
INTRODUCTION

Sewage sludge is the product of wastewater treatment

processes. Management of sewage sludge is one of the main

environmental issues in China, since the amount of sludge

has been increasing dramatically during the past decade.

Sewage sludge is not only a pollutant, but also an available

biomass resource. Anaerobic digestion can effectively utilize

the bioenergy of sewage sludge, with the production of methane

fuel. In this process, sewage sludge is first hydrolyzed and

fermented into fatty acids and then further converted into

acetate and hydrogen, both of which are lastly converted into

methane1. However, the conventional anaerobic fermentation

technology does not collect hydrogen, an important interme-

diate product during the fermentation process.

Hydrogen is a clean energy, producing only from water

upon combustion, as well as being an industrial chemical with

multiple applications2. Hydrogen has an energy yield of 122

kJ/g, ca. 2.75 times higher than those of hydrocarbons3.

Recently, hydrogen fermentation from sewage sludge has

drawn more and more attention4. However, hydrogen fermen-

tation cannot degrade organics completely, producing a great

amount of fatty acids, which can be converted into methane

by methanogens5. Therefore, co-production of hydrogen and

methane in a two-stage anaerobic fermentation process can

increase energy conversion and substrates utilization efficien-
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cies. Researches on the two-stage hydrogen and methane

production have been attempted using readily biodegradable

substrates, such as glucose5, food waste6, potato7 and stillage8

etc., whereas sewage sludge is generally used as inoculum

and reports on two-stage hydrogen and methane fermentation

from sewage sludge are limited.

Sewage sludge of most wastewater treatment plants in

China has a relative low C/N ratio of less than 5:1, which

results in a low biogas yield in fermentation process. In China,

lignocellulosic biomass is an abundant biomass resource

produced during agricultural activities, with the annual yield

of more than 0.7 billion tons, among which the amount of

cornstalk is around 220 million tons9. The C/N ratio of corn-

stalk is about 50:1, which is much higher than that of sewage

sludge. Therefore, addition of cornstalk into sewage sludge

can adjust the C/N ratio of fermentation feedstock and thus

enhance the biogas production in the anaerobic fermentation

process. Most of organics in sewage sludge are microbial

cellular materials wrapped by cell wall, which are difficult to

be utilized directly. Also, direct fermentation of cornstalk is

inefficient due to its complex structure with high crystallinity.

Therefore, pretreatment of sludge and cornstalk biomass by

diluted acid, alkali, or heat have been extensively studied to

improve their fermentation efficiencies and alkaline pretreat-

ment has been proved to be an effective method10-12.
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This study was conducted to investigate the effects of corn-

stalk addition on hydrogen and methane production from

sewage sludge in the two-stage fermentation process. Cornstalk

and sewage sludge were pretreated by alkali and mixed by

different proportions to adjust C/N ratio of fermentation

substrates. Parameters examined included hydrogen and

methane yields, hydrogen production rates, volatile fatty acids

composition and energy analysis.

EXPERIMENTAL

Substrates used in this study includes sewage sludge and

cornstalk waste. Sewage sludge was taken from secondary

sedimentation tank of Ji Zhuangzi wastewater treatment plant

in Tianjin, China. The sewage sludge contained 96 % water

and 4 % total solids (TS) and 49.2 % of total solid was volatile

solids (VS). C/N ratio of sewage sludge was 4.3:1. Cornstalk

was obtained from Shandong province, China, with a water

content of 8 %, VS/TS ratio of 92.9 % and C/N ratio of 53:1.

The total solids of cornstalk contained 31.8 % of cellulose,

19.5 % of hemicellulose, 28.1 % of lignose and 20.6 % other

components.

The activated sludge obtained from Ji Zhuangzi waste-

water treatment plant was cultured under anaerobic condition

for five days and used as seed sludge for methane production.

The anaerobic sludge heated at 105 ºC for 0.5 h was used as

seed sludge for hydrogen production. The VS/TS ratios of seed

sludge for hydrogen and methane production stages were 48.2

and 46.7%, respectively.

Experimental procedure: The substrates were pretreated

before anaerobic fermentation. Cornstalk was first shredded

into small pieces and those with particle size of 0.9 mm were

selected by sieve for fermentation experiments. The shredded

cornstalk was then immersed in 2 % NaOH solution at 50 ºC

for 48 h. The sewage sludge was immersed in NaOH solution

at pH 12 at room temperature for 24 h.

The experiments were carried out in 300 mL serum bottles

filled with 150 mL of substrates. The pretreated cornstalk and

sewage sludge were mixed by TS ratio of 2:1, 3:2, 1:1, 2:3,

respectively and the sewage sludge without cornstalk addition

served as control. Batch experiments were conducted in

parallel at each TS ratio between cornstalk and sewage sludge.

The initial substrates concentration in each bottle was 10 g-

VS/L. The initial pH was 7 and the seed sludge for hydrogen

production was 0.25 g dry weight. Each bottle was purged by

nitrogen gas for 15 min and then sealed by rubber stopper.

The bottles were put in a shaker with shaking speed of 120

rpm and the temperature of the shaker was kept at 37 ºC. After

hydrogen production ceased, added seed sludge for methane

production with dry weight of 0.74 g into each bottle and

adjusted the pH to pH 7. Each bottle was purged by nitrogen

gas for 15 min again before sealing and then put in the shaker

for methane fermentation under shaking speed of 120 rpm

and the temperature of 37 ºC.

Methods of analysis: The volume of biogas produced in

the bottle was measured using a glass syringe. Hydrogen and

methane contents in the biogas were analyzed by a gas chro-

matograph (BEIFEN 3040, China) equipped with a thermal

conductivity detector and a packed column (TDX-01, 2 m).

Argon was used as carrier gas with a flow rate of 35 mL/min.

The temperature of column and injection port was 100 ºC and

the detector temperature was 130 ºC.

The cumulative hydrogen/methane production can be

calculated by the following equation:

)CC(VCVVV 1202g12 −×+×+= (1)

where V2 and V1 represent the cumulative hydrogen/ methane

production at the time t2 and t1, respectively (mL), C2 and C1

the hydrogen/methane contents in the headspace of serum

bottle at the time t2 and t1, respectively (%), V0 the volume of

headspace (mL), Vg the volume of biogas produced in the bottle

from time t1 to t2 measured by a glass syringe (mL).

Volatile fatty acids (VFA) were analyzed by another gas

chromatograph (SP6890, China) equipped with a hydrogen

flame ionization detector and a 10 m × 0.53 mm fused-silica

capillary column (HP-FFAP). Nitrogen was used as carrier

gas with a flow rate of 6 mL/min. The temperature of column

and injection port was 200 ºC and the detector temperature

was 250 ºC. TS and VS of sewage sludge and cornstalk were

determined by standard methods13. Soluble protein in the

liquid phase was measured by Lowry's method14.

Kinetic modeling: The cumulative hydrogen volume in

the batch reactor followed the modified Gompertz equation15:

( )
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where H represents the cumulative hydrogen production (mL),

λ the lag phase time (h), P the hydrogen production potential

(mL) and Rm the maximum hydrogen production rate (mL/h).

The values of P, Rm and λ for each experiment were determined

by best fitting the hydrogen production data for eqn. 2 using

Microsoft's software Excel 2003.

The hydrogen yield (mL/g-VS), maximum specific

hydrogen production rate (mL/h/g-VS) and methane yield

(mL/g-VS) were calculated by eqns. 3, 4 and 5, respectively.

feedstock in VS Total

H
 yield Hydrogen = (3)

Maximum specific hydrogen production rate

      
feedstock in VS Total

Rm= (4)

feedstock in VS total

production methane Cumulative 
 yield Methane = (5)

RESULTS AND DISCUSSION

Hydrogen production: Cumulative hydrogen volumes

and maximum hydrogen production rates at various TS ratios

between cornstalk and sewage sludge (defined as and herein-

after called RS) were simulated by the modified Gompertz

equation. Fig. 1 illustrates data of hydrogen yields and maxi-

mum specific hydrogen production rates calculated by eqns.

3 and 4 at different RS.

Fig. 1 shows that hydrogen yield increased with the corn-

stalk proportion in the mixed substrates. The hydrogen yield

reached 13.4 mL/g-VS at RS of 2:1, which was more than 12

times higher than the control. The hydrogen yield for sewage
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Fig. 1. Hydrogen yield and maximum specific hydrogen production rate

at various RS

sludge fermentation without cornstalk addition (control) was

1.0 mL/g-VS, which was higher than the reported 0.35 mL/g-

VS for the raw sludge fermentation without pretreatment16. In

a study of hydrogen production from sewage sludge and rice

straw, no hydrogen production was observed for both raw

sludge and heat-treated sludge17, suggesting the low hydrogen

production potential for sole sludge fermentation. The maxi-

mum hydrogen yield of 13.4 mL/g-VS at RS of 2:1 in this

study was comparable to the reported 10.8-14.8 mL/g-VS for

co-digestion of rice straw and sewage sludge at RS of about

8:117.

Fig. 1 also shows that the maximum specific hydrogen

production rates were closed to each other at various corn-

stalk proportions with the values of 2.96-3.03 mL/h/g-VS,

which were considerably higher than the rate of control with

a value of 0.31 mL/h/g-VS. Results of a separate series of

experiments showed that the maximum specific hydrogen

production rate of the alkali-treated cornstalk was 1.93 mL/h/

g-VS, which was ca. 35 % lower than those in the fermentation

of mixed cornstalk and sewage sludge. This suggests that

co-fermentation of cornstalk and sewage sludge was likely to

increase the hydrogen production rate, compared to fermen-

tation of sole cornstalk or sewage sludge.

In the hydrogen production stage, no methane produc-

tion was observed for the fermentation of mixed substrates.

However, fermentation of sole sludge produced both hydro-

gen and methane and the methane content in the biogas

increased gradually during the whole hydrogen fermen-

tation process. Further study for the reason of this aspect is

warranted.

Methane production: After 21 h, hydrogen production

ceased. The pH of substrates was adjusted to pH 7 and methane-

producing sludge was inoculated into each bottle for the

methane production stage. Fig. 2 plots methane yields with

time at RS values varying from 0 to 2. Results show that

methane yields increased with cornstalk proportion, with a

maximum value of 172.6 mL/g-VS at RS of 2:1, which was

1.4 times of that for the RS of 0. This maximum yield was

also comparable to the reported 182 mL/g-VS for another

alkali-treated sludge18.
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Fig. 2. Methane yield at various RS

Fig. 2 also shows that methane was produced at relatively

higher rates in two periods during the whole methane fermen-

tation stage, which were 0-150 and 300-650 h, respectively.

In the first 0-150 h, methane was produced rapidly without a

noticeable lag phase and then gradually leveled off. At around

220 h, methane started to be produced again and in the after-

wards 300-650 h, methane was produced at the highest rates.

This was different from methane production in a single-stage

fermentation process, which experienced only one rapid biogas

production period after a lag phase time19.

Variation of volatile fatty acid

Volatile fatty acid production in the hydrogen produc-

tion stage: VFAs were important by-products in hydrogen

fermentation process. Table-1 shows the concentrations of total

VFA and main components at various RS values. Results in

Table-1 show that the total VFA concentration increased with

cornstalk proportion in the substrates. This might be due to

the relatively more soluble reducing sugar dissolved out from

cornstalks during the alkali-pretreatment process for the subs-

trates with higher cornstalk proportions. In the hydrogen fermen-

tation process, hydrogen-producing bacteria preferentially

utilized the soluble reducing sugar and thus produced more

VFAs for those with more cornstalks in the substrates.

Table-1 shows that acetate was the main composition of

VFA (82-84 %), followed by butyrate (9-11 %) for the fermen-

tation of mixed cornstalk and sewage sludge. This result was

different from those of hydrogen fermentation of carbohydrates

in many studies, in which more butyrate or comparable acetate

and butyrate were detected in the VFA products20,21. However,

for the hydrogen fermentation from sole sewage sludge, the

main compositions of VFA product were acetate (58.3 %),

propionate (12.6 %) and i-valerate (14.3 %) and very little

butyrate (5.2 %) was detected. This result was similar to those

of hydrogen fermentation from both untreated and various

pretreated sludge16,22.

Many pathways have been proposed for hydrogen produc-

tion according to the main fermentation products mainly
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including acetate, butyrate and ethanol. However, some

reactions may occur during fermentation tending to consume

hydrogen with the production of other by-products, such as

propionate1, as shown in eqn. 6. This might be one of the

reasons of less hydrogen yield for the sole sewage sludge

fermentation with more propionate produced.

C6H12O6 + 2H2 → 2CH3CH2COOH + 2H2O (6)

Volatile fatty acid variation in the methane production

stage: As illustrated in Fig. 2, methane was produced at rela-

tively higher rates in two periods, which were 0-150 and 300-

650 h, respectively. Fig. 3 illustrates the concentrations of

various VFA compositions at the end of hydrogen production

stage and cumulative methane volume in the 0-150 h of meth-

ane production stage. Fig. 3 shows that methane production

in the first 0-150 h increased with cornstalk proportion in the

substrates, as well as the total VFA and acetate concentrations

produced in the hydrogen production stage. This result suggests

that in the first 0-150 h, methanogens mainly utilized the VFAs

produced in hydrogen production stage to produce methane

without a lag phase.
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and cumulative methane volume in the first 0-150 h of methane

production stage

Fig. 4 illustrates data of concentrations of soluble protein

and main VFA compositions including acetate, butyrate and

propionate at various fermentation stage for each RS condi-

tion. Fig. 4 shows that at the 220 h of methane production

stage, concentrations of acetate and butyrate increased drama-

tically with the decrease of soluble protein and propionate

increased slightly. This is likely to be the reason that methane

started to be produced again at around 220 h and methane
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TABLE-1 

CONCENTRATIONS AND COMPOSITIONS OF VOLATILE FATTY ACID (VFA) AT THE END OF HYDROGEN PRODUCTION STAGE 

VFA composition (%) 
RS VFA (mg/L) 

Ethanol Acetate Propionate i-Butyrate Butyrate i-Valerate Valerate 

0 444.0 0.2 58.3 12.6 6.0 5.2 14.3 3.4 

2:3 789.9 0.1 82.4 3.1 1.4 9.4 3.2 0.4 

1:1 930.5 1.5 83.9 2.1 1.0 9.0 2.2 0.4 

3:2 1073.0 1.3 84.2 2.4 0.5 10.0 0.9 0.7 

2:1 1568.1 1.4 84.2 1.3 1.1 10.9 0.9 0.2 
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Fig. 4. Concentrations of acetate (A), propionate (B), butyrate (C) and

soluble protein (D) at different periods of methane production stage

for various RS

production rate increased considerably from the 300 h of this

stage as shown in Fig. 2. At the end of methane production,

acetate and butyrate were completely consumed and propionate

was the main VFA composition.

Energy analysis: Table-2 compiles data of hydrogen and

methane yields, hydrogen and methane energy and their

respective percentage in the total energy production. Hydrogen

and methane energy were calculated according to their

combustion heats of 890 and 286 kJ/mol, respectively23.

Table-2 shows that most of biogas energy produced in

the two-stage fermentation process were from methane,

whereas hydrogen energy only accounted for 0.3-2.8 %. In the

sewage sludge fermentation, almost all of energy production

was methane energy. In the co-fermentation of mixed cornstalk

and sewage sludge, both total energy and hydrogen energy

increased with cornstalk proportion. Table-2 also shows that

total energy production was relatively higher when the percen-

tage of hydrogen energy was higher. This suggests that

improving hydrogen yield is likely to increase the total biogas

energy recovery.

Conclusion

Addition of cornstalk in sewage sludge increased both

hydrogen and methane yields in the two-stage fermentation

process. At the substrate concentration of 10 g-VS/L and TS

ratio of 2:1 between cornstalk and sewage sludge, hydrogen

and methane yields were 13.4 and 172.6 mL/g-VS, respec-

tively, which were respective around 13 and 1.4 times of those

for sewage sludge fermentation. Acetate was the main compo-

sition of VFA products in hydrogen production stage. Methane

was produced at relatively higher rates in two periods, which

were 0-150 and 300-650 h, respectively. In the first 0-150 h,

methanogens mainly utilized the VFAs produced in hydrogen

production stage to produce methane without a lag phase and

methane production rate increased considerably at around 300

h due to VFA accumulation by hydrolysis. Most of biogas

energy produced in the two-stage fermentation process were

from methane, whereas hydrogen energy only accounted for

0.3-2.8 %. Both total energy and hydrogen energy production

increased with cornstalk proportion.
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HYDROGEN AND METHANE ENERGY PRODUCTION 

Hydrogen Methane 
RS 

Yield (mL/g-VS) Energy (kJ/g-VS) Energy (%) Yield (mL/g-VS) Energy (kJ/g-VS) Energy (%) 

Total energy 

(kJ/g-VS) 
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