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Abstract

Goat manure (GM) is an excellent raw material for anaerobic digestion because of its high total nitrogen content and
fermentation stability. Several comparative assays were conducted on the anaerobic co-digestion of GM with three crop
residues (CRs), namely, wheat straw (WS), corn stalks (CS) and rice straw (RS), under different mixing ratios. All digesters were
implemented simultaneously under mesophilic temperature at 3561 uC with a total solid concentration of 8%. Result
showed that the combination of GM with CS or RS significantly improved biogas production at all carbon-to-nitrogen (C/N)
ratios. GM/CS (30:70), GM/CS (70:30), GM/RS (30:70) and GM/RS (50:50) produced the highest biogas yields from different co-
substrates (14840, 16023, 15608 and 15698 mL, respectively) after 55 d of fermentation. Biogas yields of GM/WS 30:70 (C/N
35.61), GM/CS 70:30 (C/N 21.19) and GM/RS 50:50 (C/N 26.23) were 1.62, 2.11 and 1.83 times higher than that of CRs,
respectively. These values were determined to be the optimal C/N ratios for co-digestion. However, compared with
treatments of GM/CS and GM/RS treatments, biogas generated from GM/WS was only slightly higher than the single
digestion of GM or WS. This result was caused by the high total carbon content (35.83%) and lignin content (24.34%) in WS,
which inhibited biodegradation.
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Introduction

China is one of the largest agricultural countries in the world.

The production of net available crop residues (CRs) in China is

estimated to be over 800 million t/yr [1], which ranks first in the

world. The use of agricultural waste as a major component of

renewable energy is suitable for improving energy security and

decreasing environmental disruption caused by carbon emissions

[2,3]. Wheat straw (WS), rice straw (RS) and corn stalks (CS) are

the top three agricultural wastes in China and account for 80.5%

of the total output (15.7%, 24.2% and 40.6%, respectively) [1].

Thus, studying the energy generation potential of these three

wastes is important.

Anaerobic digestion (AD) is a biological process that produces

biogas from bio-degradable wastes by bacteria under poor or no

oxygen conditions. In the past two decades, AD has been applied

as an effective technology for solving the energy shortage and

environmental pollution problems of biotechnology industries and

residential activities caused by heating and electricity generation

[4,5,6].

CRs and animal manure have recently been used together to

produce biogas by AD. Compared with the single digestion of

feedstock, the co-digestion of CRs and animal manures increases

the rate of biogas production because of the greater balance

between carbon and nitrogen [7] and improves AD efficiency [8].

Annual goat manure (GM) yield in China is approximately

3.216108 t followed by dairy manure, swine manure and chicken

manure [9]. The total nitrogen (TN) contents of fresh GM (1.01%)

and chicken manure (1.03%) are significantly higher than those of

dairy manure (0.35%) and swine manure (0.24%) [10]. High TN

content is beneficial to co-digestion with CRs because it decreases

the carbon-to-nitrogen (C/N) ratios of single CRs substrates. GM

is also insensitive to acidification during anaerobic fermentation

[11,12]. Hence, GM is an excellent raw material for AD. Although

various raw materials, such as agricultural waste, animal manures,

sewage sludge and food waste have been reported as potentially

feasible for co-digestion [7,13,14,15,16,17,18,19,20], the suitable

mixing ratios of multi-component substrates between GM and

various CRs are largely unknown.

We investigated the biogas-producing efficiency of anaerobic

co-digestion influenced by different GM and CR mixing ratios.

The best ratio between these substrates was obtained by

comparing the results. Furthermore, an optimum co-digestion

condition for biogas production was proposed.

Materials and Methods

Feedstocks and inocula
GM was obtained from a local livestock farm near Northwest

Agriculture and Forestry University (NWAFU), Yangling Shaanxi,
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China. WS, CS and RS were collected from the experimental field

of NWAFU. All of these straws were cut into sections at lengths of

2 cm to 3 cm by using a grinder. Inoculum was the anaerobic

sludge of dairy manure, which was obtained from an anaerobic

digester in a local village.

Experimental digester and design
The experiment was conducted according to Song et al. (2012)

by using lab-scale anaerobic digesters fabricated from 1 L

Erlenmeyer flasks. Batch reactors were used to determine the co-

digestions of GM mixed with three CRs. The working volume of

each digester was 700 mL, including 140 g inocula and an

appropriate amount of digesting material. Deionized water was

added to digesters to maintain a total solid (TS) content of 8% [5].

All reactors were gently mixed manually for approximately 1 min/

d prior to biogas volume measurement.

To obtain the best mixing ratio of the co-digestion of GM

supplemented with three CRs as external carbon sources, five

different mixing mass ratios at 90:10, 70:30, 50:50, 30:70 and

10:90 were tested under mesophilic condition (3561uC) for 55 d.

Unmixed GM (100:0) and CR (0:100) were anaerobically digested

as controls. Each treatment was performed thrice with a control to

investigate the effect of different mixed ratios on biogas

production.

Analysis and statistics
The TS, volatile solids (VS), pH, volatile fatty acid (VFA), and

TN content of the materials were determined in accordance with

the Standard Methods for the Examination of Water and Wastewater of the

American Public Health Association [21]. Total carbon (TC) and

lignin contents were analyzed by using the method described by

Cuetos et al. and Song et al. [5,22]. The amount of biogas

produced from each digester was recorded every day by using the

water displacement method during the digestion period. Each

batch experiment was deemed complete when a clear downward

trend in daily biogas volume produced was observed for 10 d.

ANOVA was performed to determine the significant differences

among each treatment by using SAS version 8.12 (SAS Institute

Inc., Cary, NC, USA).

Results and Discussion

Substrate characteristics
The C/N ratios of the different substrates and substrate

mixtures in AD greatly influence biogas production [23,24]. A

higher carbon content provides more carbon for CH4 production,

whereas a lower nitrogen content limits microbial activity because

microbes need a considerable amount of nitrogen to maintain

growth [8]. The ideal C/N ratios range from 9 to 30 for anaerobic

digesters [25]. The chemical characteristics of substrates used in

this study are shown in Table 1. The C/N ratio of GM was 17.97,

which is too low for biogas production. However, the C/N ratios

of WS, CS and RS were significantly higher (91.17, 88.13 and

92.91, respectively) than that of GM (P,0.01). This result

suggested that CRs increased methane production when co-

digested with GM under the optimal C/N ratio.

Biogas yields and production rates at different GM/CR
ratios

The daily biogas production by the co-digestion of GM and

CRs during 55 d of digestion was calculated under different

mixing ratios (Fig. 1). Samples from the mixing ratios of GM/WS

30:70, GM/CS 30:70 and GM/RS 50:50 were measured, and

their peak yield values were 570, 585 and 525 mL/d on the 17th,

19th and 11th d, respectively (Fig. 1). The digestion of single GM

substrate (100:0) produced biogas earlier than other combinations

but had two relatively small peaks (402 and 500 mL/d) (Fig. 1). By

contrast, the digestion of any single CR substrate (0:100) had only

one peak (GM/WS 547, GM/CS 540 and GM/RS 477 mL/d)

that occurred earlier than the other combinations (3rd d to 6th d)

and decreased rapidly after the 16th d (Fig. 1). These results

indicate that the co-digestion of GM and CRs could significantly

delay the attainment of the highest gas production.

The final cumulative biogas productions by the co-digestion of

GM and CRs at different mixing ratios are shown in Fig. 2. The

cumulative biogas productions for GM/WS 10:90, 30:70, 50:50,

70:30 and 90:10 were 11890, 12765, 11253, 12685 and 9650 mL,

respectively (Fig. 2A). These results showed an increase of 51.0%,

62.1%, 42.9%, 61.1% and 22.6% compared with single WS

(7874 mL), and an increase of 51.0%, 62.1%, 42.9%, and 22.6%

compared with single GM (10375 mL). However, the biogas

production of GM/WS 90:10 (9650 mL) was lower than that of

single GM (Fig. 2A). The same trends were observed for the GM/

CS and GM/RS treatments, which had considerably higher

increases (Fig. 2B and 2C). These data showed that the co-

digestion of GM and CRs greatly improved biodegradability and

biogas production at most mixing ratios compared with single

substrate digestion. Our results supported those of Wu et al. [26],

who found that co-digesting swine manure with CS, oat straw and

WS significantly increase biogas production and net CH4 volume

at all C/N ratios.

To compare the effect of single substrate digestion and co-

digestion with GM and CRs, the total biogas yield of each

combination is shown in Fig. 3. The total biogas productions of

most co-digestion systems were higher than the single digestion of

either GM or CRs except those of GM/WS 90:10 and GM/RS

10:90. GM/CS 70:30 exhibited the highest total biogas yield of

16.02 L in all treatments, which was 83.02% and 54.44% higher

than that of CS and GM alone, respectively. Among all the GM/

RS treatments, the total biogas production of GM/RS 50:50

(15.70 L) was 111.28% and 51.31% higher than that of CS alone

and GM alone, respectively. The co-digestion of GM/WS 30:70

was 62.12% and 23.04% higher than that of WS and GM alone,

respectively. Compared with the TC contents of CS (28.82%) and

RS (31.96%), the higher TC content of WS (35.83%) suppressed

Table 1. Chemical characterization of substrates used in the
co-digestion experiments.

GM WS CS RS

pH 7.9460.15 ND ND ND

TS (%) 33.6563.23, b 81.0867.62, a 81.7467.43, a 77.9266.97, a

VS (%) 82.2168.93, a 90.2969.25, a 91.4269.33, a 94.2369.42, a

TC (%) 18.2261.14, c 35.8363.17, a 28.8262.03, b 31.9662.92, ab

TN (%) 1.01460.11, a 0.39360.02, b 0.32760.04, b 0.34460.02, b

C/N 17.9760.84, b 91.1763.44, a 88.1364.65, a 92.9163.10, a

Lignin (%) ND 24.3461.89, a 15.3861.21, b 9.4960.33, c

TS, total solid; VS, volatile solids; TC, Total carbon; TN, total nitrogen.
The values are the mean 6 standard deviation of the triplicate measurements.
ND = not detected.
The ANOVA test was conducted to determine the differences between each
cultivar. Values with the same letters indicate no significant difference at
P,0.01.
doi:10.1371/journal.pone.0066845.t001
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microbial growth and methanogenesis because of the ammonium

nitrogen deficiency and low pH [22,27,28].

These results indicated that co-digestion with suitable GM and

CRs mixtures is an effective way to prolong the period of the

highest gas production and improve biogas yield. The ANOVA

indicated that the total biogas production of co-digestions were

significantly higher (P,0.01) than the single digestion of GM or

CRs (Fig. 3).

Figure 1. Daily biogas production from the co-digestion of GM and WS (A), CS (B) and RS (C) with different mixing ratios. Mean
values originated from three independent replications. Vertical bars represent standard deviations.
doi:10.1371/journal.pone.0066845.g001
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Effect of C/N ratio on biogas production
The C/N ratio represents the relationship between the amount

of carbon and nitrogen present in organic materials and is an

important indicator for controlling biological treatment systems

[23]. On one hand, a high C/N ratio indicates rapid nitrogen

consumption by methanogens and leads to lower gas production.

On the other hand, a low C/N ratio results in ammonia

accumulation and an increase in pH values, which is toxic to

methanogenic bacteria [29]. The mean value of C/N ratios for

each co-digestion combinations and single digestion ranged from

92.79 to 17.97 (Table 2). The C/N ratios of co-digestions were

significantly lower than those of CR materials (P,0.01, Table 1),

Figure 2. Cumulative biogas productions from co-digestion of GM and WS (A), CS (B) and RS (C) with different mixing ratios. Mean
values originated from three independent replications. Vertical bars represent standard deviations.
doi:10.1371/journal.pone.0066845.g002
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thus indicating that co-digestion effectively reduced the C/N ratios

of AD. Experimental data showed that the biogas yields of most

co-digestions were higher than the corresponding single digestions.

According to the cumulative biogas production (Fig. 3), the highest

biogas yields (12765, 15698 and 16023 mL) at GM/WS 30:70 (C/

N 35.64), GM/CS 70:30 (C/N 21.26) and GM/RS 50:50 (C/N

26.28) were 1.62, 2.11 and 1.83 times higher than that of CRs

only, respectively. However, the total biogas yields of three GM/

CR 10:90 treatments did not increase, and were even lower than

that of single substrate. The reason for this result was that the C/N

ratios of each GM/CR 10:90 treatment were less than 20 (Table

2). The results suggested that the ideal C/N ratio range is between

20 to 35 in the co-digestion of GM with CRs, which was consistent

with the report of Verma [29], which revealed that the optimum

C/N ratios in anaerobic digesters were between 20 to 30.

CRs typically contain high lignocellulosic contents. Problems

such as low gas yield during the AD of these materials were usually

associated with a high C/N ratio or high lignin content [30].

Although the C/N ratio was reduced by most co-digestions, no

apparent increasing trend was observed in the biogas production

of GM/WS, which even decreased slightly (GM/WS 90:10)

compared with GM only. This phenomenon possibly resulted

from the significantly higher lignin content (24.34%) of WS

substrate than those of CS and RS (15.38% and 9.47%,

respectively) (P,0.01, Table 1). To overcome the low degrad-

ability of lignin, reducing the particle size of CR substrate can

increase the degradation rate of lignocelluloses and further

improve biogas production [31].

Effects of pH and VFA
VFA and pH are the two key factors in AD [4]. The pH value

and total VFA reflected the changing processes in the reactors (Fig.

4). The curves for the individual pH and total VFA of all mixtures

and single substrates had similar trends. The growth of methan-

ogens can be significantly influenced by the pH level [32]. The

initial pH values of digesters gradually decreased from 6.5 to 6.0

with increasing CR percentage, and GM/RS 10:90 had the lowest

pH value (5.5). The pH values increased from 6.5 as the

percentage of GM increased in the 6th d, and then remained at

approximately 6.8 until the 30th d. This stability confirmed that

the daily biogas production of each mixture reached the

methanogenesis stage, and that the pH value remained at

approximately 6.8. Thereafter, the pH values dropped slightly to

6.0, thus indicating that the digestion changed in the later stages.

However, the pH values of GM/CRs 0:100 decreased rapidly

after the 18th d, thus showing the buffering capacity of GM. These

results indicated that the best pH values for the co-digestion of

GM and CRs ranged from 6.5 to 7.5.

VFAs are intermediate organic acid products, and the total

VFA concentration is considered an important indicator of

metabolic status in addition to the pH value during AD [33,34].

However, the VFA curves showed evidently contrasting trends

with that of the pH values. VFA was initially approximately

7380 mg/L to 11767 mg/L for all treatments and then decreased

to 4519 mg/L to 5484 mg/L at the 24th d. VFA increased again

and finally decreased to 9812 mg/L to 11791 mg/L at the end of

digestion (Fig. 3 and 4).

Figure 3. Total biogas productions from anaerobic co-digestion of GM with WS, CS and RS with different mixing ratios. Mean values
originated from three independent replications. Vertical bars represent standard deviations. The ANOVA test was conducted to determine the
differences between each cultivar. Values with the same letters indicate no significant difference at P,0.01.
doi:10.1371/journal.pone.0066845.g003

Table 2. Mean values for C/N ratios in the co-digestion of GM with three CRs.

Treatment Co-digestion mixing ratios

0:100 10:90 30:70 50:50 70:30 90:10 100:0

GM/WS 91.0563.44, a 58.2460.48, b 35.6460.58, c 29.7161.22, d 22.0660.82, e 19.1260.83, f 17.9760.84, f

GM/CS 88.5164.65, a 53.4362.50, b 32.6461.46, c 25.1361.13, d 21.2660.97, e 18.9060.87, e 17.9760.84, e

GM/RS 92.7963.10, a 57.4660.30, b 34.8260.61, c 26.2860.77, d 21.8060.82, e 19.0560.83, f 17.9760.84, f

The values are the mean 6 standard deviation of triplicate measurements.
The ANOVA test was conducted to determine the differences between each cultivar. Values with the same letters indicate no significant difference at P,0.01.
doi:10.1371/journal.pone.0066845.t002

Biogas Production by Co-Digestion of GM with CRs
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Figure 4. VFA concentrations and pH values from the co-digestion of GM and WS (A), CS (B) and RS (C) with different mixing ratios.
Mean values originated from three independent replications. Columns represent VFA, lines represent pH values, and vertical bars represent standard
deviations. VFA, volatile fatty acid.
doi:10.1371/journal.pone.0066845.g004
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The ammonia produced by the biological degradation of

proteins and urea often results in VFA accumulation. The

accumulation of VFA leads to the decrease of pH value, thus

affecting the growth of methanogens during the AD process

[6,24,30]. Our results showed that pH and VFA were co-related

with biogas yield in AD. Thus, the pH values were proportional to

biogas yield, whereas VFAs were inversely proportional. These

results further indicated that pH decreased with increasing VFA

accumulation. High concentrations of VFA are toxic to methan-

ogens and inhibits hydrolysis rates in reactors [35]. The interaction

between pH and VFA may lead to an ‘‘inhibited steady state’’ with

a lower methane yield [30,36,37]. The extended gas production

peaks in each mixing treatment might be explained by the co-

digestion of GM and CRs, which relieves the inhibited steady state

caused by pH and VFA effectively. The co-digestion of GM and

CRs improves the buffering capacity to VFA accumulation and

inhibits the acidogenesis process, which is consistent with the

previous study [38].

Conclusion

The anaerobic co-digestion of GM with CRs is a promising way

for improving biogas production. This co-digestion not only

resolves the environmental problems caused by straws burning,

but also overcomes C/N ratio imbalances in single digestion

substrates and enhances the AD process.

Our results showed that the anaerobic co-digestions of GM with

CS and RS were efficient and produced more cumulative biogas

by reducing the C/N ratios of substrates. The best ratios were

GM/CS 30:70, GM/CS 70:30, GM/RS 30:70 and GM/RS

50:50. However, the co-digestion of GM with WS did not improve

the biogas yield significantly, which is consistent with the result in

previous research [26]. The higher TC content of WS suppressed

microbial growth and methanogenesis because of the deficiency of

ammonium nitrogen and low pH. For the pH and VFA ranges in

this study, pH decreased with increasing VFA accumulation, thus

leading to the inhibition of biowaste hydrolysis rates.
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