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A B S T R A C T   

Sufficient quantity of trace metals is essential for a well performing anaerobic digestion (AD) process. Among the 
essential trace elements in active sites of multiple important enzymes for AD are iron and nickel ions. In the 
present study, iron and nickel in the form of Fe2O3 and NiO were coated on TiO2 nanoparticles to be used in 
batch and continuous operation mode. The effect of TiO2, Fe2O3–TiO2, and NiO–TiO2 nanoparticles on each step 
of AD process was assessed utilizing simple substrates (i.e. cellulose, glucose, acetic acid, and mixture of H2–CO2) 
as well as complex ones (i.e. municipal biopulp). The hydrolysis rate of cellulose substrate increased with higher 
dosages of the coated TiO2 with both metals. For instance, the hydrolysis rate was increased up to 54% at 
Fe2O3–TiO2 and at a concentration of 23.5 mg/L for NiO–TiO2 it was increased up to 58%, while higher dosage 
suppressed the hydrolytic activity. Experimental results revealed that low dosages of NiO–TiO2 increased the 
accumulated methane production up to 24% probably by increasing the enzymatic activity of acetoclastic 
methanogenesis. NiO–TiO2 showed positive effect on batch and continuous AD of biopulp and improved methane 
yield up to 8%.   

1. Introduction 

Anaerobic digestion (AD) is considered as one of the most efficient 
processes for conversion of different types of organic wastes into clean 
energy, i.e. biogas. AD process consists of four main microbial steps, i.e. 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis, that 
convert organic substrates into methane and carbon dioxide in an 
oxygen-free environment (Rasapoor et al., 2020). In the hydrolysis step, 
biopolymers such as carbohydrate, proteins, and lipids are decomposed 
into smaller components through the enzymatic activity of bacterial 
communities (Yang et al., 2010). The monomers generated in hydrolysis 
step are converted into organic acids through the acidogenesis step. In 
the acetogenesis step, acetogenic bacteria produce acetic acid, CO2, and 
H2 from the products of the acidogenic step (Ajay et al., 2020). In the last 
step, i.e. methanogenesis, acetic acid, CO2, and H2 are converted into 
CH4 by acetoclastic and hydrogenotrophic methanogens (Angelidaki 
et al., 2018). Efficiency of the AD is highly dependent on 

microorganisms involved in AD steps and types of feedstocks. Parame-
ters such as substrate type and loading, process temperature, and 
digester design affect production rates (Ganzoury and Allam, 2015; Kim 
et al., 2017). For instance, many researchers have declared that the 
hydrolysis step is the rate limiting step in AD of lignocellulosic substrates 
(Fernandes et al., 2009; Rafique et al., 2010), which is more referring to 
release of the individual components of lignocellulosic biomass rather 
than hydrolysis of the polymeric molecules (cellulose, hemicellulose) 
itself. In contrast, during AD of easily biodegradable substrates, the 
methanogenesis step appears as the rate limiting step (Lu et al., 2008). 
Therefore, many attempts have been carried out to stimulate the mi-
crobial and enzymatic activity by using various chemical additives and 
trace metals in order to increase the biogas production rate (Sreek-
rishnan et al., 2004). 

Supplementation of trace elements, e.g. iron (Fe), nickel (Ni), mo-
lybdenum (Mo), cobalt (Co), and selenium (Se) can improve the AD 
performance, since they are crucial constituents of co-factors and 
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enzymes in biological reactions involved in AD process (Voelklein et al., 
2017). In industrial applications, the anaerobic digesters are occasion-
ally inoculated with trace elements by using their corresponding salt. 
Necessary trace elements for AD, such as Fe and Ni, have been used at 
μM to mM concentrations (Casals et al., 2014), while concentrations 
over a specific limit can inhibit the biological degradation (Baniamerian 
et al., 2019). Recommended concentrations of Fe and Ni elements in 
anaerobic digesters are in the range of 1–10 mg/L and 0.005–0.5 mg/L, 
respectively (Schattauer et al., 2011). Thus, maintaining optimal con-
centration of trace elements inside a digester is crucial to boost micro-
bial activity. It has been reported that Fe, Co, and Ni stimulate bacteria 
(e.g. hydrolytic, acidogenic microorganisms) under mesophilic and 
thermophilic conditions (Kim et al., 2003). All methanogens require Co, 
Ni, and Fe to be activated (Zandvoort et al., 2006). Qiang et al. (2012) 
showed that Fe, Co, and Ni affect the growth of methanogens during 
enzyme synthesis. For example, Fe is an essential element for microor-
ganisms growth because it is involved in energy metabolism (Mudhoo 
and Kumar, 2013). In addition, nanoscale Fe caused sulfide precipitation 
and subsequently lower H2S production during AD process (Su et al., 
2013). Ni is also considered as the most important trace elements 
because it has an important role in methanogenesis. Ni is regarded as a 
key factor in the oxidation of acetate into CO2 and H2 leading to the 
hydrogenotrophic methanogenesis (Abdallah et al., 2019). 

As the nanotechnology has been emerged as an attractive option in 
engineering and environmental science, researchers have investigated 
the effects of the essential trace elements in the form of nano-structured 
materials on AD performance of many substrates (Baniamerian et al., 
2019). The positive effects of NPs are attributed to their high surface 
area, high reactivity, high specificity, and dispersibility (Ünşar and 
Perendeci, 2018). Hsieh et al. (2016) showed that NPs can facilitate 
hydrolysis by providing a large surface area for microorganisms to 
attach the active sites of organic molecules. It has been proved that 
additives such as magnetite enhance the methane production rate, based 
on a fact that magnetite particles serve as electron conduits between 
acetogens and CO2-reducing methanogens (Cruz Viggi et al., 2014). 
Such an effect is highly increased when additives are utilized in nano 
size, because of numerous active sites that nano-materials provide 
(Huangfu et al., 2018). NPs can rapidly penetrate through the cell wall of 
microorganisms and boost the uptake of trace elements and subse-
quently improve the metabolism. NPs with slow dissolving rate of trace 
elements could facilitate the bioavailability of metal ions in digesters 
and enhance enzymatic activity (Casals et al., 2014). However, the ef-
fects and fate of NPs in the effluent of AD processes have not yet been 
established completely. Therefore, digestate containing NPs should be 
investigated regarding phytotoxicity and bacterial toxicity before reus-
ability of effluent. Several studies used NPs of Ni, Co, Fe, Cu, Ag, Au, 
Fe3O4, Fe2O3, Mn2O3, TiO2, Al2O3, MgO, ZnO, SiO2, and CeO2 as addi-
tives in AD of biowaste slurry (Abdelsalam et al., 2016; 2017a, b; Casals 
et al., 2014; García et al., 2012; Gonzalez-Estrella et al., 2013; Ünşar 
et al., 2016). Tsapekos et al. (2018) reported that Ni NPs with concen-
tration of 5 mgNi-NPs/kgVS enhanced the methane yield in AD of 
sewage sludge up to 10% compared to control assay. Abdelsalam et al. 
(2017a, b) observed positive effect of Ni NPs (0.5, 1, and 2 mg/L) on 
biogas and methane production rate. Another argument for the stimu-
lating effects of NPs could be related to the uptake of NPs inside the 
microorganisms and integrating with the metabolic intermediates and 
key enzyme activity involved in AD steps (Mu et al., 2011). Wang et al. 
(2016) reported that 10 mg/gTS of nanozero valent Fe and 100 mg/g TS 
of Fe2O3 NPs promoted the amount of microorganisms, bacteria and 
archaea, and activities of key F420 coenzyme. The coenzyme F420 is an 
electron transport enzyme in characterizing the activity and closely 
related to the growth of methanogens (Cui et al., 2021). However, 
relatively high density of NPs could have adverse impact on dispersion 
in the AD medium and subsequently, leading to limited bioavailability. 
This impairs the interaction between NPs, e.g. iron oxide, and micro-
organisms (Lu et al., 2017). Coating the NPs of trace metal oxides, i.e. 

Fe2O3 and NiO, on the surface of an inert support material, i.e. TiO2, 
Al2O3, SiO2, may be a potential strategy to improve NPs dispersion. 
Incorporation of metal oxides onto inert support materials could prevent 
particle agglomeration and also improve their reactivity (Diaz et al., 
2020). However, NPs could be fixed on support material to decrease the 
agglomeration rate of NPs. This strategy increases the fraction of 
surface-exposed atoms of NPs and consequently increases the reactivity 
of these metals due to good dispersion of metal oxides on support surface 
(Astruc et al., 2005). On this topic, Al-Ahmad et al. (2014) observed that 
adding metal NPs (i.e. Fe, Pd, Pt, Ni, Co, Ag, Cu), encapsulated in porous 
SiO2 matrix, into AD digester, enhanced methane production rate at 
thermophilic condition. These elements are known to be crucial for 
numerous reactions in AD process (Abdelsalam et al. (2017a, b); 
Luna-delRisco et al., 2011). TiO2 is a non-toxic and inexpensive mineral 
with large surface area that can be used as a support of NPs. No inhib-
itory effect has been reported for TiO2 in AD processes (Zheng et al., 
2015). Generally, previous studies showed that AD process was 
improved by adding trace elements in form of NPs, whereas the mech-
anisms have been less investigated. The effects of metal oxide NPs on the 
distinguished steps of AD process are still poorly understood. 

According to the literature, the thermophilic conditions are superior 
to mesophilic conditions, especially when using high-fiber organic 
substrates (Moset et al., 2015). Since most of the biogas plants in 
Denmark are working under thermophilic condition, the authors 
decided to select thermophilic temperature for the experiments. In the 
present research, the influences of different concentrations of bare TiO2, 
Fe2O3-coated TiO2, and NiO-coated TiO2 NPs on different steps of AD 
process were studied. Single molecules (cellulose, glucose, acetic acid, 
and mixture of H2/CO2) and complex substrates (municipal biopulp) 
were used as feedstock. The selected single molecules are intermediates 
which are produced and consumed in AD steps. The concentrations of 
intermediates, glucose concentration, VFAs level, F420 enzyme activity 
and output gas composition were followed to investigate hydrolysis, 
acidogenesis, acetoclastic and hydrogenotrophic methanogenesis steps 
in batch and continuous mode. 

2. Materials and methods 

2.1. Raw materials and reagents 

To evaluate the effect of TiO2, Fe2O3–TiO2, and NiO–TiO2 nano-
particles (NPs) on key steps of AD, different feedstocks including 
microcrystalline cellulose, anhydrous glucose, acetic acid, and a mixture 
of H2 (80% v/v) and CO2 (20% v/v) were used as substrate in batch 
assays. TiO2, Fe2O3–TiO2, and NiO–TiO2 NPs with particle size of 8.8, 
11.1 and 9.8 nm used as nanostructured additives and denoted by T, 
FeT, and NiT, respectively. The preparation method and characteriza-
tions of NPs have been reported in the recent work (Ghofrani-Isfahani 
et al., 2020). All chemicals and reagents purchased from Sigma-Aldrich 
and used without further purification and treatment. Liquefied organic 
fraction of municipal waste (biopulp) was also used as real-life sub-
strates and their characteristics are presented in Table 1. Biopulp was 

Table 1 
Physicochemical characteristics of raw substrates and inoculum.  

Characteristics Biopulp Inoculum 

pH 4.02 ± 0.01 8.10 ± 0.01 
Total VFAs (g/L) 3.32 ± 0.04 0.23 ± 0.05 
TS (g/kg) 182.92 ± 0.47 29.52 ± 0.01 
VS (g/kg) 162.14 ± 0.18 19.71 ± 0.01 
C/N 18.52 ± 0.03 Not measured 
TKNa (g/kg) 4.68 ± 0.12 3.44 ± 0.05 
NH4–N** (g/kg) 0.65 ± 0.01 3.18 ± 0.12 
Fe (mg/kgTS) 1360 ± 10 21.016 ± 1.086 
Ni (mg/kg TS) 13 ± 1 0.0175 ± 0.0003  

a Total Kjeldahl Nitrogen ** Ammonium nitrogen. 
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collected from Gemidan Ecogi A/S after pulping process. Biopulp was 
diluted and mixed with tap water to reach 2 gVS/L before usage. The 
digestate of a well performing lab scale reactor working at thermophilic 
condition, fed with cattle manure was used as inoclum. To exclude the 
background biogas, the inoculum was kept at 54 ± 1 ◦C for 10 days 
under anaerobic condition. The physiochemical properties of the inoc-
ulum are presented in Table 1. 

2.2. AD experiments 

Biochemical methane potential (BMP) experiments were performed 
to evaluate the effect of three kinds of NPs on the main stages involved in 
AD process. Glass transparent serum bottles with working and total 
volumes of 85 and 250 mL, respectively were used for batch assays. A 
specific amount of each substrate, e.g. 0.17 g glucose, was mixed with 
17.26 g of diluted inoculum. Inoculum to substrate ratio (I/S) of 2 and 
initial substrate organic load of 2.0 gVS/L were selected for cellulose, 
glucose, acetic acid, and biopulp. The total working volume reached 85 
mL by adding 67.5 mL tap water. In order to regulate pH at 7.5, 0.1 g of 
sodium bicarbonate was added to each bottle. The T, FeT, and NiT NPs 
were added to batch reactors at two concentrations, 23.5 mg/L (11.7 
mgNPs/gVS) and 200 mg/L (100 mgNPs/gVS), based on the best dos-
ages used in our previous work (Ghofrani-Isfahani et al., 2020). These 
concentrations were named level 1 and level 2 and denoted as L1 and L2, 
respectively. In order to prevent aggregation of NPs and increase their 
suspension stability, they were ultra-sonicated in distilled water for 5 
min prior to the addition in to batch assays. The bottles were flushed for 
5 min with N2 flow and immediately sealed with butyl rubber stopper 
and aluminum crimps to establish anaerobic conditions. To investigate 
the effect of NPs on hydrogenotrophic pathway, after purging with N2, a 
gas mixture consisting of 80% H2 and 20% CO2 was injected through the 
rubber stopper into the closed bottle. The gas composition of the gas 
injected was chosen based on the stoichiometric ratio of H2 and CO2 in 

hydrogenotrophic methanogenesis which is 4:1 (Ostrem and Themelis, 
2004). All batch experiments were conducted in triplicate. In addition, 
blank tests (containing inoculum without substrate and NPs) and control 
tests (containing inoculum and substrate without NPs) were included to 
reveal the effect of NPs. The bottles were put in a shaker incubator at 54 
± 1 ◦C with 60 rpm until the end of the test. Liquid and gas sampling 
were done using a syringe during incubation time to measure the gas 
composition, VFAs, glucose concentration, and F420 enzyme activity. 

Based on the batch test results, the most effective NPs, i.e. 23.5 mg/L 
of NiT NPs, was chosen to evaluate its impact on AD of biopulp in 
continuous mode. A lab-scale continuous stirred tank reactor (CSTR) 
with working and total volumes of 1.8 and 2.0 L was run under ther-
mophilic condition (54 ± 1 ◦C). The reactor was heated with silicone 
thermal jacket. The hydraulic retention time (HRT) was 15 days. The 
feed to the reactor was supplied at the rate of 120 mL/day by a peri-
staltic pump. Organic loading rate of the feed was 2 gVS/L/d. During the 
first 45 days (3 HRT), CSTR was fed with pure biopulp. On 46th day, 
42.34 mg NiT NPs were added directly to the reactor in a single injection 
to reach the concentration of 23.5 mg/L of NPs. At the second experi-
mental phase, the CSTR was fed with a NiT enriched biopulp to keep the 
NiT NPs level at a constant value. During the whole period, gas 
composition, glucose concentration, VFAs concentration and F420 
enzyme activity were measured twice a week. Furthermore, volume of 
produced biogas was daily recorded via the liquid displacement method. 

2.3. Analytical analysis 

Total solids (TS) and volatile solids (VS) were determined according 
to the standard methods (Apha, 1985). Volatile fatty acid concentrations 
(VFAs) were quantified using a gas-chromatograph (GC-TRACE 1300) 
equipped with flame ionization detector (FID) and Agilent J & W 
capillary Column (30 m × 0.530 mm i.d., film thickness 1.50 μm) with 
helium as carrier gas (Ghofrani-Isfahani et al., 2019; Khoshnevisan et al., 

Fig. 1. Glucose (a), and total VFAs (b) concentrations during cellulose digestion in presence of various dosages of T, FeT, and NiT NPs.  

H. Baniamerian et al.                                                                                                                                                                                                                          



Chemosphere 283 (2021) 131277

4

2018). The methane and carbon dioxide concentrations of gas-phase 
samples were measured using a gas chromatograph (Shimadzu GC-8A) 
equipped with a FID. The volume of produced methane was calculated 
at STP condition, and methane production rate was reported per unit of 
substrate gVS. For quantifying the products from cellulose hydrolysis, i. 
e. reducing sugars, the standard dinitrosalicylic acid (DNS) method was 
used (Miller, 1959). To follow the variation of methanogenic activity, 
liquid samples were collected and coenzyme F420 was qualitatively 
tested using a fluorescence photometer (BIOTEK synergy microplate 
reader) as described by Delafontaine et al. (1979). All analytical 
methods were performed in triplicate and average values were reported. 

2.4. Statistical analysis 

All the experimental measurements were conducted in triplicate and 
the results reported as average values ± standard deviation. In order to 
reveal the significant statistical differences among the samples, one-way 
analysis of variance (ANOVA) was applied, following Tukey post hoc 
test (p < 0.05). The results revealed that there was no significant dif-
ference between replicates for each set of experiments. The maximum 
standard deviations including all data for gas chromatography (GC), 
VFAs, and glucose concentrations results were 6.17 mL CH4/gVS, 0.091 
g/L, and 0.001 g/L, respectively. 

3. Results and discussion 

3.1. The impact of NPs on key steps of AD 

3.1.1. Hydrolysis 
The effects of NPs on the hydrolysis efficiency of AD microbiome 

were evaluated using pure cellulose as a synthetic substrate. To assess 
the hydrolytic efficiency, the glucose concentration was monitored 
(Fig. 1a). Hydrolytic efficiency defined by cellulose conversion was 
determined by measurement of monomeric glucose concentration. As it 
can be observed from Fig. 1a, after 12 h of incubation the glucose con-
centration reached the highest value for all batch tests with different 
dosages of NPs. Specifically, the glucose concentrations in bottles con-
taining T-L1, T-L2, FeT-L1, FeT-L2, NiT-L1, and NiT-L2 NPs, were 7.9 ±
1.3%, 61.8 ± 3.4%, 41.9 ± 3.4%, 53.9 ± 4.1%, 57.8 ± 4.5%, and 6.0 ±
2.4% higher than that of the control set. 

Higher dosages of T and FeT NPs enhanced the glucose accumulation 
as a result of cellulose decomposition. A possible explanation for this 
finding is that non-toxic TiO2 NPs with high surface area can provide a 
proper bed for the activity of hydrolytic enzymes (Hsieh et al., 2016). 
Jiang et al. (2008) demonstrated that NPs can strongly affect the binding 
and activation of microorganism’s membrane receptors. Specifically, 
metal-oxide NPs can interact with enzymes based on physical adsorption 
(Chen et al., 2017). High surface area of NPs leads to more adsorption of 
enzymes. The accumulation of enzymes on the surface of non-toxic NPs, 
i.e. TiO2, could enhance enzymatic activity due to the higher enzyme 
density (Ding et al., 2015). It has been reported that the multi hydrolase 
enzyme complexes are more active than free enzyme systems (Boisset 
et al., 1999). Furthermore, TiO2 NPs affects the electron transfer reac-
tion of the activity process of enzyme which increases the enzymatic 
activity (Zhang et al., 2014a). On the other hand, iron oxide was shown 
to stimulate the microbial activity and accelerates hydro-
lysis–acidification (Farghali et al., 2020). It has been demonstrated that 
the activities of acid-forming enzymes, i.e. acetate kinase, phospho-
transacetylase, butyrate kinase, and phosphotransbutyrylase are 
increased in presence of iron (Feng et al., 2014). 

Fig. 2. The concentration of glucose (a), and total VFAs (b) during batch digestion of glucose in presence of various dosages of T, FeT, and NiT NPs.  
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Fig. 1a shows that the glucose concentration in presence of FeT-L1 
(0.089 ± 0.002 g/L) and FeT-L2 (0.096 ± 0.001 g/L) both NPs at 12th 
h is not as high as that of T-L2 NPs which is 0.101 ± 0.001 g/L. This 
result can be attributed to the acceleration of acidogenesis step by iron 
oxide in FeT, which also facilitates conversion of monosaccharides to 
VFAs leading to lower concentration of glucose. These findings are 
consistence with results obtained by Zhang et al. (2014a, b). They 
declared that Fe(III) oxides stimulated both hydrolysis and acidification 
of complex organic matters. After 48 h, the VFA concentrations in the 
presence of FeT NPs were higher compared to T NPs, indicating the 
simultaneous impact of FeT NPs on both hydrolysis and acidification. 
Fig. 1a shows that low concentrations of NiT NPs could accelerate the 
hydrolysis rate of cellulose during first 12 h of AD, while at higher 
concentrations the hydrolysis is suppressed. Indeed, higher levels of NiT 
NPs can have an adverse effect on microorganisms growth and enzy-
matic activity (Bożym et al., 2015). The inhibitory effect of Ni is due to 
the chemical binding of these metals to the enzymes and microorgan-
isms, leading to the disruption of enzyme structure and suppression of 
their activities (Wani et al., 2012). The results indicated that, 23.5 mg/L 
of NiT NPs (NiT-L1) was the best concentration of additive to facilitate 
cellulose solubilisation and enhancing the acidogenesis step. The sub-
stantial increase of glucose concentration was due to the fact that the 
hydrolysis rate of cellulose was higher than the utilization rate of 
glucose at the first 12 h of AD. After 12 h, glucose concentration started 
to decrease as the monosaccharides gradually converted to VFAs and 
alcohols by acidogenic microorganisms. As shown in Fig. 1b, the net 
concentration of VFAs increased as the glucose started to decrease. The 
highest level of VFAs was achieved with addition of FeT-L2 and NiT-L1. 

3.1.2. Acidogenesis and acetogenesis 
The impact of two different dosages of T, FeT and NiT NPs on the 

acidogenesis step was studied using glucose as a single substrate in the 
feedstock. Glucose concentration, total VFAs concentration, and accu-
mulated biogas production were monitored during 36 h of batch AD 
experiments in the absence and presence of NPs, as shown in Fig. 2a, 
Fig. 2b, and E-supplementary file, respectively. Fig. 2a and b shows 
glucose was gradually consumed and VFAs were accumulated simulta-
neously. As it is shown in Fig. 2a, in control assay, glucose was gradually 
consumed from the 12th hour after incubation, and up to 32% of glucose 
content was consumed after 24 h. After 30 h, nearly 100% of glucose was 
converted to VFAs. With the addition of T NPs (both dosage), the start 
time of substrate degradation was the same as control assay, i.e. 12th 
hour, while just after 24 h of incubation nearly 50% of glucose was 
converted compared to control assay. After 30 h, glucose was completely 
consumed. The time when glucose starts to decay, was shortened from 
12 h to 6 h by adding FeT-L1, FeT-L2, NiT-L1, and NiT-L2 NPs. 

Conversion efficiency of glucose after 24 h were 68.8 ± 1.3%, 95.9 ±
1.6%, 99.8 ± 1.3% and 99.9 ± 1.8% with addition of FeT-L1, FeT-L2, 
NiT-L1, and NiT-L2 NPs, respectively. The final substrate concentration 
reached to zero. Generally, it was observed that addition of TiO2 NPs led 
to increase in glucose consumption rate indicating acceleration of 
acidogenesis step. The effect of FeT and NiT on acidogenesis was more 
distinct than that of TiO2 NPs. Results showed that presence of Fe2O3 
and NiO on surface of TiO2 NPs intensified the acidogenesis step. It was 
confirmed that Fe2O3 NPs can enhance the proliferation and also activity 
of bacteria within the phyla α-Proteobacteria, β-Proteobacteria, and 
Bacteroidetes where acidogenic strains are available (Wang et al., 
2016). The effects of Fe and Ni are related to their function as cofactors 
in enzymatic systems of AD process. Iron has a key role as a cofactor in 
the pyruvate-ferredoxin oxidoreductase enzymatic activities and Fe2O3 
stimulate the acidification step in fermentation of organic matters (Lin, 
1993). Acetogens are known to require nickel for cell proliferation (Lin 
and Hsieh, 1994). This could be one of the reasons why increase in 
glucose consumption and VFAs production rate were observed by 
applying Ni containing NPs. 

The changes of VFAs concentration during the process in presence of 

different dosages of NPs are shown in Fig. 2b. The results indicated that 
the NPs had a positive effect on VFAs production from glucose digestion. 

VFAs accumulated after 24 h of incubation in all batch tests with 
acetate and butyrate as the major intermediates (Table 2). 

After 30 h, the VFAs content started to decrease in all samples. In 
addition, it was observed that the acidogens were stimulated by NPs as 
confirmed by increasing glucose consumption. The results indicated that 
the NPs improved the production rate of VFAs and simultaneously the 
utilization of VFAs by methanogens. The cumulative biogas production 
from glucose in batch mode and in the presence of various dosages of 
NPs is shown in E-supplement file. It is observed that after 24 h, the 
accumulated biogas production of the batch assays was significantly 
higher than that of the control test which means the NPs increased the 
biogas production rate shortly after incubation. The increase of accu-
mulated biogas production rate is attributed to the higher availability of 
VFAs in comparison to control test. Increased VFAs production at time 
24 h led to elevated biogas production as a result of higher substrate 
availability, i.e. acetate, for acetoclastic methanogens. After 24 h the 
difference of biogas production between the batch assays was decreased 

Table 2 
VFAs components of batch assays during AD of glucose.  

Sample VFAs 
compounds 
(g/L) 

Time (hr) 

0 6 24 30 36 

Blank Acetic acid 0.108 
±

0.017 
0.017 
±

0.001 

0.120 
±

0.016 
0.017 
±

0.001 

0.1408 
± 0.020 
0.000 ±
0.000 

0.094 
±

0.009 
0.000 
±

0.000 

0.106 
±

0.007 
0.000 
±

0.000 

Butyric acid 

Control Acetic acid 0.158 
±

0.043 
0.019 
±

0.004 

0.129 
±

0.038 
0.020 
±

0.007 

0.157 ±
0.021 
0.136 ±
0.015 

0.323 
±

0.017 
0.310 
±

0.012 

0.421 
±

0.032 
0.350 
±

0.007 

Butyric acid 

T-L1 Acetic acid 0.141 
±

0.001 
0.021 
±

0.002 

0.145 
±

0.054 
0.026 
±

0.013 

0.158 ±
0.028 
0.178 ±
0.007 

0.342 
±

0.015 
0.348 
±

0.014 

0.402 
±

0.002 
0.386 
±

0.002 

Butyric acid 

T-L2 Acetic acid 0.128 
±

0.029 
0.031 
±

0.016 

0.137 
±

0.043 
0.025 
±

0.003 

0.233 ±
0.012 
0.180 ±
0.009 

0.363 
±

0.007 
0.307 
±

0.004 

0.441 
±

0.027 
0.335 
±

0.002 

Butyric acid 

FeT-L1 Acetic acid 0.161 
±

0.012 
0.015 
±

0.001 

0.082 
±

0.006 
0.012 
±

0.004 

0.456 ±
0.027 
0.005 ±
0.000 

0.419 
±

0.024 
0.210 
±

0.007 

0.510 
±

0.008 
0.255 
±

0.007 

Butyric acid 

FeT-L2 Acetic acid 0.168 
±

0.009 
0.018 
±

0.001 

0.165 
±

0.000 
0.023 
±

0.001 

0.322 ±
0.020 
0.342 ±
0.010 

0.332 
±

0.015 
0.319 
±

0.016 

0.391 
±

0.022 
0.341 
±

0.013 

Butyric acid 

NiT-L1 Acetic acid 0.101 
±

0.014 
0.019 
±

0.004 

0.161 
±

0.005 
0.024 
±

0.001 

0.392 ±
0.024 
0.341 ±
0.003 

0.348 
±

0.010 
0.320 
±

0.010 

0.386 
±

0.008 
0.345 
±

0.010 

Butyric acid 

NiT-L2 Acetic acid 0.160 
±

0.013 
0.021 
±

0.001 

0.122 
±

0.015 
0.020 
±

0.001 

0.438 ±
0.007 
0.181 ±
0.006 

0.394 
±

0.033 
0.157 
±

0.007 

0.457 
±

0.003 
0.173 
±

0.002 

Butyric acid  
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by approaching to the end of incubation time. 

3.1.3. Methanogenesis 
The first set of experiments examined the impact of T, FeT, and NiT 

dosages on acetoclastic methanogenesis. Changes in total VFAs con-
centration and accumulated biogas production illustrated in Fig. 3a and 
b. All of the NPs accelerated the rate of VFAs conversion. The experi-
mental results revealed that bare TiO2 NPs increased the methano-
genesis rate with acetic acid as substrate. TiO2 can efficiently export 
electrons from inside the cell to extracellular ions through extracellular 
electron transfer which enhanced the gas production (Cervantes-Avilés 
et al., 2018). The FeT and NiT NPs showed superior effects on total VFAs 
conversion in comparison with bare TiO2. Fe2O3 NPs release Fe+2/+3 

ions and promote the activity of methanogenic archaea, leading to in-
crease of the biogas production (Abdelsalam et al. (2017a, b) meth-
anogenesis (Romero-Güiza et al., 2016). As it can be seen from Fig. 4a, 
after 240 h, the VFAs concentration declined to 67%, 55%, 48%, 45%, 
and 54% of initial value in control bottle and in bottles with presence of 
FeT-L1, FeT-L2, NiT-L1, and NiT-L2, respectively. According to Fig. 3b, 
final accumulated methane was increased up to 6%, 22%, 24%, 8% with 
addition of FeT-L1, FeT-L2, NiT-L1, and NiT-L2 in comparison to control 
assay. It has been reported that acetoclastic methanogens need Ni and Fe 
for their activities (Demirel and Scherer, 2011). The results of enzymatic 
analysis confirmed a positive effect of NPs on methanogenic activity. 
Both aceticlastic and hydrogenotrophic methanogens contain F420 co-
enzyme that affect methanation efficiency (Zabranska et al., 1985). 
Coenzyme F420 is a key enzyme for methanogenesis step which was 
measured at the end of process. Average enzymatic activities during 240 
h incubation time in presence of FeT-L1, FeT-L2, NiT-L1, and NiT-L2 

were 9%, 13%, 22%, 15% higher than those of control. 
As it can be seen in E-supplement file, partial pressures of H2 and CO2 

decreased as they converted to CH4 during 48 h of experiments. The 
results did not show significant difference between the methane pro-
duction of the experiment with NPs and the control as the P-value is 
greater than 0.05. In addition, average of F420 coenzyme activity 
insignificantly varied due to the addition of NPs. Hydrogenotrophic 
methanogens are favored under nickel-deficient conditions as their 
metabolism requires less nickel-dependent enzymes and corrinoid co-
factors than the acetoclastic pathways (Wintsche et al., 2016). Thus, it 
seems the minimum requirement of Ni for hydrogenotrophic methano-
genesis is provided by Ni content in inoculum and substrate. Therefore, 
NiT NPs did not affect the hydrogenotrophic methanogenesis. FeT NPs 
had also neither positive nor negative effect on hydrogenotrophic 
pathway. Since concentration of FeT NPs is less than 500 mgNPs/gT, it 
has no toxicity effect according to findings of Ünşar and Perendeci 
(2018). 

3.2. Impact of NPs on the AD of complex substrates 

3.2.1. Batch mode 
Results from preliminary batch experiments demonstrated that the 

lowest examined level of NiT NPs, i.e. NiT-L1, had the most positive 
effect on hydrolysis, acidogenesis, and acetoclastic methanogenesis 
among the applied NPs. Therefor NiT-L1 was chosen to be tested on 
complex substrate i.e. on digestion of municipal biopulp. Glucose con-
centration of three batch tests including blank, control, and NiT-L1 
spiked biopulp is depicted in Fig. 4a. Glucose concentration decreased 
as the process started in both blank and control assays. The difference 

Fig. 3. The concentration of total VFAs (a) and accumulated biogas (b) during batch digestion of acetic acid in presence of various dosages of T, FeT, and NiT NPs.  
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between initial and final glucose content of blank test is almost negli-
gible (0.009 g/L). The initial glucose content of control test was 0.109 g/ 
L and continuously decreased to final value of 0.083 g/L as a result of the 
acidogenesis. In the presence of NiT-L1, glucose concentration was 
firstly increased to 0.111 g/L at time 24 h and then started to continu-
ously decrease. The net increase of glucose concentration during first 24 

h is due to the accelerated glucose production as a consequence of 
accelerated hydrolysis rate exerted by NiT-L1. This was in accordance to 
the hydrolysis section. Glucose was produced and simultaneously 
metabolized into VFAs as it can be seen in Fig. 4b. The VFAs content of 
blank test was in the same range (<0.1 g/L) since there is no substrate to 
be converted. The VFAs level of control assays increased gradually and 

Fig. 4. The concentration of glucose (a) and total VFAs concentration during batch digestion of biopulp in absence and presence of NiT-L1 NPs.  

Fig. 5. The accumulated methane production during batch digestion of biopulp in absence and presence of NiT-L1.  
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reached a maximum value of 0.659 g/L after 72 h of incubation. The 
highest VFAs level, 1.162 g/L, was observed for biopulp in the presence 
of NiT-L1 just after 24 h of incubation time. The sudden increase of VFAs 
level confirmed the significant impact of NiT NPs on glucose degrada-
tion step, i.e. acidogenesis. NiT-L1 accelerated both hydrolysis and 
acidogenesis steps for biopulp (Fig. 4a), therefore accumulation and 
degradation rates of glucose in presence of NPs were in the same range. 

The cumulative methane productions of batch assays of biopulp with 
and without NiT-L1 are shown in Fig. 5. The biogas production of con-
trol and NiT-L1 spiked tests was in the same range during first 48 h of the 
process and no significant difference between the results was observed. 
The significant difference between accumulated CH4 of two tests was 
observed from 48 h to 120 h with maximum of 21 mL at time 96 h. The 
cumulative methane production in presence of NiT-L1 after 96 h was 
53% greater than that of control. The result can be attributed to the 
improved hydrolysis and acidogenesis rates that provided ample VFAs 
leading to improved methane production rate. Ni is critical for 
increasing organic acid and VFAs production in the hydrolysis and 
acidogenesis stages of AD (Kim et al., 2003). However, the positive 
impact was less distinct at the end of the digestion period as the VFAs 
depleted. 

3.2.2. Continuous mode operation 
The CSTR was fed with biopulp for 45 days to reach a stable condi-

tion. After 10 days the minimum fluctuation of VFAs and daily methane 
production rate were observed. The mean value of daily methane pro-
duction and VFAs level between day 0 and day 45 were 381 NmL CH4/ 
gVS and 0.03 g/L, respectively (Fig. 6). On day 45, NiT NPs were added 
suddenly to the CSTR to reach the concentration of 23.5 mg/L (level 1). 
The experiment was ceased after 15 days because steady state conditions 
were achieved as shown by the insignificant alternation (p > 0.05) of 
pH, VFA, biogas and methane content for ten consecutive days based on 
previous studies on the AD of biowaste using NPs (Tsapekos et al., 2018). 
In accordance with batch assays, VFAs and daily methane production 
were increased. The average VFAs level inside the reactor between day 
45 and 63 was 0.08 g/L indicating the positive role of NPs on degrading 
efficiency of substrate. The average pH value between day 0 and day 45 
was 7.5 that decreased to 7.3 during days after addition of NPs as the 
VFAs concentration increased. Fig. 6 shows an average increase of 7.8% 
in daily methane production after treating the substrate with NiT NPs. 
The positive effect of NiT NPs attributed to both components of NPs, i.e. 
TiO2 and NiO. As it was observed in batch mode, NiT NPs had positive 
effect of on hydrolysis, acidogenesis and subsequently methane 
production. 

The economic feasibility of using NiT-L1 NPs for biogas production 
depends on possible income from the excess produced biogas versus the 
cost of NPs. Energy and cost-benefit analysis of control and bioreactor 

supplemented with 23.5 mg/L of NiT NPs was performed in this study. 
The cost for the electrical power is based on the price in Denmark, where 
the electricity price of industrial consumers is 0.0612 €/kWh. As shown 
in Table 3, the rough cost analysis was estimated to compare the impact 
of NiT NPs addition on control process (standard AD process without 
NPs). Cost of substrate and other operation expenses are excluded in the 
calculations because they are the same for both control and NPs spiked 
processes. The energy and the costs calculation are based on the yield of 
biogas from one m3 of biopulp as a substrate. The bulk price of TiO2- 
based NPs is estimated 2000 €/ton. 

The produced energy from biogas was 75.84 kWh, which achieved 
with 23.5 mg/L NiT NPs in comparison to 70.32 kWh of the standard 
biogas produced from biopulp. Supplementation of bioreactor with NiT 
NPs at a rate of 23.5 mg/L could achieve net profit of 0.29 € over the 
control which increases the profit approximately 7%. Therefore, using 
NiT NPs can be considered as an economical approach to improve the 
biogas yield. 

4. Conclusions and perspectives 

The effect of multi component NPs, i.e. T, FeT, and NiT, on the 
specific steps of AD was explored. Results showed a clear enhancement 
in hydrolysis and acidogenesis rates. Hydrolysis rate was increased using 
23.5 mg/L FeT, while higher level of NiT (200 mg/L) was needed to 
increase hydrolytic activity. Acidogenesis rates were increased linearly 
with increase of T, FeT, and NiT concentrations. Both FeT and NiT NPs 
had superior effect on acidogenesis rate compare to bare TiO2 NPs 
confirming the synergistic effect of TiO2, as a chemically inert support 
material, and trace element NPs, i.e. Fe and Ni. Results revealed that 
23.5 mg/L of NiT and 200 mg/L of FeT increased accumulated methane 

Fig. 6. Total VFAs and methane yield changes over time in continuous mode operation (purple line: VFAs level, green line: methane yield). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Energy and cost analysis of control and bioreactor supplemented with 23.5 mg/L 
of NiT NPs.  

Item Control NiT-L1 spiked Unit 

1. Biogas production/m3 of substrate/day a 11.72 12.64 m3 

2. Energy content of biogas b 70.32 75.84 kWh 
3. Income from energy c 4.30 4.64 € 
4. Cost of chemicals/ton substrate – 0.05 € 
5. Net income (#3-#4) 4.30 4.59 € 
6. Net profit (#5 control -#5 NiT-L1 spiked) 0.0 0.29 €  
a Based on CSTR results. 
b The amount of energy from each m3 of biogas is equivalent to ~ 6 kWh 

(Abdelsalam et al., 2019). 
c Calculation of income from energy was based on one kWh of electricity for 

industrial application which is equal 0.0612 € in Denmark. 
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production up to 24%, and 22%, respectively. This is due to the Ni and 
Fe requirement of acetoclastic methanogens. The results of enzymatic 
analysis confirmed positive effect of NiT and FeT NPs on methanogenic 
activity. NiT NPs showed positive effects on batch and continuous AD of 
biopulp leading to increase of the methane yield by 8%. The positive 
effect of NiT NPs attributed to both components of NPs, i.e. TiO2 and 
NiO. The results indicated that NPs influenced the rates of the AD pro-
cess. Further investigation of microbial communities’ shifts can reveal 
the underlying mechanisms under both mesophilic and thermophilic 
conditions. However, using NPs in the form of powder is not recom-
mended for industrial scale because of challenges in both economic 
feasibility and fate of NPs in the effluent that might have harmful impact 
on the environment. For commercialization of NPs usage in AD plants, 
alternative strategies can be employed like: coating the NPs on the 
surface of recyclable cm-scale pellets, or using baffles coated with NPs in 
digesters to prevent NPs release to the environment. Finally, the po-
tential existence of NPs in liquid and solid phases of effluent should be 
precisely investigated to insure that this process has no undesirable ef-
fect on the environment. 
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Ghofrani-Isfahani, P., Valverde-Pérez, B., Alvarado-Morales, M., Shahrokhi, M., 
Vossoughi, M., Angelidaki, I., 2019. Supervisory control of an anaerobic digester 
subject to drastic substrate changes. Chem. Eng. J. 123502. 

Gonzalez-Estrella, J., Sierra-Alvarez, R., Field, J.A., 2013. Toxicity assessment of 
inorganic nanoparticles to acetoclastic and hydrogenotrophic methanogenic activity 
in anaerobic granular sludge. J. Hazard Mater. 260, 278–285. https://doi.org/ 
10.1016/j.jhazmat.2013.05.029. 

Hsieh, P.-H., Lai, Y.-C., Chen, K.-Y., Hung, C.-H., 2016. Explore the possible effect of 
TiO2 and magnetic hematite nanoparticle addition on biohydrogen production by 
Clostridium pasteurianum based on gene expression measurements. Int. J. Hydrogen 
Energy 41, 21685–21691. 

Huangfu, X., Xu, Y., Liu, C., He, Q., Ma, J., Ma, C., Huang, R., 2018. A review on the 
interactions between engineered nanoparticles with extracellular and intracellular 
polymeric substances from wastewater treatment aggregates. Chemosphere 219, 
766–783. https://doi.org/10.1016/j.chemosphere.2018.12.044. 

Jiang, W., Kim, B.Y.S., Rutka, J.T., Chan, W.C.W., 2008. Nanoparticle-mediated cellular 
response is size-dependent. Nat. Nanotechnol. 3, 145–150. 

Khoshnevisan, B., Tsapekos, P., Alvarado-Morales, M., Angelidaki, I., 2018. Process 
performance and modelling of anaerobic digestion using source-sorted organic 
household waste. Bioresour. Technol. 247, 486–495. https://doi.org/10.1016/j. 
biortech.2017.09.122. 

Kim, M.-S., Kim, D.-H., Yun, Y.-M., 2017. Effect of operation temperature on anaerobic 
digestion of food waste: performance and microbial analysis. Fuel 209, 598–605. 

Kim, M., Gomec, C.Y., Ahn, Y., Speece, R.E., 2003. Hydrolysis and acidogenesis of 
particulate organic material in mesophilic and thermophilic anaerobic digestion. 
Environ. Technol. 24, 1183–1190. 

H. Baniamerian et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.chemosphere.2021.131277
https://doi.org/10.1016/j.chemosphere.2021.131277
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref1
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref1
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref1
https://doi.org/10.1016/j.enconman.2016.05.051
https://doi.org/10.1016/j.enconman.2016.05.051
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref3
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref3
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref3
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref3
https://doi.org/10.1016/j.renene.2015.10.053
https://doi.org/10.1016/j.renene.2015.10.053
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref5
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref5
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref5
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref6
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref6
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref7
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref7
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref7
https://doi.org/10.1016/j.biotechadv.2018.01.011
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref9
https://doi.org/10.1002/anie.200500766
https://doi.org/10.1016/j.chemosphere.2019.04.193
https://doi.org/10.1042/0264-6021:3400829
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref13
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref13
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref13
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref14
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref14
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref14
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref14
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref15
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref15
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref15
https://doi.org/10.1016/j.tibs.2017.08.008
https://doi.org/10.1016/j.tibs.2017.08.008
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref17
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref17
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref17
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref18
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref18
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref18
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref19
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref19
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref20
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref20
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref20
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref21
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref21
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref21
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref21
https://doi.org/10.1016/j.copbio.2015.04.005
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref23
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref23
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref23
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref23
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref23
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref24
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref24
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref24
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref25
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref25
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref25
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref26
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref26
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref27
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref27
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref27
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref27
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref28
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref28
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref28
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref28
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref29
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref29
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref29
https://doi.org/10.1016/j.jhazmat.2013.05.029
https://doi.org/10.1016/j.jhazmat.2013.05.029
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref31
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref31
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref31
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref31
https://doi.org/10.1016/j.chemosphere.2018.12.044
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref33
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref33
https://doi.org/10.1016/j.biortech.2017.09.122
https://doi.org/10.1016/j.biortech.2017.09.122
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref35
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref35
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref36
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref36
http://refhub.elsevier.com/S0045-6535(21)01749-5/sref36


Chemosphere 283 (2021) 131277

10

Lin, C.-Y., 1993. Effect of heavy metals on acidogenesis in anaerobic digestion. Water 
Res. 27, 147–152. 

Lin, C.-Y., Hsieh, H.-L., 1994. Effect of heavy metals on acidogenesis in anaerobic 
digestion of starch. J. Chin. Inst. Environ. Eng. 4, 231–237. 

Lu, J., Gavala, H.N., Skiadas, I.V., Mladenovska, Z., Ahring, B.K., 2008. Improving 
anaerobic sewage sludge digestion by implementation of a hyper-thermophilic 
prehydrolysis step. J. Environ. Manag. 88, 881–889. 

Lu, X., Wang, H., Ma, F., Zhao, G., Wang, S., 2017. Enhanced anaerobic digestion of cow 
manure and rice straw by the supplementation of an iron oxide-zeolite system. 
Energy Fuel. 31, 599–606. https://doi.org/10.1021/acs.energyfuels.6b02244. 
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