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EFFECTS OF ZERO-VALENT IRON 
AND ENZYMES ON THE ANAEROBIC CO-DIGESTION 

OF SEWAGE SLUDGE AND CORN SILAGE 

Anaerobic co-digestion of sewage sludge and corn silage with zero-valent iron powder (Fe0), cellulase, 
and papain as reinforcement means was conducted. COD-based feeding ratio of sewage sludge to corn silage 
was set to 2:1, the solids retention time (SRT) 20 day, digestion temperature 35 °C, and mixing speed 60 rpm. 
Removal rates of total COD during the control group, and Fe0, papain, cellulase, and papain, Fe0, and the two 
kinds of enzyme-added tests were 38.04, 41.02, 34.62, 34.55, 35.42, and 48.21%, respectively. The corre-
sponding biogas production was 2.12, 2.62, 2.22, 2.41, 2.25, and 2.81 dm3/day, respectively. The re-
sults indicated the addition of cellulase, and papain could maximize the decomposition and hydrolysis 
of organic matter in sewage sludge and corn silage to volatile fatty acids. Fe0 could reduce the redox 
potentials of the anaerobic co-digestion, optimize the circumstances of the methanogenesis stage, ac-
celerate biogas production, and improve biogas components. Fe0 and enzymes played a synergistic role 
in the anaerobic co-digestion system. Life cycle assessment indicated that the anaerobic co-digestion 
of sludge and corn silage co-substrates could benefit the economy, environment, and social develop-
ment under the synergistic action of Fe0 and enzymes. 

1. INTRODUCTION 

Concerns over the disposal of large quantities of organic wastes from domestic, in-
dustrial, and agricultural sources together with the need to reduce greenhouse gas emis-
sions have been a major driver for further development of anaerobic digestion (AD) 
technology [1]. It has been widely used by wastewater treatment plants (WWTPs) to 
stabilize sewage sludge before land application or disposal and, at the same time, pro-
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duce biogas (which is a renewable fuel) to offset some of the energy input in the treat-
ment process. During AD, nitrogen and phosphorus are liberated into the liquid phase 
in the form of ammonia and phosphate; thus, AD can also be an excellent platform for 
nutrient recovery [1]. 

A recent and notable trend in the development of AD is to co-digest two or more 
substrates together. Anaerobic co-digestion (AcoD) can overcome several inherent 
problems associated with single substrate digestion, such as the lack of micronutrients, 
imbalanced C/N ratio, and unfavorable (i.e., too high or too low) organic loading rates 
[2]. In the context of the water industry, the existing spare capacity of anaerobic diges-
tion infrastructure at wastewater treatment plants allows for anaerobic co-digestion of 
sewage sludge with organic waste to generate supplementary revenue via gate fees or 
service charges, whilst producing electricity and heat [2]. Although successful co-di-
gestion of sewage sludge and various organic wastes, such as food waste [1], and fat oil 
and grease [3], has been reported in many recent studies, several key aspects of the 
AcoD process remain poorly understood. In particular, little is known about the syner-
gistic effect of co-digestion on anaerobic performance and the associated mechanisms 
responsible for such effect. 

Co-digestion can enhance the degradation of each substrate [4]. In other words, co- 
-substrate addition can result in synergistic effects, which result in either a boost in spe-
cific methane yield of the individual substrate in the mixture or an increase in biogas 
production kinetics, differing from the additive effect, where an increase in methane 
production is simply due to a higher mass of available biodegradable organic matter per 
unit volume from co-substrate addition. There has been some evidence that co-digestion 
can also result in some antagonistic effects [5]. However, in some cases, no obvious 
effects of co-digestion compared to mono-digestion have also been reported [6]. It is 
widely hypothesized that co-digestion can improve the process performance mainly be-
cause of a more balanced C/N ratio and sufficient macro- and micro-nutrients, a high 
buffering capacity, and a higher readily biodegradable organic fraction [7]. These fac-
tors attributed to the synergistic effects are inherently associated with co-substrate prop-
erties and composition. For example, sludge with a low C/N ratio can be co-digested with 
wastepaper with a high carbon content to achieve an optimum C/N ratio of 20–25 [8]. 

AD is an effective means of turning crop corn silage waste into treasure. Under 
anaerobic conditions, organic wastes such as corn silage can be decomposed and utilised 
by anaerobic microorganisms to produce methane. AD has many engineering applica-
tions because of its simple operation, low cost, and relatively mature technology. How-
ever, AD of the corn silage to produce biogas is facing many problems, such as long 
biogas production cycle and low biogas production, because it is not easily biodegrada-
ble. The pre-treatment of corn silage to improve its bioavailability has become a hot 
topic. Most physical, chemical, and thermal pre-treatments require high energy input 
and produce harmful effects, such as high temperature, high pH value, and inhibition of 



 Effects of Fe and enzymes on the anaerobic co-digestion of sewage sludge and corn silage 43 

by-products, all of which inhibit anaerobic digestibility. However, unlike these meth-
ods, biological pre-treatment is relatively economical, energy consumption and chemi-
cal costs are low, and it is safer because it does not produce inhibitory by-products [9]. 
Because lignocellulose-containing organisms are effective in degrading lignocellulose 
compounds, biological pre-treatment with microbial enzymes is considered suitable. 
However, the addition of enzymes can increase the volatile fatty acids (VFA) content in 
digestive juice and inhibit the methanogenesis stage [10]. On the other hand, zero-valent 
iron powder (Fe0) can promote the conversion of VFA into biogas [11]. Enzymes and 
Fe0, as reinforcement, will improve the performance of anaerobic digestion. 

This study aimed to systematically elucidate synergistic effects of enzyme and Fe0 
addition during AcoD of sludge with corn silage by applying methane production to-
gether with chemical oxygen demand (COD) balance calculations. The specific objec-
tives of this study were: (i) to assess the process stability, and (ii) to quantify synergistic 
effects of the action of enzymes and Fe0 on co-digesting sludge and corn silage through 
specific methane yields and the removal of volatile solid (VS) based on COD balance. 

2. MATERIALS AND METHODS 

Sludge and substrates. Sewage sludge from the sludge dehydrating unit of Eastern 
Water Treatment Plant, Shanghai, China was used. The sludge was diluted to a mixed 
liquid suspended solids (MLSS) concentration of 18 g/dm3. The corn silage was ob-
tained from suburban farms of Zhengzhou, Henan province of China, which was dried 
and chopped to pieces of 1–2 cm. To maintain their stability, the sludge was stored at 
about –4 °C while the corn silage was stored at 18–20 °C until experimental use.  

T a b l e  1

Characteristics of sewage sludge and corn silage used in the experiments 

Parameter Inoculum Sludge Corn silage 
pH 6.8±0.5 6.8±0.5 – 
TS, wt. % 1.0±0.2 3.0±0.2 87 
VS, wt. % – 1.8±0.2 – 
COD, g/g TS 1.8±0.2 0.53±0.02 1.12±0.05 
NH4

+-N, mg/dm3 40±20 80±20 – 
TP, mg/dm3 80±30 110±30 – 
VFA, mg/dm3 100±30 120±30 – 
Cellulose, wt. % – – 33.87 
Hemicellulose, wt. % – – 23.64 
Lignin, wt. % – – 15.23 

TS – total solids, VS – volatile solids, NH4
+-N – ammonium nitrogen, COD 

– chemical oxygen demand, VFA – volatile fatty acids, TP – total phosphorous. 
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Before the feeding, the frozen sludge was transferred to a cold room (4 °C) for one 
day and placed at room temperature for 1 h. To investigate the influence of feedstock 
on the characteristic of AD, the ratio of sludge and corn silage was adjusted to 2:1 (ac-
cording to the mass of total solids (TS), g). Key properties of inoculum, sludge, and 
cornstalk are shown in Table 1. 

 

Fig. 1. Schematic diagram of the anaerobic digestion system: AABS – acid and passivity sensor,  
TC – temperature controller, SP– sampling port, PP – peristaltic pump, SST – substrate storage tank 

Experimental equipment. The self-designed AD system (Fig. 1) consisted of four com-
ponents: (a) digesters, (b) feeding system, (c) control panel, and (d) biogas measurement 
system. For the AD tests, two parallel oval-shaped anaerobic digesters were used made of 
stainless steel, with a total volume of 25 dm3 and a working volume of 20 dm3 each. Two 
propellers were installed for continuously homogenizing feedstock. The rotation (60 rpm) 
was controlled by an electric three-phase motor (220 V) operated by an inverter through 
the control panel. Two sampling ports were located in the middle and bottom of each 
digester to allow the collection of the samples for subsequent chemical analysis and to 
discharge the digestate. The feeding system comprised a pipe, peristaltic pump, and 
valve. The co-substrates were fed into each digester through a lower inlet by a peristaltic 
pump (BT300-2J, Longer, England), and discharged through the static pressure an upper 
outlet. Besides, nitrogen gas was introduced with a pressure-reducing valve (YQD-6, 
Shanghai, China) into the digester to eliminate oxygen in the headspace. 
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The movement of all mechanical devices and the operation sequence were con-
trolled through a control panel situated within a protected and closed box. The temper-
ature control was automated through a control unit connected to a built-in temperature 
probe and a heating rod to maintain a constant temperature of 37 °C. In the upper part, 
a liquid crystal display (LCD) monitor was mounted, connected to a pH probe and 
a temperature probe, both located in the midsection of the digester body. 

The biogas measurement system consisted of biogas piping, a gas analyzer, and 
a biogas flow meter. The volume of biogas produced in the digester was measured with 
a volumetric flow meter (LML-1, Beijing, China). A gas analyzer (Gasboard-3200, Cu-
bic Optoelectronics Co., China) was used to measure the composition of biogas. 

Experimental procedure. The digesters must go through the start-up stage success-
fully before tests. The inoculum sludge 20 dm3 collected from the anaerobic digester of 
our lab was pumped into each digester. The procedure for the start-up has been de-
scribed elsewhere [12]. Following the start-up, the digesters were fed with the co-sub-
strates of sludge and the corn silage (the ratio of sludge and corn silage weight was 
adjusted to 2:1) based on the previous results [13]. Before feeding, the sludge was placed 
in a water bath to raise its temperature to that of the corresponding Ads; it was continu-
ously stirred to obtain homogeneity. Solid retention times (SRTs) of mesophilic anaer-
obic digestion (MAD) were set at 20 day based on the previous results [13]. 

Based on the objectives of this study, three groups of batch tests were conducted, 
namely anaerobic co-digestion added with Fe0 (test F), cellulase (test C), and papain 
(test P) separately (test I); anaerobic co-digestion added with cellulase and papain to-
gether (test CP) (test II); and anaerobic co-digestion added with Fe0, cellulase, and papain 
together (test FCP) (test III). Co-substrates with additives were homogenized and fed into 
digesters to obtain an optimum dosage. According to previous reports [14], their concentra-
tions during the tests were: Fe0 800 mg/dm3, cellulase 100 mg/dm3, and papain 50 mg/dm3. 
ADs would run for 2–3 SRTs to be stabilized before a test began. The conventional 
indicators were also monitored for the confirmation of stabilization. 

Samples of co-substrates were collected every 48 h during each test. Each time, 
100-cm3 sample from a digester was taken in 250-cm3 flask and centrifuged immedi-
ately for 10 min at 1600 rpm to separate it into the soluble and biosolid fractions. The 
pre-treatment could ensure the accurate demonstration of the variations of the indicators 
during tests. 

Analytical methods. COD of both soluble and biosolid fractions as well as corn si-
lage were determined by the modified standard methods with HACH high-range COD 
kit (DRB200, HACH Company, USA). Ammonium nitrogen (NH4

+-N), total phospho-
rous (TP), total solids (TS) and volatile solids (VS) were performed according to stand-
ard methods [15]. The other following indicators were measured only in the soluble 
fraction. VFA was determined according to an 8-point titration method [16]. VFA was 
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converted to acetic acid. The volume of biogas was measured using a volumetric flow 
meter (FMA-1620A, Omega, UK). The value obtained was corrected to standard tem-
perature and pressure conditions of 0 °C and 0.1 MPa. Biogas components including 
CH4, CO2, O2 and H2S were determined by a gas analyzer (Gasboard-3200, Cubic Op-
toelectronics Co., China). The moisture of corn silage was analyzed with a moisture 
meter (SH-02, Shengzhen Egrey Instruments Co., Ltd., China), and its cellulose, hemi-
cellulose, and lignin were analyzed using an Ankom 2000 Fiber Analyzer System 
(Ankom Technology Corp., USA) as Yuan et al. [17] described. Fe in the samples was 
measured with an inductively coupled plasma mass spectrometry (ICP-MS) (FMA- 
-1620A, Omega, UK). The reagents used were of analytical grade or better. Ultrapure 
water was used during all the tests and analyzes, obtained with the Aquapro Ultrapure 
Water System (China). All measurements were conducted in duplicate, and the results 
presented are the mean value. The statistics software Origin 2017 was used for data 
analyzes. 

Calculations. Soluble COD removal efficiency was calculated as follows: 

 , in , out
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where SCODc, in is the soluble COD concentration of the feedstock and SCODc, out is the 
soluble COD concentration of the digestate. 

Synergistic or antagonistic effects of the co-digestion of the additive are expressed 
by the difference between measured specific methane yield and weighted specific me-
thane yield (WSMY), which is the sum of the individual contributions of each additive 
during the co-digestion (test I) [18] 
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where n is the number of additive, Mi is the individual methane yield of the additive, 
dm3/g VS, Si is the added VS of the individual additive in the mixture, g, and S0 is the 
total VS of the co-substrates, g. 

3. RESULTS AND DISCUSSION 

3.1. PROCESS STABILITY 

pH is one of the key operational factors that greatly affects the digestion process. In 
the biogas production process, there are multiple organisms of different optimal growth 
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pH values. The most favorable pH range to obtain maximal biogas production in AD is 
6.8–7.2 [19]. pH decreased rapidly after the commencement of the experiment on the 
fifth day (Fig. 2). The decrease in pH may indicate the onset of hydrolysis and acido-
genesis as the population of methanogens had not yet stabilized to maturity. pH increased 
to 6.8 from day 5 to day 35 and stabilized at around 6.8 after day 35. pH decreased most 
after adding Fe0 and enzymes. This suggests that both additives play a stronger role in the 
hydrolysis and acidogenesis stage than other groups. The effect of papain and Fe0 was 
not obvious. It is noteworthy that the system had low pH values and underwent a shorter 
hydrolysis stage than other groups after adding Fe0 and enzymes. Thus, the increased 
biogas resulted in a slight increase in the concentrations of VFA (up to 300 mg/dm3) 
within the digester. 

Fig. 2. Time dependences of pH during AcoDs  
of sludge and corn silage   

Figure 3 represents the effects of various additives on the total COD (TCOD) and 
soluble COD (SCOD) during AcoD of the co-substrates. No remarkable differences are 
visible. SCOD was mostly affected in the C and CP tests, and the concentration in the 
supernatant increased. Compared with the control test, the increase in SCOD in the tests 
C and CP was 17.6% and 21.63%, respectively. 

 
Fig. 3. Time dependences of a) TCOD and b) SCOD during AcoDs of sludge and corn silage 
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This might be because cellulase or papain can hydrolyse cellulose, hemicellulose, 
and lignin in corn silage to water-soluble small-molecule organic matter, resulting in an 
increase in SCOD concentration in the supernatant. However, the SCOD content of the 
test FCP was the lowest, mainly because under the action of Fe0, SCOD was converted 
into biogas by anaerobic microorganism consumption. In summary, the highest TCOD 
removal rate of anaerobic digestion of co-substrates of sludge and corn silage was 
48.21% in the presence of Fe0 and enzymes, which indicated that under certain condi-
tions, iron and enzymes could promote COD consumption in co-matrix mixtures [20]. 

 

Fig. 4. Time dependences of a) N-NH4
+, b) TP concentration during AcoDs of sludge and corn silage 

Figure 4a shows the effects of different additives on N-NH4
+ concentration during 

AcoD of sludge and corn silage co-substrates. The concentration of N-NH4
+ increased 

with the addition of different additives in the first 5 days. The highest N-NH4
+ concen-

trations, corresponding to the control group, tests F, P, C, CP, and FCP, were 195.92, 
228.62, 236.68, 231.71, 243.68, and 252.26 mg/dm3, respectively. Compared with the 
control group, the corresponding increases in the concentration of N-NH4

+ were 16.69, 
20.81, 18.33, 24.36, and 28.76, respectively, which indicates that both Fe0 and enzyme 
promote the production of N-NH4

+, mainly because of the reaction of iron with nitrate 
and nitrite in the co-substrate anaerobic digestion system to produce N-NH4

+. Cellulase 
and papain promote the hydrolysis of nitrogen-containing organic matter in sludge and 
corn silage, which results in the increase in N-NH4

+ concentration in the co-substrate anaer-
obic digestion system. The decomposition of enzymes can also produce part of N-NH4

+
. Af-

ter 20 days, the anaerobic digestion system gradually stabilized and the concentration 
of N-NH4

+ gradually became constant. It was ca. 219 mg/dm3, and basically did not in-
hibit the anaerobic microorganisms [21]. 

Figure 4b shows the effects of different additives on TP concentration during AcoD 
of sludge and corn silage co-substrates. TP concentration increased gradually in the first 
5 days. This is mainly because the phosphorus-containing organic matter in sludge and 
corn silage was gradually decomposed and released into the digestive juice by anaerobic 
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microorganisms, resulting in the increase in TP concentration in the co-substrate anaer-
obic digestion system. Different additives have different effects on TP concentration. 
Test P, test C, and test CP can increase the TP concentration in the system to a certain 
extent in the first 20 days. This is mainly due to the accelerated degradation of phos-
phorus-containing organics by cellulase and papain, while in tests F and FCP on TP 
concentration the effects of co-substrate anaerobic digestion are less substantial. After 
5 days, with the stabilization of the anaerobic digestion system, the TP concentration 
gradually stabilized. After stabilization, the corresponding TP concentrations of the con-
trol group, and tests F, P, C, CP, and FCP were 128.66, 121.78, 134.71, 131.52, 138.62 
and 118.41 mg/dm3, respectively. It can be concluded that compared with the control 
group, test P, C, and CP, the TP concentration in the anaerobic digestion system of 
sludge and corn silage co-substrates increased by 4.71, 2.22, and 7.74%, respectively, 
but the effect is relatively small. The TP concentration can be reduced in tests F and 
FCP, with removal rates of 7.97 and 13.09%, respectively. According to the above anal-
ysis, the combined action of Fe0 and enzymes on AcoD of sludge and corn silage is 
conducive to the removal of TP in the system, stabilizing the content of TP in the system 
and indicating that there is a certain synergistic effect between Fe0 and enzymes [4]. 

VFA concentration is meaningful to anaerobic digestion, especially for co-digestion 
of corn silage because of the high content of carbohydrates. VFAs can also be used as 
an indicator for the evaluation of fermentation status [22]. It is well known that VFA 
originates from hydrolysis acidification and then it is converted to methane and carbon 
dioxide by methanogenic bacteria. However, different acids have different degradation 
rates; for example, propionic acid degrades more slowly than other acids [23]. High 
VFA concentrations in anaerobic digestion could cause the inhibition of methanogene-
sis. In a study, the fermentation process was slightly inhibited when the VFA concen-
tration was above 4 g/dm3, and the composition of biogas changed when the VFA con-
centration was over 6 g/dm3 [24]. 

Fig. 5. Time dependences of VFA concentration 
during AcoDs of sludge and corn silage  

Figure 5 time dependences of VFA concentration during AcoD of sludge and corn 
silage co-substrates by different additives during three consecutive SRT operations. 
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Compared with the Fe0 test and the enzyme test, the change in VFA content could 
demonstrate the synergistic action of the iron enzyme. 

In the first 5 days, the VFA concentration of various additives increased. The highest 
VFA concentrations of tests F, P, C, CP, and FCP were 754, 781, 824, 863, and 794 mg/dm3, 
respectively, which were higher than in the control group (731 mg/dm3). This indicated 
that the additives could promote the hydrolysis of organic matter in sludge and corn 
silage. In the test group, the lowest VFA concentration of test F was 754 mg/dm3, and 
Fe0 might promote the transformation of VFA during the anaerobic digestion stage. Five 
days later, with the rapid propagation of methanogenic bacteria, the anaerobic digestion 
system of sludge and corn silage co-substrates gradually stabilized. Under the action of 
different additives, VFA was gradually consumed. Figure 5 shows that the concentration 
of VFA decreased fastest in the test FCP. After stabilization, the corresponding VFA 
concentrations of tests F, P, C, CP, and FCP were 408, 470, 529, 580, and 382 mg/dm3, 
respectively. The corresponding VFA consumption rates were 47.74%, 39.82%, 35.8%, 
32.79%, and 52.72%. The above results indicate that the highest consumption rate of 
VFA is achieved in the test FCP. Fe0 may promote the conversion of some organic acids 
of high concentration VFAs to acetic acid, reduce the redox potential in the anaerobic 
digestion system, and optimise the anaerobic environment, resulting in faster consump-
tion of VFA. 

3.2. BIOGAS PRODUCTION AND SOLUBLE COD REMOVAL RATE 

Figure 6 shows the effects of different additives on methanogenesis during AcoD 
of sludge and corn silage co-substrates. The anaerobic digestion system is in the adap-
tive period in the first 10 days. At this stage, compared with the control group, different 
additives increased the gas production rate but the effect of different additives on the 
biogas production rate is not significant, probably because lower pH and higher VFA 
concentration inhibit the growth of methanogens. Ten days later, with the consumption 
of VFA, the pH value gradually increased, methanogens multiplied in large quantities, 
and the biogas production of the anaerobic digestion system gradually stabilized. 

 
Fig. 6. Changes in biogas production during 
AcoD of co-substrates with various additives 
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After stabilization, the corresponding biogas production of in tests F, P, C, CP, and 
FCP was 2.62, 2.22, 2.41, 2.25, and 2.81 dm3/day, respectively. It can be seen that the 
biogas production in test FCP was much higher than that in other tests without Fe0. Tests 
F and FCP showed that Fe0 could increase the biogas production of the anaerobic diges-
tion system mainly because iron [11, 21, 25]: (1) was a necessary trace element for 
methanogenesis bacteria; (2) reduced the redox potential of the anaerobic digestion sys-
tem; (3) was corroded by hydrogen evolution under acidic conditions, which directly 
participated in methane formation and (4) could synthesize and activate acid production 
and methane production. A variety of enzymes were involved in this stage. 

 
Fig. 7. Changes in biogas components on average 

during AcoD of co-substrates with various additives 

Figure 7 shows changes in biogas components during AcoD of co-substrates with 
different additives. The methane proportion corresponding to the control group, tests P, 
C, and CP is less than that of CO2. When Fe0 is added to the co-matrix anaerobic diges-
tion system, the methane proportion of test F and test FCP (is 47.21 and 49.35%, re-
spectively) is larger than that of CO2. The methane proportion of test FCP is the largest, 
and the carbon dioxide proportion is the smallest,  which shows that the combined action 
of iron powder, vitaminase and papain can promote the conversion of organic matter 
into methane in the co-substrate anaerobic digestion system and promote the reduction 
of CO2 to methane, resulting in an increase in methane components. The H2S concen-
trations of the control group, tests F, P, C, CP, and FCP were 325, 133, 480, 434, 627, 
and 121 mg/m3, respectively. Compared with other test groups, the H2S concentration in the 
FCP was the smallest and the removal effect was the best. This indicated that the combined 
action of Fe0, cellulase, and papain could enhance methane production and decrease CO2 
ratio and H2S content in the co-substrate anaerobic digestion system. 

Removal of COD during AcoD of sludge and corn silage with different additives 
were calculated (Fig. 8). The COD removal rates of the control group, tests F, P, C, CP, and 
FCP were 38.04, 41.02, 34.62, 34.55, 35.42, and 48.21%, respectively. The weighted spe-
cific methane yield in the control group, and particular tests were 1.00, 1.41, 0.92, 0.95, 
0.81, and 1.57%, respectively. The above data showed that the COD removal rates of 
test FCP were the highest. According to the data analysis, the removal rate of COD in 
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the test CP was relatively lower, indicating that cellulase and papain could not effec-
tively promote the removal of COD. When Fe0 was added to the CP, the removal rate 
of COD increased greatly. Thus, the lower monetary cost can be expected during the 
downstream processes of the digestate in terms of digestate dewatering ability and bio-
solids production. 

 
Fig. 8. Removal of COD during AcoD of sludge 

and corn silage with various additives 

The efficiency of anaerobic co-digestion in terms of methane yield can be expressed by 
the synergistic or antagonistic effect. Measured specific methane yield was calculated based 
on the results obtained in test III, and WSMY was achieved through equation (2). The syn-
ergistic or antagonistic effects of the co-digestion substrates can be determined by the 
difference between the specific methane yields (obtained in tests I–III). There is a syn-
ergistic effect when the differential is positive, otherwise an antagonistic effect. As 
shown in Fig. 6, all treatments in the co-digested tests showed synergistic effects. How-
ever, the effects increased significantly with the addition of Fe0 and enzyme in test III. 

Life cycle assessment (LCA) was based on AcoD of sludge and corn silage. The 
anaerobic digestion reactor under these experimental conditions means that the operat-
ing conditions of anaerobic digestion of sludge and corn silage are unchanged. The vol-
ume of the anaerobic reactor was expanded to 300 m3, and the volume of the original 
anaerobic digestion tank was expanded 10 000×. This assessment assumed that there 
were sufficient raw materials for anaerobic digestion of sludge and corn silage co-sub-
strates (mainly sludge, corn silage, and Fe0), that the equipment of the anaerobic diges-
tion reactor was in good condition and there was no malfunction during the evaluation 
cycle, that the relevant costs incurred by personnel were not taken into account, and that 
the digestive juice produced in this test was directly used or processed to be used as crop 
fertilizer. The purpose of this evaluation was to explore the environmental impact of 
anaerobic digestion of sludge and corn silage co-matrix technology under the synergistic 
effect of the iron enzyme and the economic rationality of its practical application in 
engineering. 

The process used in this evaluation was as follows:  
1. According to the price of corn silage, cellulase, papain, and Fe0 in the current 

market (Table 2), the cost of consuming these additives in one year was calculated. The 
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cost of electricity consumed by anaerobic digestion, that is, the total cost of the experi-
ment (not the cost caused by labor and other external conditions), was calculated. 

T a b l e  2

Basic parameters of sludge, corn silage, iron powder, enzymes,  
and biogas production for the calculation 

Item Parameter Value 

Sewage sludge 

TS, g/dm3 31±3 
VS, g/dm3 15.6±2 
COD, g/dm3 18±2 
N-NH4+, mg/dm3 123±10 

Corn silage 

COD, mg/g 1170 
Cellulose, wt. % 37.2±0.4 
Hemicellulose, wt. % 25.7±0.3 
Lignin, wt. % 7.8±0.4 
Price, US $/kg 0.3 

Additive 
Iron powder, US $/kg 1.0 
Cellulase, US $/kg 18.9 
Papain, US $/kg 14.4 

Biogas production 

Calorific value of methane, kW·h/dm3 7.66 
Methane power-generating efficiency, % 55 
Methane heating efficiency, % 45 
Rate, dm3/day 2.81 
Methane content, % 49.3 
CO2 content, % 35.6 

Others Electricity price, US $/(kW·h) 0.14 
Sludge disposal cost, US $/ton 82.0 

 
2. The net value of methane produced in this experiment was converted into corre-

sponding electricity and heat, and the energy and heat generated in one year under the 
synergistic action of the ferric enzyme were calculated. The results were compared with 
those of the control group. Then, according to the current market price, the cost could 
be calculated. At the same time, the environmental benefits caused by the reduction of 
carbon dioxide were analyzed. 

3. The cost calculated in the first two steps was subtracted. If the value is positive, 
the economic benefit is better. If the value is negative, the cost of the experiment is 
larger, and still needs to be reduced. 

The basic parameters of sewage sludge, corn silage, additives, biogas production, 
etc., used for the calculation (Table 2) are collected and quantified, mainly based on the 
data from these tests concerning literature data [26]. The parameters as the input and 
output for the control and pilot groups as well as the assessment results are shown in 
Table 3. Compared with the control group, each 300-m3 sludge and corn silage anaero-
bic digestion tank in the experimental group can save about 45 000 US $ per year and 
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reduce CO2 emissions by 492.86 m3. This indicated that the anaerobic digestion tech-
nology of sludge and corn silage co-substrates under the synergistic action of the Fe0 
and enzymes can effectively achieve the unity of economic, environmental, and social 
benefits. 

T a b l e  3

Parameters used as the annual input and output for control and pilot groups  
as well as the LCA results of AcoD of sewage sludge and corn silage 

Item Parameter Control 
group 

Pilot  
group 

Life cycle assessment [kUS $/year] 
Cost of  

control group 
Cost of  

pilot group Saving 

Input 

Sludge 3394.5 t 3394.5 t – – – 
Corn silage 876 t 876 t 172.33 172.33 0 
Fe0  87.6 t 0 93.15 –93.15 
Cellulase  10.95 t 0 110.92 –110.92 
Papain  5.475 t 0 89.67 –89.67 
Electric energy 29 200 kWh 29 200 kWh 2.79 2.79 0 

Output 

Biogas 7701.5 m3 10256.5 m3 – – – 

Methane 3173.02 m3 5056.45 m3 

349.08  
(power generation) 

542.18  
(power generation) 193.10 

299.10  
(heat energy) 

397.72  
(heat energy) 98.62 

CO2 3273.14 m3 3651.31 m3 59.85 52.84 7.01 
Sludge 3302.1 t 2812.6 t 270.66 230.54 40.12 

Total  45.11 

4. CONCLUSIONS 

The characteristics of co-substrate anaerobic digestion (AcoD) technology was studied 
through a series of tests. The feasibility of enhancing its performances of co-digestion of 
sludge and corn silage under the synergistic action of the ferric enzyme was analyzed 
through life cycle assessment. The effects of Fe0, cellulase, and papain on biogas production 
and COD removal rates during AcoD of sewage sludge and corn silage co-substrates under 
the synergistic action of the iron and enzymes were studied. After stabilization of the co-
substrate anaerobic digestion system, the TCOD removal rate was 48.21%, the VFA con-
sumption rate was 52.72%, and the biogas production was 2.81 dm3/day, according to the 
optimal ratio of Fe0, cellulase, and papain. When all these additives were added at the same 
time, TCOD removal rate, VFA concentration, and biogas production were greatly in-
creased, which indicated that Fe0 and enzymes could not only strengthen the hydrolysis 
but also enhance the methanogenesis. Thus, Fe0 and enzymes played a synergistic role 
in the process of co-substrate anaerobic digestion. Life cycle assessment (LCA) was 
used to evaluate the environmental impact of anaerobic co-digestion of sewage sludge 
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and corn silage co-substrates under the synergistic action of ferric enzymes and the eco-
nomic rationality of its practical application in engineering. The results showed that com-
pared with the control group, each 300-m3 sewage sludge and corn silage anaerobic diges-
tion tank in the experimental group could save about 45 000 US $ per year, and the CO2 
emission reduction reached 492.86 m3 per year. This indicated that the anaerobic co-
digestion of sludge and corn silage co-substrates could benefit the economy, environ-
ment, and social development under the synergistic action of Fe0 and enzymes. 

ACKNOWLEDGEMENTS 

This work was financially supported by the Natural Science Foundation of Shanghai, China 
(18ZR1426100), and the USST Program of Science and Technology Development (2018KJFZ117). 

REFERENCES 

[1] PELLERA F.M., GIDARAKOS E., Anaerobic digestion of solid agroindustrial waste in semi-continuous 
mode. Evaluation of mono-digestion and co-digestion systems, Waste Manage., 2017, 68, 103–119. 

[2] XIE S., HAI F.I., ZHAN X., GUO W., NGO H.H., PRICE W.E., NGHIEM L.D., Anaerobic co-digestion. 
A critical review of mathematical modelling for performance optimization, Bioresour. Technol., 2016, 
222, 498–512. 

[3] AMNUAYCHEEWA P., HENGAROONPRASAN R., RATTANAPORN K., KIRDPONPATTARA S., CHEENKACHORN K., 
SRIARIYANUN M., Enhancing enzymatic hydrolysis and biogas production from rice straw by pretreat-
ment with organic acids, Ind. Crops Prod., 2016, 87, 247–254. 

[4] KHATRI S., WU S., KIZITO S., ZHANG W., LI J., DONG R., Synergistic effect of alkaline pretreatment and 
Fe dosing on batch anaerobic digestion of maize straw, Appl. Energ., 2015, 158, 55–64. 

[5] SALEM A.Z.M., ELGHANDOUR A.A., RODRÍGUEZ G.B., Anaerobic ensiling of raw agricultural waste 
with a fibrolytic enzyme cocktail as a cleaner and sustainable biological product, J. Clean. Prod., 
2017, 142, 2649–2655. 

[6] MICHALSKA K., BIZUKOJĆ M., LEDAKOWICZ S., Pretreatment of energy crops with sodium hydroxide 
and cellulolytic enzymes to increase biogas production, Biomass Bioenerg., 2015, 80, 213–221. 

[7] ROMERO-GÜIZA M., VILA J., MATA-ALVAREZ J., CHIMENOS J., ASTALS S., The role of additives on an-
aerobic digestion. A review, Renew. Sust. Energ. Rev., 2016, 58, 1486–1499. 

[8] WANG X., LI Z., ZHOU X., WANG Q., WU Y., SAINO M., BAI X., Study on the bio-methane yield and 
microbial community structure in enzyme enhanced anaerobic co-digestion of cow manure and corn 
straw, Bioresour. Technol., 2016, 219, 150–157. 

[9] SINDHU R., KUTTIRAJA M., PRABISHA T.P., Development of a combined pretreatment and hydrolysis 
strategy of rice straw for the production of bioethanol and biopolymer, Bioresour. Technol., 2016, 
215, 1–6. 

[10] SAWATDEENARUNAT C., SUNG S., KHANAL S.K., Enhanced volatile fatty acids production during an-
aerobic digestion of lignocellulosic biomass via micro-oxygenation, Bioresour. Technol., 2017, 237, 
39–45. 

[11] ABDELSALAM E., SAMER M., ATTIA Y.A., ABDEL-HADI M.A., HASSAN H.E., BADR Y., Influence of zero 
valent iron nanoparticles and magnetic iron oxide nanoparticles on biogas and methane production 
from anaerobic digestion of manure, Energy, 2017, 120, 842–853. 



56 H. ZHOU et al. 

[12] ZHOU H., ZHOU J., WANG M., WANG X., ZHANG Q., ZHANG Q., Removal of typical pharmaceutically 
active compounds in sewage sludge using mesophilic and thermophilic anaerobic digestion processes, 
Int. J. Environ. Sci. Technol., 2015, 12, 2169–2178. 

[13] ZHOU H., LV S., YING Z., WANG Y., LIU J., LIU W., Characteristics of two-phase mesophilic anaerobic 
digestion of co-substrates consisting of waste activated sludge and corn silage based on modified 
ADM1, Waste Manage., 2019, 91, 168–178. 

[14] LIU J., Characteristics of Anaerobic Co-Digestion of Sewage Sludge and Corn Silage under Sinergistic 
Effects of Ferrous Powder and Enzymes, University of Shanghai for Science and Technology, Shang-
hai, China, 2019. 

[15] CLESCERI L., GREENBERG A., EATON A., Standard Methods for the Examination of Water and 
Wastewater, 20th Ed., American Public Health Association, Washington, DC, 2001. 

[16] LAHAV O., MORGAN B.E., LOEWENTHAL R.E., A rapid simple and accurate method for measurement 
of VFA and carbonate alkalinity in anaerobic reactors, Environ. Sci. Technol., 2002, 36, 2736–2741. 

[17] YUAN X., MA L., WEN B., ZHOU D., KUANG M., YANG W., CUI Z., Enhancing anaerobic digestion of cot-
ton stalk by pretreatment with a microbial consortium (MC1), Bioresour. Technol., 2016, 207, 293–301. 

[18] LABATUT R.A., ANGENENT L., SCOTT N.R., Biochemical methane potential and biodegradability of 
complex organic substrates, Bioresour. Technol., 2011, 102, 2255–2264. 

[19] LATIF M.A., MEHTA C.M., BATSTONE D.J., Influence of low pH on continuous anaerobic digestion of 
waste activated sludge, Water Res., 2017, 113, 42–49. 

[20] VIVEKANAND V., MULAT D.G., EIJSINK V.G.H., Synergistic effects of anaerobic co-digestion of whey, 
manure and fish ensilage, Bioresour. Technol., 2018, 249, 35–41. 

[21] LIU Y., ZHANG Y., NI B.J., Zero valent iron simultaneously enhances methane production and sulfate 
reduction in anaerobic granular sludge reactors, Water Res., 2015, 75, 292–300. 

[22] YUAN Y., WANG S., LIU Y., LI B., WANG B., PENG Y., Long-term effect of pH on short-chain fatty acids 
accumulation and microbial community in sludge fermentation systems, Bioresour. Technol., 2015, 
197, 56–63. 

[23] ZIELS R.M., KARLSSON A., BECK D.A.C., EJLERTSSON J., YEKTA S.S., BJORN A., STENSEL H.D., 
SVENSSON B.H., Microbial community adaptation influences long-chain fatty acid conversion during 
anaerobic codigestion of fats, oils, and grease with municipal sludge, Water Res., 2016, 103, 372–382. 

[24] ZHAO J., WANG D., LIU Y., Novel stepwise pH control strategy to improve short chain fatty acid pro-
duction from sludge anaerobic fermentation, Bioresour. Technol., 2018, 249, 1–8. 

[25] HE C.S., HE P.P., YANG H.Y., LI L.L., LIN Y., MU Y., YU H.Q., Impact of zero-valent iron nanoparti-
cles on the activity of anaerobic granular sludge. From macroscopic to microcosmic investigation, 
Water Res., 2017, 127, 32–40. 

[26] EDWARDS J., OTHMAN M., CROSSIN E., Life cycle assessment to compare the environmental impact of 
seven contemporary food waste management systems, Bioresour. Technol., 2018, 248, 56–73. 


