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Abstract Solid state anaerobic digestion, as a safe and

environment-friendly technology to dispose municipal

solid wastes, can produce methane and reduce the volume

of wastes. In order to raise the digestion efficiency, this

study investigated the pretreatment of yard waste by ther-

mal or chemical method to break down the complex lig-

nocellulosic structure. The composition and structure of

pretreated yard waste were analyzed and characterized.

The results showed that the pretreatment decreased the

content of cellulose and hemicelluloses in yard waste and

in turn improved the hydrolysis and methanogenic pro-

cesses. The thermal pretreatment sample (P1) had the

highest methane yield, by increasing 88 % in comparison

with digesting the raw material. The maximum biogas

production reached 253 mL/g volatile solids (VS). The

largest substrate mass reduction was obtained by the

alkaline pretreatment (P5). The VS of the alkaline-treated

sample decreased about 60 % in comparison with the raw

material.
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Introduction

Anaerobic digestion (AD) of biomass waste has gained

increased attention as a means of producing biogas and

solving the problems associated with the organic waste

disposal, which has been widely applied to treatment of

municipal solid waste (MSW) (Lin et al. 2009; Fernández

et al. 2005; Cuetos et al. 2008; Bolzonella et al. 2003). The

AD process can be divided into the steps of hydrolysis,

acidogenesis, acetogenesis/dehydrogenation and methana-

tion (Hendriks and Zeeman 2009). The first step is the

degradation of biomass waste into small molecules through

hydrolysis. In the second step, acidogenesis ferments the

break-down products to form acetic acid, hydrogen, carbon

dioxide and other lower-weight simple volatile organic

acids like propionic acid and butyric acid which are, in turn,

converted to acetic acid. In the last step, the acetic acid,

hydrogen and carbon dioxide are converted into a mixture

of methane and carbon dioxide by the methanogenic bac-

teria (Sreekrishnan et al. 2004; Li et al. 2011). The yard

waste is an important part of MSW. However, the cellulose

and hemicelluloses in the cell wall are tightly bonded with

the lignin, which leads to slow and incomplete degradation

(Ellenrieder et al. 2010; Kreuger et al. 2011; Noike et al.

2004). Therefore, an efficient pretreatment is very impor-

tant for separating cellulose and hemicelluloses from the

waste with ease and at a low cost (Park and Kim 2012). The

hydrolysis of lignocellulosic biomass is considered as a

rate-limiting step in AD (Noike et al. 2004; Lu et al. 2007).

Effective pretreatment can degrade the polysaccharide and

lignin into smaller molecules, making the cellulose and

hemicelluloses more accessible and more readily degrad-

able to anaerobic microorganisms (He et al. 2008).

The pretreatment can be performed by physical methods

such as milling, thermal treatment, steam explosion, or by
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chemical methods such as acid or alkaline treatment,

ammonia and carbon dioxide pretreatment (Chandra et al.

2007; Brown and Li 2012; Saritha et al. 2012). The thermal

pretreatment can decompose part of lignin, cellulose and

hemicelluloses (Lissens et al. 2004). The acid pretreatment

can be carried out with concentrated or diluted acid (Kumar

et al. 2009). After a pretreatment in high-concentration

acid, about 90 % hemicelluloses and cellulose can be

converted into sugar. Diluted acid pretreatment employs

relatively moderate conditions, and it can change the

polymerization, fiber density and crystallinity of the cel-

lulose. Compared with the acid pretreatment, the alkaline

pretreatment adopts lower temperature and longer treat-

ment time (Zhu et al. 2010; Monlau et al. 2012; Liang et al.

2011). The alkaline pretreatment can destroy the three-

dimensional network of lignin to release cellulose from the

lignoncellulosic polymer. Moreover, the alkaline pretreat-

ment can prevent decrease of pH during acetogenesis and

promote methanogenesis (Hashimoto 2004). The main

problem of the acidic or alkaline pretreatment is the

extremely high or low pH value and the large amount of

salt by-produced.

The novel concern of this study is to analyze the effect

of major pretreatment methods on yard waste structure and

to compare the behavior of untreated and pretreated sub-

strates for effective methane fermentation by solid state

digestion. As a matter of fact, in the literature there was

almost no report on the comparison of the effects realized

by different pretreatments on changing the material struc-

ture and dry digestion performance of biomass wastes,

although lots of studies have been conducted on the pre-

treatment for wet digestion (Rughoonundun et al. 2010;

Penaud et al. 1999).

Experimental

Materials and pretreatment methods

The yard waste was collected from a lawn in Beijing,

China. Before the experiment, the naturally dried yard

waste was milled into 5–10 mm. The main properties of the

substrate used are shown in Table 1. Both cellulose and

hemicelluloses take up about 60 % of the material mass,

while the content of lignin is only about 8 wt%.

The tested pretreatment methods were thermal, alkaline

and acidic methods according to references (Lin et al.

2013; He et al. 2008; Pang et al. 2008). The parameters of

the pretreatment were presented in Table 2. The above-

mentioned yard waste was the raw material. The digestion

experiments were separated into 2 groups. The Group-I

refers to the digestion with pretreatment only via the three

methods mentioned above, while the Group-II represents

the digestion with pretreatment and further washing using

deionized water. In each experiment, 300 g of yard waste

(dry basis) were mixed with 1200 mL NaOH or H2SO4

solution. The corresponding loading ratio of the substrate

solid matters was 6 % (w/w). The concentration of NaOH

was 0.38 mol/L and the concentration of H2SO4 was

0.15 mol/L. According to Fernández et al. (2008), the AD

with total solids (TS) of 20 wt% showed a better perfor-

mance than that of the AD with TS of 30 wt%. The TS was

20 wt% at the beginning of digestion. The amount of water

was just right for mixing well the yard waste and reagents,

which should be sufficient for chemical reaction (no extra

water existed). Hence, the additional treatment of waste

water can be avoided.

The alkaline pretreatment (P2 and P5) was carried out at

20 �C for 24 h, while the thermal pretreatment (P1 and P4)

and acid pretreatment (P3 and P6) groups were by heating

the samples to and then keeping them at 121 �C for

30 min. Extreme pH was shown to be harmful to metha-

nogenesis so that in the three methods the pH value was

carefully adjusted. After pretreatment, the pH in the Group-

I (P1, P2, P3) was adjusted to 7 ± 0.5 by adding chemical

reagents. For the Group-II (P4, P5, P6) the pH was adjusted

by washing the samples and then filtering them through an

80-mesh sieve.

Table 1 Properties of yard waste

Parameter Value

Total solids (%) 93.1

Volatile solids (%) 64.9

Total carbon (%) 21.3

Total nitrogen (%) 1.3

Carbon to nitrogen (C/N) ratio 15.9

Cellulose (%) 28.9

Hemicelluloses (%) 32.1

Lignin (%) 7.9

TS is based on the whole weight

The others are based on dry matter

Table 2 Parameters of pretreatment

Sample Reagent Time & temperature Washing or not

CK – – No

P1 – 30 min, 121 �C No

P2 0.38 mol/L NaOH 24 h, 20 �C No

P3 0.15 mol/L H2SO4 30 min, 121 �C No

P4 – 30 min, 121 �C Yes

P5 0.38 mol/L NaOH 24 h, 20 �C Yes

P6 0.15 mol/L H2SO4 30 min, 121 �C Yes
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Digestion tests and characterization

Anaerobic batch digestion of the treated and untreated yard

waste was carried out at 37 �C. The biocatalyst was

obtained from municipal wastewater treatment plant under

mesophilic operation. Each sample was inoculated with

100 mL seed cultures and digested for 60 days. The

working volume of the reactor was 1.5 L. The untreated

sample (CK) was adopted as the control test. The biogas

production was measured every 24 h. A solid sample was

taken every week. The pH value was adjusted every 24 h.

The reduction percent of substrate after digestion test was

calculated by mass loss as shown in Eq. (1), in which Xi

refers to the initial mass of substrate, Xf denotes the final

mass of substrate, and X indicates the amount of volatile

solids (VS) or total solids (TS).

Degradation efficiency ¼ 100� Xi � Xfð Þ=Xi ð1Þ

The TS and VS were determined at the beginning and

end of the digestion according to the Standard Methods for

the Examination of Water and Wastewater (APHA 2005).

The total carbon (TC) and total nitrogen (TN) were

analyzed with an elementary analyzer (VarioEl III). The

sample for analysis was centrifuged at 10,000 r/min for

10 min. The resulting liquid was measured by a pH meter

(Mettler Toledo FE20), and the solid residue was used to

analyze the content of lignin, cellulose and hemicelluloses

according to the Van Soest method (Van Soest et al. 1991).

The volume of biogas produced was measured by the so-

called water displacement method. Its composition was

determined in a gas chromatography (Agilent Micro3000-

GC) equipped with a thermal conductivity detector (TCD)

using argon as the carrier gas. The temperatures of the

injector and detector for the GC were 100 and 150 �C,

respectively. The content of monomeric sugars was

analyzed using an HPLC (Agilent 1260 series) equipped

with a Biorad Aminex HPX-87p column and a refractive

index detector (RID). The temperatures of the column and

the RID were maintained at 80 and 55 �C, respectively

(Zieminski et al. 2012).

Results and discussion

Substrate structure and composition

In the process of AD, the biomass should be first hydro-

lyzed because the chemical barriers such as lignin, hemi-

celluloses and acetyl group inhibit the accessibility of

microorganisms to the cellulose substrate (Park and Kim

2012). The chosen pretreatment methods were the thermal,

alkaline and acidic treatments. Figure 1 shows the SEM

images of the tested yard waste before and after

pretreatment. From Fig. 1a, b one can see that there was

substantial covering dust or powder on the surface of the

raw dry grass, whereas after the treatment with the thermal

method most of the dust and powder were removed so that

the surface exhibited evident stripe structure. The alkaline

pretreatment can destroy the linkages of inter-units and the

functional groups (He et al. 2008). The obvious cracks and

rough surface shown in Fig. 1c indicate that the lignin

experienced severe stripping in alkaline substances, which

means that the alkaline pretreatment disrupts the lignin

structure and breaks the linkage between lignin and the

other carbohydrate fractions in the lignocellulosic biomass.

The dilute acid pretreatment hydrolyzes hemicelluloses to

its monomeric units, thus rendering the cellulose more

available to microorganisms (Agbor et al. 2011). Figure 1d

implies that the yard waste was hydrolyzed to form scaly

structure after sulfuric acid soaking. The acid pretreatment

caused the most serious destruction of biomass. Obviously,

the pretreatment increases the specific surface area to make

more substrate exposed and accessible to anaerobic

microorganisms. It offers more accessible reactive sites for

AD and can enhance the biogas yield.

Effective pretreatment of lignocellulosic biomass is

characterized by the reduction in particle size, increase in

surface area, disruption of cellulose crystallinity, hemi-

celluloses disruption and lignin redistribution, which can

change the composition of the biomass. Therefore, the

content of hemicelluloses, cellulose and lignin changed

after the pretreatment. The pretreatment decomposed part

of the yard waste. Table 3 shows the hemicelluloses, cel-

lulose and lignin contents in yard waste before and after

pretreatment. When pretreated with the thermal method,

the hemicelluloses, cellulose and lignin contents changed

from 32.1, 28.9 and 7.9 to 24.7, 24.3 and 8.5 g/100 g TS,

respectively. When pretreated with alkaline solution, the

hemicelluloses, cellulose and lignin contents changed from

32.1, 28.9 and 7.9 to 27.7, 26. 9 and 2.7 g/100 g TS,

respectively. After the treatment with an acidic solution,

the hemicelluloses, cellulose and lignin contents were 17.3,

28. 8 and 1.7 g/100 g TS, respectively. When pretreated

with an acidic solution, the loss of hemicelluloses was

17.3 g/100 g TS, which was twice than that for the thermal

pretreatment. The loss in cellulose caused by the pretreat-

ment was lower than that for hemicelluloses due to the

physical protection of lignocellulosic structure. Cellulose

was not directly degraded by the pretreatment but changed

its fibers and crystallinity of the lignocellulosic structure.

As reported, alkali works on lignin while acid mainly

decomposes hemicelluloses (Taherzadeh and Karimi

2008). However, lignin was significantly degraded in both

alkaline and acidic pretreatments. The high temperature in

the acidic pretreatment resulted in a greater loss of lignin

than in the alkaline pretreatment. These results show that
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the pretreatment could substantially change both the

structure and composition of biomass.

Yield and composition of biogas

The crystalline cellulosic structure is shielded with lignin

and hemicelluloses, which makes it difficult to be con-

verted into biogas by anaerobic bacteria. The pretreatment

prior to the biogas production can increase the digestibility

of the lignocellulosic materials. It can also raise the bio-

degradation rate and biogas yield in biological energy

conversion processes. Figure 2 presents the effect of pre-

treatment on the cumulative yield of biogas. It can be seen

that the biogas yield was low in the first 20 days. Then, a

sharp increase in the biogas production appeared for the

Group-I on the 30th day and for the Group-II on the 15th

day. This indicates that the start-up time of digestion was

shortened by washing with deionized water after pretreat-

ment. The anaerobes had to get fit into the circumstance of

high salt density such as Na? and SO4
2? caused by more

chemical reagents in the Group-I, which can delay the

start-up time (Chen et al. 2008). The digestion of the pre-

treated biomass in the Group-I almost ended after 40 days

of fermentation, while the fermentation for the Group-II

kept a steady increase rate in gas yield till the end of

digestion. Within 60 days, the biogas production of ther-

mally pretreated sample (P1) and acidly pretreated sample

(P6) was 253 mL/g VS and 209 mL/g VS, respectively.

Both are higher than that of digestion of the raw dry grass.

Compared with Fig. 2a, the biogas production with alka-

line/acidic pretreatment grew faster in Fig. 2b. The

chemically pretreated dry grasses were washed with

deionized water to remove phenolic and heterocyclic

compounds, for example, vanillin, vanillin alcohol, furfural

and HMF that were all inhibitors for the AD. However,

some fermentable sugars were also washed out by deino-

ized water so that the biogas yield was lower for P4 than

P1. In the Group-I, the biogas yield of the sample treated

with the thermal method (P1) was higher than those treated

with the chemical methods (P2 and P3), which proved as

well the inhibition effects of salts on digestion. Water

under high pressure and high temperature can penetrate

into the biomass, and in turn hydrate cellulose and remove

(a) Raw material 

(b) Thermal pretreatment

(c) Sodium hydroxide pretreatment

(d) Sulfuric acid pretreatment

Fig. 1 SEM graphs of yard waste before and after pretreatment

Table 3 Hemicelluloses, cellulose and lignin content in yard waste

before and after pretreatment (g/100gTS)

Sample Hemicelluloses Cellulose Lignin

Raw dry grass 32.1 28.9 7.9

Thermal pretreatment 24.7 24.3 8.5

Alkaline pretreatment 27.7 26.9 2.7

Acidic pretreatment 17.3 28.8 1.7
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hemicelluloses and part of lignin. The major advantage of

the thermal pretreatment is that there is no chemical added

into the fermentation system (Chandra et al. 2012).

When pretreated with an alkaline solution, the biogas

yield was 55 mL/g VS, while after washing with deionized

water the biogas yield increased to 106 mL/g VS. It can be

seen that the biogas yield of the samples pretreated by

alkaline method was lower than that of the untreated bio-

mass (CK), which was 185 mL/g VS. This was probably

attributed to the loss of fermentable sugars in pretreatment.

Alkaline may cause reconstruction of cellulose and con-

densation of lignin (Gregg and Saddler 1996). Another

reason may be the accumulation of volatile fatty acids

(VFA). Alkaline treatment could prevent decrease of pH,

which probably led to a high VFA concentration (Ha-

shimoto 2004). In this study, the peak value of VFA was

45.3 g/L in alkaline pretreatment (P5), 21–36 % higher

than the others. The accumulation of VFA was detrimental

for methanogens which can lead to the decrease of pH

value and also the methane production (Buyukkamaci and

Filibeli 2004; Nguyen et al. 2007). The result was similar

to the result that the methane production decreased after

pretreatment with alkali or acid (Lin et al. 2013).

Figure 3 presents the effect of pretreatment on the

methane content in the biogas. It can be seen that the

methane content quickly rose to 80 vol% for the samples

P2 and P3. Meanwhile, all in the Group-II showed a steady

increase from 20 to 80 vol%. The monomeric sugars were

generated in alkaline/acid pretreatment, which could be

directly used by acetogenic methanogens. But for the

samples in the Group-II, the soluble small molecule sub-

stances were eliminated by washing, and it took time for

the cellulose to be hydrolyzed to produce monosaccharide

that could be digested in the fermentation. The methane

content decreased at the end of digestion for the samples of

P2 and P3. For P1, P4 and P6, the methane content

remained above 60 vol% from the 30th day till the end of

experiment. The cumulative methane yield was calculated

with the biogas yield and concentration of methane. Fig-

ure 4 shows the effect of pretreatment on the cumulative

methane yield. Compared with Fig. 2, it can be seen that

the cumulative yield of methane follows the same trend as

the biogas yield does. The methane yield for the samples

CK, P1, P2, P3, P4, P5, P6 was 64, 119, 13, 16, 48, 18 and

98 mL/g TS after digestion for 60 days, respectively.

Degradation efficiency

The reduction of cellulose and hemicelluloses represents

the digestion efficiency. Figure 5 shows the reduction of

cellulose and hemicelluloses in the process of the tested

solid state digestion. The decrease of cellulose amount in

the substrate was higher than that of hemicelluloses, which

means that cellulose was the main source and better sub-

strate for methane production in AD. The decrease in the

amount of cellulose and hemicelluloses for the Group-II

samples (P4, P5, P6) was higher than that for the Group-I

samples (P1, P2, P3). It can be concluded that the digestion

efficiency of washed samples after pretreatment was higher

than the unwashed ones. The result suggested that washing

after pretreatment was an effective measure to remove the

inhibitive small molecular compounds yielded in the

acidic/alkaline pretreatment.

In general, the higher degradation ratio was correlated

with the higher biogas yield (Liew et al. 2011). The reduc-

tion of cellulose and hemicelluloses amount was higher

when the raw material was pretreated with the thermal and

acidic methods. But both cellulose and hemicelluloses were

substantially degraded in the alkaline pretreatment with a

relatively low methane yield during digestion. The COD of

the digestion leachate showed that the soluble hemicellu-

loses and lignin were dramatically increased in alkaline

circumstance. The COD in the alkaline pretreatment (P2)

was 68 g/L while the ones for the thermal (P1) and acidic

Fig. 2 Effect of pretreatment on cumulative biogas yield (the

digestion was at 37 �C and lasted for 60 days, and referring to

Table 2 for sample conditions)
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(P3) pretreatments were 33 and 28 g/L, respectively.

Apparently, the alkaline pretreatment increased the content

of soluble substances in the substrate (Penaud et al. 1999).

However, a large part of the organic compounds was not

utilized by methanogens to generate biogas in the AD

process.

The percentage of VS indicates the fraction of biode-

gradable matters containing in the substrate. The pretreat-

ment raised the VS percent to provide more biodegradable

substance for anaerobes. The VS content of raw grass was

64.9 wt% (Table 1). After the thermal, alkaline and acidic

pretreatments, the VS content of the grass changed to 72.0,

66.4 and 64.8 wt%, respectively. With deionized water

washing after the thermal, alkaline and acidic pretreatments,

the VS content was increased to 79.1, 86.9 and 91.0 wt%,

respectively. The increase in the VS content followed the

order of P6 [ P5 [ P4 [ P1 [ P2 [ CK [ P3. Overall,

the VS content increased after the thermal, acidic or alkaline

pretreatments. Comparing the samples in Group-I and

Group-II, the washing with deionized water increased the

VS content, as a result of washing out of some salts.

Figure 6 shows the degradation efficiency of substrate in

AD. The total solids (TS) of P1, P2, and P3 in the Group-I

decreased by 54.8, 30.1 and 42.8 %, respectively. Mean-

while, the TS of P4, P5, and P6 in the Group-II decreased

Fig. 3 Effect of pretreatment on methane content in generated biogas

(the digestion was at 37 �C and lasted for 60 days, and referring to

Table 2 for sample conditions)

Fig. 4 Effect of pretreatment on cumulative methane yield (the

digestion was at 37 �C and lasted for 60 days, and referring to

Table 2 for sample conditions)

Fig. 5 Reduction of cellulose and hemicelluloses after AD at 37 �C

for 60 days
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by 37.5, 55.3 and 40.7 %, respectively. The reduction

percentage for VS was 59.9, 34.8 and 46.3 % when the dry

grass was pretreated with the thermal, alkaline and acidic

methods, respectively. These reduction percentages were

48.4, 60.1 and 53.6 % for the thermal, alkaline and acidic

pretreatments with an afterward washing. The loss of VS

was higher than that of TS. Degradation efficiency of the

Group-II samples was higher than that of the Group-I

samples after AD. The reduction in VS followed the fol-

lowing order from high to low: P5 [ P1 [ P6 [
P4 [ P3 [ CK [ P2, the same sequence as the biogas

production except for P5 and CK. Most of cellulose and

hemicelluloses were digested for the sample P5 so that the

highest removal efficiency was obtained by P5. The

reduction of P1 and P6 was high because most of the

substrate had been consumed in yielding methane. The

removal efficiency was higher than the results reported by

Chanakya et al. (1999), implying a better digestion result

due to pretreatment.

Conclusion

Experimental studies on digestion behavior of untreated

and pretreated yard waste showed that the pretreatment can

accelerate hydrolysis and improve the performance of solid

state AD of biomass waste for biogas production. The

pretreatment can destroy the linkage between lignin and

cellulose and decrease the cellulose and hemicelluloses

content in the substrate. The biogas yield of yard waste

treated with the thermal method was much higher than

those with the alkaline or acidic pretreatments. Because the

inorganic salts, phenolic and heterocyclic compounds

generated in chemical pretreatment can inhibit the diges-

tion, the biogas yield in this case was lower. This inhibition

from salts can be removed by washing the treated sample

using deionized water. However, the waste water generated

from washing are remaining to be treated for suitable

applications. Among the tested pretreatment methods, the

thermal pretreatment had the highest methane yield, which

reached 119 mL/g TS and was 88 % relatively higher than

that for the raw yard waste. The greatest biomass reduction

due to digestion was obtained by the sample pretreated

with alkaline. Its amount of volatile solids decreased about

60 % compared to the raw dry grass.
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