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Abstract 

Algae waste is one of the potential substrates for biogas and biohydrogen production and can comprehend multiple 

benefits of waste treatment and resource utilization. In view of the key bottlenecks such as low substrate degrada-

tion rate and poor productivity of algae waste production process, this study analyzes the combined effect of two 

metallic and metallic oxide nanoparticles with different substrate pretreatment methods (autoclave, ultrasonic, 

and microwave methods) to investigate the effect of anaerobic digestion of green algae (Enteromorpha). The results 

showed that out of the three pretreatment methods, microwave pretreatment and nanoparticles' synergistic effect 

significantly increases biogas production. The microbial community composition at the phylum level was analyzed. 

It was observed that the Firmicutes were most abundant across all samples. The relative abundance of Firmicutes 

for control, Ni NPs + MW, Co NPs + MW, and Fe3O4 NPs + MW groups were 51.78, 70.37, 75.77, and 83.93%,      

respectively. The second most abundant was of Bacteroidetes that also contributes to hydrogen production. This 

relatively high abundance of Firmicutes and Bacteroidetes promises its potential applications in a hydrogen pro-

duction facility.  
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1. Introduction 

The world is facing a significant energy crisis 

due to increased energy demand [1,2]. The con-
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ventional sources alone cannot fulfill this ever-

increasing demand for energy because conven-

tional energy sources are mostly nonrenewable 

energy sources that tend to deplete with time 

[3]. Therefore, it is a fact that there is a great 

need for energy sources that do not deplete and 

damage the environment [4,5]. Renewable ener-

gy sources are, on the other hand, eco-friendly. 
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One such source for energy harvesting is bio-

mass [6]. 

Biofuels can be produced by utilizing locally 

available organic feedstock [7]. Various meth-

ods are available for organic matter to energy 

conversion, but Anaerobic Digestion (AD) is 

among the most preferable, specifically for bio-

gas production [8]. During anaerobic treat-

ment, a variety of microorganisms work togeth-

er to convert macromolecular organics into me-

thane, carbon dioxide, water, hydrogen sulfide, 

and ammonia. In this process, the metabolic 

processes of different microorganisms interact 

and restrict each other to form a complex eco-

system [9]. Since 1970s, the scientific communi-

ty has made great progress in the study of an-

aerobic microorganisms and their metabolic 

processes, and promoted the development of 

anaerobic biotechnology. The anaerobic degra-

dation process of complex organic matter can 

be divided into four typical stages as shown in 

Figure 1. 

Algae biofuel belongs to 3rd generation of 

biofuels and is considered as one of the poten-

tial candidates for biofuel conversion [10]. How-

ever, strong, resilient walls of algae biomass 

make the conversion process difficult as it in-

creases the hydrolysis stage and slows down 

the AD process [11]. In order to improve the bi-

odegradability and to increase the conversion 

efficiency of the AD process, many pretreat-

ment processes have been used in previous 

studies [12–15]. These include thermal, physi-

cal, biological, and chemical pretreatments of 

substrates before AD. Some studies also dis-

cussed the combined effect of two different 

techniques.  

Nanotechnology has appeared as an intri-

guing field of science [16]. It can be applied in 

biofuel production for the purpose of increasing 

reaction kinetics by stimulating the catalytic 

activity of microorganisms. Nanomaterials also 

help in the solubilization of feedstock, chemical 

modification of organic matter, and the release 

of biopolymeric substances such as carbohy-

drates and proteins [17]. The application of 

NMs for biogas production can be one possible 

way for the sustainability of this renewable en-

ergy source for large-scale production. Several 

nanomaterials are used as an additive to en-

hance biogas production. The previous study by 

authors [18] showed that the introduction of 

nanoparticles (NPs) as catalysts in the AD pro-

cess significantly enhanced biogas production.  

However, it was hard for NPs to break the 

green algae cell wall, limiting the anaerobic di-

gestion process in hydrolysis. The intercellular 

polymeric compounds are not accessible to the 

bacteria (anaerobic) as their cells' external wall 

is extremely strong and resistant. Saxena [19] 

noticed the same behavior of algae wall during 

the study of Ag NPs impact on the algae mem-

brane. The accumulation rate of algae inside 

the cell after breaking the algae wall is not 

much promising and is regarded as a major 

hurdle [19,20]. Therefore, it is crucial to under-

stand how the cell wall of an alga behaves in 

the presence of NPs. To cater the mentioned 

problem, pretreatment on substrates with hard 

cell walls is always performed and recommend-

ed by researchers. A previous study of the au-

thors [21] shows that microwave pretreatment 

of algae results in biogas production with an 

increment of a substantial quantity. Overall, 

there is a wide range of technologies for per-

forming pretreatment, including mechanical 

methods, ultrasound methods, microwave 

methods, thermal methods, and mixed; but it is 

Figure 1. Outline of anaerobic digestion processes for methane production from organic matter. 
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a costly and energy-intensive process. Re-

searchers [20–23] have been emphasizing that 

to select the best pretreatment methods, the 

main contributing factors are cost and energy 

demand. For a practical implication, the energy 

balance needs to be positive. Using lower ener-

gy pretreatment methods have lower yield as 

compared to energy-intensive process [21]. 

Therefore, there is a need to develop such low 

energy and low-cost pretreatment methods that 

can ensure a positive energy cycle. In this re-

gard, this study contributes to integrating ul-

trasonic (US), autoclave (AC), and microwave 

(MW) for energy demand reduction in the pre-

treatment of algae biomass and NPs. 

 

2. Materials and Methods 

2.1 Raw Materials 

Aquatic algal biomass (Enteromorpha) in 

powdered form was obtained from the Institute 

of Hydrobiology, Chinese Academy of Science, 

Wuhan, China. For this study, the sludge from 

an Anaerobic-Anoxic-Oxic (AAO) reactor at 

Harbin Wenchang Sewage Treatment Plant, 

Harbin, China, was used. The acquired sample 

was then aeration cultivated with a ratio of 

300:5:1 for a time of 14 days [24]. Moreover, 

VSS (Volatile Suspension Solids) and TSS 

(Total suspension solids) were observed to be 

6420 and 2530 mg/L, respectively. Every biodi-

gester contained 60ml of anaerobic sludge with 

20 grams of Enteromorpha powered.  

Four different types of metallic (Ni and Co) 

and metallic oxide (Fe3O4, MgO) nanoparticles 

(NPs) were used in this study with spherical 

shape and an average size of less than 100 nm. 

NPs were procured from China Metallurgical 

Research Institute, Beijing, China. The concen-

tration of NPs in the biomass was optimized by 

response surface methodology [25]. Co and Ni 

NPs were added with the optimum value of 1 

mg/L each. On the other hand, the amount of 

MgO and Fe3O4 added was 10 mg/L each [18]. 

The same concentrations are used in this work. 

To decrease agglomeration of NPs, all the NPs 

suspensions were prepared with distilled water 

containing 0.1 mM of sodium dodecylbenzene 

sulfonate. 

 
2.2 Experimental Setup 

The technique of batch system was adopted 

to carry out anaerobic studies. A thermostat 

steam bath vibrator (THZ-92A, China) was 

used for performing experiments. For about 

120 hours, 500 mL anaerobic lab bottles (glass 

bottles) were employed as biodigesters. In order 

to create anaerobic conditions inside the bottle, 

the first rubber was used for sealing purposes, 

followed by five-minute N2 purging [11]. The 

digester's inside temperature set to 37 °C, and 

the mixing speed was about 150 rpm [26]. To 

reduce the inclusion of error, each experiment 

was deliberately performed thrice, and average 

values were used. The MW pretreatment was 

performed before anaerobic digestion with a 

household Panasonic microwave oven (1180 

W). The AC pretreatment was performed with 

an Autoclaves Sterilizer (MJ-78A, STIK 

GROUP LLC, USA). The US pretreatment was 

carried out by using SONICS Vibra cell 

(VCX800, Sonics and Materials INC. USA). For 

MW, pretreatment was conducted for 3.5 

minutes at 800 W. For AC pretreatment, the 

condition was 30 min within 120 °C tempera-

ture [27]. Moreover, the US pretreatment was 

carried out at 20 Hz for 3 min [28]. 

 

2.3 Analytical Methods 

For the present study, high throughput se-

quencing was employed to analyze the microbi-

al community. FastDNA® Spin Kit was used to 

acquiring the DNA samples followed by quality 

evaluation using the technique of absorbance 

ratio at A260/A280 and A260/A230 using a 

NanoDrop ND-2000 spectrophotometer [29,30]. 

Then the DNA samples were passed through a 

screening to select only those with a ratio  >1.8 

and 2.0 for A260/280 and A260/230, respective-

ly. For the 16S ribosomal RNA (rRNA) gene 

PCR amplification, tV3-V4 regions of the bacte-

rial 16S rRNA gene were amplified using the 

p r i m e r  s e t  3 3 8 F  5 , -

ACTCCTACGGGAGGCAGCAG-3 and 806R 5, 

GGACTACHVGGGTWTCTAAT-3. The PCR 

conditions were followed by Ma et al. [31]. The 

PCR product was loaded with index sequencing 

primers on a 300-cycle (2×150 paired ends) kit 

and run on a MiSeq. The resulting sequences 

were clustered into operational taxonomic 

units (OTUs) with the 97% similarity threshold 

[32]. 

In order to calculate the rate of cell lysis in 

the presence of NPs and various pretreat-

ments; the following formula was employed 

[33]: 

 

(1) 

 

where SCODT is SCOD release during the AD, 

SCODo is SCOD value for raw Enteromorpha, 

TCODo is TCOD values for raw Enteromorpha. 

Total Solids (TS), Volatile Solids (VS), Chemi-

cal Oxygen Demand (COD), Soluble Chemical 

0

0 0

(%) 100TSCOD SCOD
Cell Lysis Rate

TCOD SCOD

−
= 

−
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Oxygen Demand (SCOD), Total Chemical Oxy-

gen Demand (TCOD), and reducing sugar were 

assessed as per the standard methods [34]. 

 

3. Results and Discussion 

The primary purpose of US, AC, and MW 

pretreatment was to break the cell wall struc-

ture of algae to shorten the hydrolysis stage 

and increase the reaction rate. Scanning elec-

tron microscopy (SEM) was used to observe 

changes in the algae's physical structure, as 

shown in Figure 2. SEM micrograph indicated 

that the un-pretreated one (Control) had a com-

pact structure with small holes on a smooth 

surface, whereas pretreated samples showed 

that the surface had irregular potholes. Also, 

the smaller particle size indicated Lingocellulo-

sic structure, and applied pretreatment meth-

ods broke the substrates' surface. It can be ob-

served that although AC pretreatment showed 

most cell wall rupture indicated that a large 

amount of physical activity affected the Ligno-

cellulosic structure of solid digestate and the 

surface of substrates was substantially dam-

aged. However, the MW pretreatment resulted 

in a smaller size as well as decent cell distor-

tion as compared to AC and US pretreatment 

techniques. It can also be observed that US 

pretreatment had less effect on cell wall rap-

ture. After pretreatment of algae biomass, ex-

periments were performed, and NPs were in-

troduced into the biodigesters. 

The cumulative biogas production by each 

combination of pretreatment method and NPs 

used in this study are shown in Figure 3. The 

Results showed that all combinations resulted 

in an increase in biogas yield except MgO NPs 

groups. This observation is in accordance with 

a study conducted by Wang et al. [35]. He used 

nano-MgO to study its impact on the AD's 

treated waste sludge and observed that there 

was a reduction of methane production by 

98.92%. Further, it was stipulated that the 

possible reason for this reduction is a release of 

Mg2+ in excess that contributes to the damaged 

Figure 2. (a) Control or Untreated (b) Autoclave (AC) Pretreated (c) Microwave (MW) Pretreated and 

(d) Ultrasonic (US) Pretreated. 

(a) 

Control 

(b) 

AC 

(c) 

MW 

(d) 

US 
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cell membrane that ultimately results in loss of 

key enzymatic activities. MW pretreatment in 

combination with NPs significantly improved 

the biodegradability of Enteromorpha and pro-

vided more biogas yield as compared to other 

pretreatment and NPs combination. Ni NPs + 

MW Pretreatment group achieved the maxi-

mum biogas yield of 362 mL (1.76 times higher 

than control), whereas MgO NPs groups com-

bined with pretreatment methods did not per-

form well. It is observed that pretreatment of 

MW results is early initiation of hydrolysis pro-

cess in green algae that ultimately results in 

minimum lag time. Therefore, it is concluded 

that at the later stages of anaerobic digestion, 

NPs are much effective and have a positive im-

pact. Microwave (MW) pretreatment is the 

transmission of electromagnetic energy in the 

Figure 3. Synergistic effect on biogas production (a) MW Pretreatment + NPs (b) US Pretreatment + 

NPs and (c) AC Pretreatment + NPs. 

Figure 4. Cell Lysis rate (a) NPs (b) MW + NPs (c) US + NPs (d) AC + NPs. 

(a) (b) 

(c) (d) 
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frequency range of 0.3 to 300 GHz. The MW 

pretreatment involves no contact amongst the 

source and the chemicals [36]. Compared with 

the conventional heating methods used, MW 

pretreatment provides higher heating efficien-

cies by direct interaction of microwaves with al-

gae cells' walls [21]. Passos et al. [37] studied 

the effect of MW pretreatment on algae form 

High Rate Algal Ponds (HRAP). Results 

showed that MW pretreatment enhanced bio-

gas production rate (25–75%) and successfully 

improved the digestibility of biomass. 

The increment in biogas production for the 

scenario of combined NPs and MW owes to the 

changes made by the selected pretreatment 

method. This MW pretreatment reacts with the 

external layer and dissolute it the release of 

cellulose, glycoproteins, and carbohydrates. 

Moreover, the lysis rate is also increased in this 

case, which results in increased biogas produc-

tion [38]. In this process, MW pretreatment 

contributes by hydrolyzing the glycosidic bond 

of polysaccharides and carbohydrates. These 

hydrolyzed products, later on, are converted to 

sugars. Then, NPs do the trick by an inner 

braking layer of algae by hydrolyzation of cellu-

lose into oligosaccharides [39]. When cell struc-

ture is disturbed, some compounds are re-

leased, such as proteins, lipids, and carbohy-

drates. These are then converted to amino ac-

ids, VFAs, and sugars [40]. 

The combined effect of different pretreat-

ment methods with NPs on the biodegradabil-

ity of algal biomass is determined by cell lysis 

rate, as shown in Figure 4. It can be observed 

from Figure 4 (a) that NPs had no significant 

effect on cell wall damage in comparison with 

control during the hydrolysis stage; NPs had a 

catalytic effect after 60 hours of the AD pro-

cess. This result is in agreement with the pre-

vious study by authors [18]. Figure 4 (b) shows 

the results of combining MW pretreatment 

with NPs. The result shows an early dissolu-

tion of cell walls, resulting in the release of bi-

opolymeric substances and increased biogas 

production. It can be observed that US pre-

treatment combined with NPs (Figure 4 c) also 

showed better cell wall damage and according-

ly increased biogas production, whereas AC 

pretreatment combined with NPs (Figure 4 d) 

showed low cell lysis rate, which resulted in 

low biogas yield.  

In order to understand the mechanism, mi-

crobial community composition at the phylum 

level (relative abundance >0.1% in all samples) 

is appraised and is shown in Figure 5. It was 

observed that the Firmicutes were most abun-

dant across all samples. All combined NPs + 

MW pretreatment groups had more Firmicutes 

abundance as compared to the control group.  

The relative abundance of Firmicutes for con-

trol, Ni NPs + MW, Co NPs + MW, and Fe3O4 

NPs + MW groups were found to be 51.78, 

70.37, 75.77, and 83.93%, respectively. Many of 

the Firmicutes can produce biohydrogen [41], 

and the higher abundance of Firmicutes indi-

cates that the phenotypes of some microorgan-

isms in the groups treated with NPs and MW 

pretreatment have mutated under the applied 

anaerobic digestion condition and can produce 

biohydrogen. The other dominant phylum was 

Bacteroidetes, which are well-known degraders 

of organic matter [42] and had influence on bio-

gas production results of this study. The abun-

dance of Bacteroidetes was lower in the control 

group than in combined NPs + MW pretreat-

ment groups. The relative abundance of Bac-

teroidetes for control, Ni NPs + MW, Co NPs + 

MW, and Fe3O4 NPs + MW groups were found 

to be 4.04, 26.04, 9.92, and 13.24%, respective-

ly. Firmicutes and Bacteroidetes phyla have 

been identified as major hydrogen-producing 

bacteria with specific metabolisms which ena-

ble to maintain acceptable H2 performance 

[43]. Interestingly, the abundance of Proteobac-

teria is more in control than the rest of the 

groups indicating that this phylum has been 

replaced by the increasing abundance of Bac-

teroidetes in other groups. The Bacteroidetes 

Figure 5. Microbial community composition of 

bacterial phyla. 
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has more abundance in Ni NPs + MW pretreat-

ment group. 

 

4. Conclusions 

This study has presented the synergistic in-

fluence of AC, US, and MW pretreatment with 

metal and metal oxide NPs on AD of Entero-

morpha. The results showed that the combina-

tion of MW pretreatment with NPs has signifi-

cantly reduced the lag phase and produced 

more biopolymer substances hence resulted in 

more biogas as compared to others. The micro-

bial community analysis revealed that the Fir-

micutes were most abundant across all sam-

ples. All combined NPs + MW pretreatment 

groups had more Firmicutes abundance as com-

pared to the control group. Firmicutes are fol-

lowed by Bacteroidetes in terms of their abun-

dance. Both are a good signal for hydrogen pro-

duction applications. 
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