euryarchaeota was the main phylum among all phyla in each of the reactors, and its relative abundance in nano-ZnO reactor was 
lower than in the CK, nano-Al2O3, and nano-Fe2O3 reactors. This was because its activity was inhibited by the addition of nano-ZnO. As 
shown in Fig. 8b, there were 19 genera. The dominant genera of methanogenic communities community in seven reactors were 
Methanobacterium sp., Methanobrevibacter sp., Methanothrix sp. They accounted for 56%–83% of the total methanogenic communities 
community. The three flora increased in nano-Fe2O3 and nanoporous Al2O3, but decreased in the CK and nano-ZnO reactors. The 
relative abundance values of Methanobacterium sp. in the seven reactors were 39.64%, 42.72%, 62.87%, 83.73%, 77.44%, 56.68%, and 
83.28%, respectively. The relative abundance of Methanobacterium sp in nano-ZnO was obviously lower than nano-Fe2O3 and nano
porous Al2O3, because nano-Fe2O3 and nanoporous Al2O3 promoted the growth of Methanobacterium sp. and this was in agreement 
with a previous study [21]. Methanothrix sp. decreased about 91.88% in nano-ZnO against nano-Al2O3, and Methanothrix sp. was an 
acetic acid type methanogens, and consisted of a very important AD process. 

4. Conclusions 

Biogas production of AD improved when nano-Al2O3 and nano-Fe2O3 were added, which was inhibited by the addition of nano- 
ZnO. Kinetic analysis showed that three nanomaterials could shorten the lag phase of the AD sludge. Methanogenic communities 
such as Methanobacterium sp., Methanobrevibacter sp., and Methanothrix sp. were enriched in the nano-Al2O3 and nano-Fe2O3 reactors in 
the dry AD systems. This resulted in obviously positive effects on the AD performance of HP on the microbial community diversity and 
richness when nano-Al2O3 was added to the dry AD process. 
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Fig. 6. The bacterial community structure at the phylum level (a) and heat map of the top 20 bacteria (b) at the genus level in the four reactors 
during the dry AD process. 

Table 6 
Indices of alpha diversity of the bacterial community at different times.  

Samples Observed species Shannon’s Simpson’s Chao1 ACE 

CK 1268 7.524 0.982 1419.068 1416.211 
Nano-ZnO-1 (middle of AD) 648 4.492 0.824 730.940 758.788 
Nano-ZnO-2 (late AD process) 1615 7.117 0.961 1375.306 1992.837 
Nano-Fe2O3-1 (Middle of AD) 1832 7.95 0.985 2222.149 2221.468 
Nano-Fe2O3-2 (late AD process) 890 5.598 0.907 993.595 1000.248 
Nano-Al2O3-1 (middle of AD) 1884 7.878 0.980 2271.773 2289.065 
Nano-Al2O3-2 (late AD process) 1171 6.710 0.966 1344.544 1366.874  

Fig. 7. Principal coordinate analysis (PCoA) of the bacteria based on the normalized OTU table, where the different colored dots represent different 
reactors (red: no nanomaterials; blue: AD system with added nano-ZnO; green: AD system with added nano-Fe2O3; orange: AD system with added 
nano-Al2O3). 
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