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a b s t r a c t

This study investigated the effects of microwave pretreatment of switchgrass in order to enhance its

anaerobic digestibility. Response surface analysis was applied to screen the effects of temperature and

time of microwave pretreatment on matter solubilisation. The composite design showed that only tem-

perature had a significant effect on solubilisation level. Then the effects of the microwave pretreatment

were correlated to the pretreatment temperature. The sCOD/tCOD ratio was equal to 9.4% at 90 �C and

increased until 13.8% at 180 �C. The BMP assays of 42 days showed that microwave pretreatment induced

no change on the ultimate volume of methane but had an interesting effect on the reaction kinetic.

Indeed, the time required to reach 80% of ultimate volume CH4 is reduced by 4.5 days at 150 �C using

the microwave pretreatment.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Anaerobic digestion is an efficient process both for the treat-

ment of waste and the energy recovery. Most of the biogas plants

are using substrates such as sludges, industrial wastes or manures.

However, the use of energy crops grows up (Bruni et al., 2010). For

the past 20 years, US and Europe have a increased interest in the

use of perennial grasses. In 1990s the US Department of Energy fo-

cused on switchgrass (Panicum vergatum) as the crop model in the

Bioenergy Feedstock Development Program (Lewandowski et al.,

2003). This choice was motivated by different factors such as the

high yielding of switchgrass (13–18 tons per hectare per year in

Southeastern United States). Switchgrass is a warm-season peren-

nial grass, has a tolerance to heat and cold, has a low water and

nutritional requirement, can grow to more than 2.75 m in height,

has extensive root system which allows it to tolerate poor soils,

and finally has a high resistance to naturally occurring pest and

diseases. As a perennial grass, switchgrass need only be planted

once every 10 years or more, but can be harvested annually using

conventional hay equipment. In Europe, research on perennial

grasses as a crop for bioenergy was focused on Miscanthus but

showed some limitations such as its high price for establishment

(Casler et al., 2007; Jensen et al., 2007; Keshwani and Cheng,

2009, 2010).

The structure and composition of lignocellulosic biomass, which

include switchgrass, is one of the critical points to use this material

in anaerobic digestion to produce methane. Indeed, lignocellulosic

material is constituted by three polymers closely linked which are

cellulose, hemicellulose and lignin (Hendriks and Zeeman, 2009).

The presence of lignin in this structure forms a physical barrier

and induces a non-productive adsorption of enzyme (Zhu and

Pan, 2010). Therefore, a pretreatment is needed to disrupt the lig-

nocellulosic biomass structure in order to increase the accessibility

to cellulose and thus its biodegradability. A large spectrum of

methods was studied in literature. These pretreatment can be

physical (mechanical, thermal, etc.), chemical (ozonolysis, acid

hydrolysis, alkaline hydrolysis, etc.), biological (fungi, enzymatic

hydrolysis, etc.) or combination of them (Adel et al., 2010;

Fernandes et al., 2009; Mosier et al., 2005; Sun and Cheng, 2002).

The efficiency of a pretreatment can be evaluated by the induced

matter solubilisation, the increase of anaerobic biodegradability

and its cost.

This paper deals with one of the thermal pretreatment: micro-

wave. In microwave processing, energy is supplied by an electro-

magnetic field directly to the material. This results in rapid

heating throughout the material thickness with reduced thermal

gradients. Volumetric heating can also reduce processing times

and save energy. The microwave field and the dielectric response

of a material govern its ability to heat with microwave energy

(Thostenson and Chou, 1999).

Microwave is thus an alternative method for conventional heat-

ing and can give better results than classical thermal pretreatment.
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However, microwave pretreatment has thermal effects on matter.

So it is important to take care to the production of inhibitors

induced by heating, such as phenolic compounds and furfural.

Indeed, a biomass treatment by high temperature liquid water in-

duces hydrolysis of hemicellulose in monomers including xylose

which decomposes into furfural which is inhibitor for anaerobic

digestion (Qi and Xiuyang, 2007). Ximenes et al. have studied the

effects on cellulases activity of phenols released during lignocellu-

losic biomass pretreatment and observed an inhibition induced by

phenolic compounds (Ximenes et al., 2010).

It is important to keep in mind that compound toxicity depends

on many parameters including toxicant concentration, biomass

concentration, toxicant exposition time and acclimation of bacteria

(Chen et al., 2008).

Based on the existing knowledges about pretreatments, includ-

ing knowledge about pretreatment of lignocellulosic biomass and

sludge, the aim of this study is to determine the efficiency of

microwave pretreatment on switchgrass by evaluating its impact

on matter solubilisation and anaerobic biodegradability.

2. Methods

2.1. Raw materials and sample preparation

The switchgrass, a Kanlow variety, was obtained from a

12 years old field yielding 10–12 tons per hectare per year. It was

harvested during September 2009 while it was mature and still

fully green, cut in pieces of approximately 10 cm and compressed

in 10 L pails which were then flushed with N2. It contained around

69% humidity. Characterization of switchgrass is shown in Table 1.

Before microwave pretreatment, switchgrass was either cut in

pieces of 1 cm or grinded during 30 s with a knives mill Grindomix

model GM200 (Retsche, Newton, PA), with blades spinning at

5000 rpm.

2.2. Microwave pretreatment

Samples for microwave pretreatment consisted in 5 g of cut or

grinded switchgrass and 40 mL of distilled water. Samples were

irradiated in a closed-vessel microwave accelerated reaction sys-

tem (MARS-5, CEM, US) which run at 2450 MHz, the power range

was between 400 and 1600W, the maximum temperature and

pressure were 260 �C and 33 bars. It was equipped with a turning

carousel with a maximum of 12 vessels (XP-1500) of 100 ml each,

with pressure and temperature probes. After target temperature

was reached, the temperature was hold during a specify time, then

cooled down until 90 �C. The liquid and solid fractions of samples

were separated by centrifuging at 10,000g for 10 min in a J2-21M

centrifuge (Beckmann, Canada) and then stored at 4 �C.

2.3. Experimental design

The first step of this study was to screen the effects of temper-

ature and exposition time of microwave pretreatment by the use of

a composite design. Response surface analysis was used to repre-

sent the linkage between the responses (pH, sCOD/tCOD, glucose

and phenolic acids) and experimental variables (temperature and

the exposition time at temperature targeted). This relationship

can be written as function of variables,

Y ¼ a0 þ a1 � X1 þ a2 � X2 þ a12 � X1 � X2 þ a11 � X
2
1 þ a22 � X

2
2 ð1Þ

where Y is the response (pH, sCOD/tCOD, glucose or phenolic acids),

X1 and X2, respectively temperature and exposition time, a0, a1, a2,

a12, a11, a22 are coefficients. The method of least squares was used

to estimate the coefficients. The coded and real values used in the

experimental design are given in Table 2.

2.4. Biochemical methane potential test

The methane potential assays with the switchgrass were pre-

pared based on the biochemical methane potential (BMP) assay

for wastewater from Cornacchio et al. (1986). A few modifications

were done to adapt the test to solid samples. The inoculum which

was composed by sewage sludges, was starved for 48 h prior to the

start-up of the assays, by being incubated at 35 �C and 100 rpm

agitation with no substrate. The bottles were prepared anaerobi-

cally in duplicates in 500 mL serum bottles and filled under a con-

stant nitrogen flow. Each bottle received 20 g of inoculum, 6 mL of

complemented medium, 4 mL of bicarbonate buffer and 0.5 mL of

reducing agent. The amount of substrate added was 5 g of pre-

treated switchgrass with 40 mL of distilled water in microwave.

The volume of the bottles was completed at 100 mL with distilled

water. The bottles were incubated at 35 �C with an agitation of

100 rpm. Control bottles were prepared to allow the removal of

endogenous methane production from the assays. The control bot-

tles were identical to the test bottles, except that switchgrass sus-

pension was replaced with the same volume of distilled water. The

assays were conducted until the methane production became neg-

ligible (<3 mL CH4/day) as performed by Lehtomaki et al. (2008).

2.5. Analyses

To evaluate the physico-chemical changes in samples, measure-

ment of pH, total organic carbon (TOC), total nitrogen (Nt), phos-

phorus, iron, chemical oxygen demand (COD), volatile suspended

solids (VSS), volatile dissolved solids (VDS) and total volatile solids

(TVS) were determined according to standard methods (APHA,

2005).

The soluble COD (sCOD) of switchgrass sample dissolved in dis-

tilled water, was equal to zero before the microwave pretreatment.

The sCOD was compared to the total COD (tCOD) to determine the

solubilisation ratio of matter, by the following formula:

COD solubilisation ¼ ðsCOD after microwave treatment=

tCOD of raw matterÞ � 100: ð2Þ

Glucose, cellobiose and xylose were monitored using an HPLC

from Waters consisting of a pump model 600 and an autosampler

model 717 Plus equipped with a refractive index detector from

Table 1

Characteristics of switchgrass.

Parameters Values

Total solid (TS, % of raw material) 30.99 ± 1.74

Total volatile solid (TVS, % of raw material) 29.20 ± 1.01

Total organic carbon (TOC, mg/kg) 430,000 ± 6.9%

Total nitrogen Kjeldahl (Nt, mg/kg) 9900 ± 4%

Phosphorus (P, mg/kg) 2300 ± 2%

Iron (Fe, mg/kg) 58 ± 5%

Chemical oxygen demand (COD, mg/g) 350 ± 40

Table 2

Coded units used in the composite design.

Coded unit True value

Temperature (�C) Time (min)

�1.21 84 7054

�1 90 10

0 120 20

1 150 30

1.21 156 32006
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Waters (model 2414). The column used for the separation is a

Supelcogel Pb (300 � 7.8 mm OD). The mobile phase is distilled

water at 0.5 mL/min. Analysis is carried out at 80 �C.

Measurement of phenolics was made on an Agilent HPLC con-

sisting of a quaternary pump model G1311A and an autosampler

model G1329A equipped with a DAD detector model G1315A.

10 lL was injected on a reverse phase HPLC column Gemini-NX

C18 3 lm from Phenomenex of 4.6 � 150 mm maintained at

40 �C. A methanol gradient from 10% to 20% during 35 min then

up to 60% for 25 min was performed at a flow rate of 0.5 ml/min-

utes. The other mobile phase was H3PO4 0.027 N. Phenolics were

quantified at 280 nm. Neat compounds were obtained from

Sigma–Aldrich: 4-hydroxybenzoic acid, 4-hydroxybenzaldehyde,

vanillic acid, caffeic acid, vanillin, syringic acid, syringaldehyde,

acetovanillone, p-coumaric acid, acetosyringone, ferulic acid, sina-

pic acid, trans-cinnamic acid. Prior to analysis standards and sam-

ples were acidified to pH 2 with HCl.

The biogas production was measured in the serum bottles with

a water-displacement system. After equilibrium of the bottle head-

space to 1 atm, a gas sample (0.3 mL) was taken with a model 1750

gas-tight syringe (Hamilton, Reno, USA) and analyzed for H2, N2,

CH4 and CO2 by gas chromatography (GC). The GC was a Agilent

6890 (Agilent Technologies, Wilmington, USA) coupled to a ther-

mal conductivity detector (TCD). The gas sample was injected on

a 11 m � 2 mm I.D. Chromosorb 102 packed column (Supelco,

Bellafonte, USA). The column was heated at 50 �C and argon was

used as the carrier gas. The injector and detector were maintained

at 125 and 150 �C, respectively.

3. Results and discussion

3.1. Effects of temperature and exposition time on matter

solubilisation

The aim of the first step was to define the effects of microwave

irradiation on matter solubilisation and to study the efficiency of

temperature and exposition time. The effects of microwave

pretreatment on matter solubilisation were investigated with a

composite experimental design (Goupy, 2000).

Temperature and time profiles are shown in Table 3 with the

associated responses which are pH of the supernatant, sCOD/tCOD

ratio, and also glucose and phenolic acids in supernatant. Results

were correlated as function of temperature and time (Eq. (1), Table

4) and represented with response surfaces (Fig. 1A).

The correlation coefficient (R2) for pH, sCOD/tCOD ratio, glucose

and phenolic acids was 0.99, 0.96, 0.98 and 0.91, respectively.

Table 4 gives the relative importance between temperature and

time. The weighting of time represents 4%, 7%, 18% and 3% of tem-

perature weighting for pH, sCOD/tCOD, glucose and phenolic acids,

respectively. Moreover, with the study of the p-value at a 5%

threshold, it appeared that only the temperature gave significant

responses. The small significance of time parameter could be ex-

plained by the fact that this parameter was the exposition time

at desired temperature, but did not include the time of ramp tem-

perature and time of cooling down to reach 90 �C.

To conclude, this experimental design showed that time had

non-significant importance against temperature and then results

could be represented as function of temperature only (Fig. 1B). This

conclusion was also found in others works. According to Hu and

Wen, the pretreatment time on enzymatic digestibility of switch-

grass after a microwave-assisted alkali pretreatment has almost

no effect. The yields of xylose, glucose and total sugars remained

at almost constant level at a temperature of 190 �C for different

durations between 5 and 40 min (Hu and Wen, 2008). In studies

done on other matters especially on waste active sludge, the main

parameter for classical thermal treatment is temperature also. It is

reporting that exposition time has less influence (Bougrier et al.,

2007).

Microwave treatment on switchgrass led to changes of the

physico–chemical characteristics of switchgrass immersed in dis-

tilled water. A decrease of 1 pH unit was observed between the

90 �C treatment and the 150 �C treatment. This can be explained

by the formation of acid compounds induced by the thermo-lysis

effect of microwave treatment and transferred from suspended

solids to supernatant (Bougrier et al., 2006). To confirm this trans-

fer of matter, sCOD was measured after each assay. The matter sol-

ubilisation was calculated with sCOD/tCOD ratio. Soluble COD

represented 9% at 90 �C, 10.5% at 120 �C and 12.5% at 150 �C of total

COD. As expected, these results indicated that more the matter was

Table 3

Temperatures and times used in the composite design and responses associated.

Run Variables Responses

Temperature (�C) Time (min) pH of supernate (�) sCOD/tCOD (%) Glucose (mg/L) Phenolic Acids (mg/L)

1 90 10 5.65 8.8 382 35.26

2 90 30 5.69 9.4 482 48.97

3 120 20 5.30 11.1 729 39.81

4 150 10 4.86 12.9 799 86.05

5 150 30 4.77 12.0 898 65.88

6 84 20 5.66 8.5 405 47.34

7 156 20 4.64 12.8 1054 78.96

8 120 7.9 5.34 9.6 517 61.42

9 120 32.1 5.28 10.6 597 63.71

Table 4

Coefficients values of equations representing the response surfaces of pH, sCOD/tCOD ratio, glucose and phenolic acids as function of temperature and time.

Variables Values of coefficients

Coded unit Name pH sCOD/tCOD Glucose Phenolic acids

a0 Constant 5.28 10.80 716.29 45.08

a1 Temperature �0.42 1.74 233.73 15.29

a2 Time �0.02 0.13 42.61 �0.53

a12 Temperature � time �0.03 �0.36 �0.23 �8.47

a11 Temperature2 �0.08 0.08 16.80 8.98

a22 Time2 0.03 �0.29 �101.16 8.58
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heated, more the solubilisation was high. In their review, Hendriks

and Zeeman reported that temperature above 160 �C led to forma-

tion of compounds which are often phenolic compounds and have

in many cases an inhibitory or toxic effect on microorganisms

(Hendriks and Zeeman, 2009).In order to follow the degradation

of switchgrass, two compounds were focused: glucose and phenol

acids (Hu and Wen, 2008).

The microwave pretreatment allowed an augmentation of glu-

cose in supernatant, from a concentration of 400 mg/L at 90 �C

until almost 1 g/L at 150 �C. Respectively, these two concentrations

corresponded to the dissolution of 3.2 and 8 mg of glucose per

gram of raw switchgrass treated by microwave. It could be noticed

that amount of cellobiose (dimer of glucose) arose until 120 �C

then reduced. The amount of xylose remained at zero and furfural

Fig. 1. (A) The response surfaces of pH, sCOD/tCOD ratio, glucose and phenolic acids as function of temperature and time. (B) pH, sCOD/tCOD ratio, glucose and phenolic acids

as function of temperature.
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and 5 hydroxymethyl furfural, which are thermal decomposition

products of xylose (Qi and Xiuyang, 2007), appeared in these as-

says after 130 �C (data not shown).

Phenolic acids, which can be inhibitors at high concentration

(Chen et al., 2008), were also found into supernatant. The micro-

wave treatment released 0.32 mg of phenolic acids per gram of

switchgrass at 90 �C and 0.64 mg per gram at 150 �C.

These results show that microwave pretreatment induces a

matter solubilisation. Nevertheless, it was necessary to test these

microwave treated samples with BMP assay in order to evaluate

the effect of this matter solubilisation and to look at if inhibitors

were released.

3.2. Effects of microwave pretreatment on anaerobic digestibility

In the previous part, switchgrass used was cut in pieces of 1 cm.

In this present part, switchgrass was grinded to increase the

homogeneity of the sample and allow a more precise comparison

between the BMP assays. Matter solubilisation of grinded switch-

grass was done at the temperatures of 90, 105, 120, 135, 150 and

180 �C. In order to verify if results were close of switchgrass cut

in pieces of 1 cm, sCOD was measured after microwave treatment

and compared to previous results.

Table 5 gives sCOD/tCOD ratio and matter distribution. In Tables

3 and 5, the three joint points of cut and grinded switchgrass were

90, 120 and 150 �C and had a difference of sCOD/tCOD ratio lower

than 1% which was very close. Therefore, the impact of microwave

pretreatment on matter solubilisation was similar regardless of the

particle size of the switchgrass. The microwave pretreatment

showed a solubilisation of 9.4% at 90 �C and increased until 13.8%

at 180 �C. Pretreatment also led to a transfer of matter from sus-

pended solid to supernatant. Indeed at 90 �C, 0.07 g of matter

was released from the 5 g of raw material. This release increases

with the temperature until 0.12 g at 180 �C. The volatile suspended

solids (VSS) were equal to 96.7 (±0.5)% of total suspended solids

(TSS), volatile dissolved solids (VDS) were equal 67.8 (±3.7)% of to-

tal dissolved solids (TDS) and total volatile solids (TVS) were equal

to 94.0 (±0.4)% of total solids (TS). These results show that the vol-

atile part is higher in suspended fraction and lower in dissolved

fraction than the volatile part in the whole fraction. Thus, the

microwave treatment induced a mineral solubilisation proportion-

ately more important than organic solubilisation which was not

influenced by the temperature of the pretreatment.

Fig. 2 presents methane production vs. time for treated and

untreated switchgrass. With the standard deviation values, the

maximum volumes of methane produced in 42 days were almost

the same for untreated and treated samples. The exposition time

was also tested in BMP assays and showed there was had no effect

on methane production (data not shown) and confirmed the re-

sults seen previously which showed there was no effect on matter

solubilisation.

Thus, the microwave pretreatment did not allow a significative

improvement of methane production which was approximately

equal to 290 ml per gram of TVS. According to the value of

1.199 g(cod) per gram of TVS, it could be determined that the

biodegradability of untreated and treated switchgrass was 65%

approximately. However, the microwave pretreatment led to a

modification of the methane production kinetic.

In order to describe the effect of microwave pretreatment on

methane production and to define a kinetic constant, the following

first order model was used (Lei et al., 2010):

VolðtÞ ¼ Volð1Þ � ð1� e�ktÞ ð3Þ

where Vol(t) is the cumulative volume of methane as function of

time t, Vol(1) is maximum volume of methane and k is the kinetic

constant.

The values of kinetic constants for the different temperatures of

microwave pretreatment are shown in Table 6. At 90 and 105 �C no

significant difference was observed. The enhancement of the

kinetic constant appeared at 120 �C with an improvement of 21%

compared to untreated switchgrass and continue to increase at

135, 150 and 180 �C with an improvement of 39%, 44% and 68%,

respectively.

To evaluate the gain in days induced by the microwave pre-

treatment on the methane production, number of days to reach

80% of the methane volume obtained from untreated switchgrass

was evaluated. Data shown in Table 6 reveal that a treatment at

Table 5

Values of VSS, VDS, TVS, sCOD and solubilisation ratio of samples treated by microwave at 90, 105, 120, 135, 150 and 180 �C (tCOD = 1750 mg).

Temperature (�C) TVS ± SD (g) VSS ± SD (g) VDS ± SD (g) sCOD ± SD (mg) sCOD/tCOD (%)

90 1.50 ± 0.06 1.43 ± 0.06 0.07 ± 0.01 164 ± 8 9.4 ± 0.5

105 1.49 ± 0. 05 1.41 ± 0.05 0.08 ± 0.01 163 ± 8 9.3 ± 0.5

120 1.44 ± 0.05 1.36 ± 0.05 0.08 ± 0.01 180 ± 7 10.3 ± 0.4

135 1.47 ± 0.06 1.37 ± 0.06 0.10 ± 0.01 189 ± 3 10.8 ± 0.1

150 1.43 ± 0.12 1.32 ± 0.12 0.10 ± 0.01 210 ± 5 12.0 ± 0.3

180 1.42 ± 0.06 1.31 ± 0.06 0.12 ± 0.01 241 ± 15 13.8 ± 0.8

Fig. 2. Cumulative methane production from switchgrass untreated and treated by

microwave.

Table 6

Values of maximum volume of methane produced and kinetic constant.

Temperature

(�C)

Maximum

volume of

methane

(LCH4/kgTVS)

Kinetic

constant

(day�1)

80% of maximum volume

of native sample (equal to

237 LCH4/kgTVS)(day)

Native sample 296 ± 17 0.080 ± 0.001 16

90 260 ± 32 0.095 ± 0.022 19

105 291 ± 2 0.081 ± 0.010 16

120 296 ± 29 0.097 ± 0.003 13.5

135 275 ± 16 0.111 ± 0.001 14.5

150 320 ± 5 0.115 ± 0.001 11.5

180 284 ± 12 0.134 ± 0.013 12

D. Jackowiak et al. / Bioresource Technology 102 (2011) 3535–3540 3539



90 �C induced a decrease of 19% and at 105 �C there was no time

modification. Thus, a treatment below 105 �C decreases or does

not change the biodegradability of switchgrass even if there was

an improvement of matter solubilisation of 9%. At 150 �C the high-

est enhancement was observed with a gain in days of 28% which

represent a reduction of 4.5 days compared to untreated samples

and was almost equivalent at 180 �C. The difference between the

treatment at 150 and 180 �C is too slight to conclude if 150 �C is

the optimal temperature and if an higher temperature induce a

decrease of effectiveness, or if temperatures above 150 �C induce

better methane production. Jin et al. found in their study about

microwave pretreatment on dairy manure, an optimal temperature

for methane production at 147 �C (Jin et al., 2009).

The fact that the microwave pretreatment induced an enhance-

ment of the kinetic constant value without gain of the ultimate

volume of methane, could be explain by a breakdown of biomass

matrix without transformation of weakly degradable material into

easily degradable material. Indeed, if the structure of the lignocel-

lulosic biomass is affected, the enzymes will access easily to their

targets.

4. Conclusion

This study showed the effectiveness of microwave pretreatment

to enhance solubilisation and anaerobic digestibility of switch-

grass. Solubilisation increased with temperature; at 150 �C, 12.5%

of initial COD was solubilised, among 8 mg of glucose and

0.64 mg of phenolic acids per gram of raw switchgrass. But subse-

quent BMP assays revealed that microwave pretreatment has no

significant effect on the ultimate volume of methane produced

from switchgrass. However, kinetics of methane production was

increased; the time needed to reach the 80% value of ultimate vol-

ume of CH4 was reduced by 4.5 days.
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