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Abstract In order to determine the parameters influenc-

ing lignocellulosic biomass biodegradability, binary and

ternary model systems were constructed, consisting of

cellulose nanowhiskers gel, xylan matrix derived from

lignocellulosic plants and synthetic lignin. The adsorption

of two xylan polymers with different arabinose/xylose

ratios (Ara/Xyl) on the cellulose nanowhiskers resulted in

the synthesis of nanocomposites each of different Ara/Xyl

ratios and crystallinity indexes. Organized and associated

cellulose–xylan–lignin nanocomposites were formed fol-

lowing the polymerization of guaı̈acyl (G) and syringyl

(S) lignin monomers using a peroxidase/H2O2 system in

cellulose nanowhiskers-xylan gel. The anaerobic digestion

of cellulose nanowhiskers, xylans and cellulose–xylan

nanocomposites indicated that the biomethane production

depended strongly on the xylan Ara/Xyl ratio and on the

cellulose crystallinity. However, the anaerobic digestion of

cellulose–xylan–lignin nanocomposites showed that the

digestion rate decreased significantly in the presence of

lignin. Moreover, there was an even more considerable

decrease in digestion rate in the presence of GS-type lignin

compared to G-type lignin.

Keywords Anaerobic digestion � Biogas � Accessibility �
Plant cell wall � Lignocellulosic materials � Model

assemblies

Abbreviations

Ara Arabinose

BMP Biomethane potential

Carb Carbohydrates

CrI Crystallinity Index

L Lignin

LG Guiacyl lignin

LGS Guiacyl-syringyl lignin

Lm Lignin monomers

XY Xylan

Xyl Xylose

XYm Xylan polymer with Ara/Xyl = 0.32

XYs Xylan polymer with Ara/Xyl = 0.12

VFA Volatile fatty acids

WS Cellulose whiskers

WS-XY Whiskers-xylans assemblies

WS-XY-L Whiskers-xylans-lignin assemblies

WS-XY-LG Whiskers-xylans-lignin assemblies with

guiacyl lignin

WS-XY-LGS Whiskers-xylans-lignin assemblies with

zguiacyl and syringyl lignin

Introduction

Lignocellulosic biomass is a promising alternative to lim-

ited crude oil and, in its place, can be utilized to produce

renewable bioenergy and byproducts or biomaterials. Lig-

nocellulosic plant cell walls consist mainly of cellulose,

hemicelluloses and lignin. Cellulose consists of D-glucose

subunits linked by b-(1 ? 4) glycosidic bonds. The
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cellulose in a plant consists of parts with an organized

crystalline structure and parts with a poorly organized

amorphous structure. The hemicelluloses are branched with

short lateral chains that consist of different sugar mono-

mers. Hemicelluloses serve as a connection between the

lignin and the cellulose fibers and give rigidity to the whole

cellulose–hemicellulose–lignin network [1]. In general, the

dominant hemicelluloses in plant cell walls are xylans

which display significant variability in their structural

characteristics [2]. Lignin is an amorphous heteropolymer

consisting of three different phenylpropane alcohols: p-

coumaryl (H), coniferyl (G) and sinapyl (S) (Fig. 1) [3, 4].

The nature and the quantity of lignin monomers (H, G, S)

vary according to species, maturity and the space locali-

zation in the cell [3]. The lignins from softwoods contain

mainly guaı̈acyl units, those from hardwoods and grass

mainly guaı̈acyl (G) and syringyl (S) units [5].

Bioenergy production from lignocellulosic biomass by

anaerobic digestion is one of the major contributing factors

towards a future sustainable bioenergy economy [6–8].

Indeed anaerobic digestion of lignocellulosic biomass

produces a biogas, containing carbon dioxide and methane

that can be used either as heat and electricity, as biofuel or

as a substitute for natural gas. In this process, anaerobic

microorganisms convert carbohydrates, including hemi-

celluloses (C5-sugars) and cellulose (C6-sugars), proteins

and also lipids, to biogas. Some phenolic compounds can

also be converted to biogas [9]. Anaerobic digestion is

composed of four main steps: hydrolysis, acidogenesis,

acetogenesis and methanogenesis. Each stage requires the

activity of its own specific group of micro-organisms. In

the case of carbohydrates, hydrolysis leads to soluble sugar

monomers (glucose, xylose, arabinose, mannose…). Aci-

dogenesis is the transformation of soluble sugar monomers

into volatile fatty acids (VFA). During acetogenesis, VFA

are transformed into acetate, CO2 and H2. Finally, metha-

nogenesis is the conversion of acetate, CO2 and H2 to

methane by archae. Thus, the final product of anaerobic

digestion is biogas which consists mainly of methane

(55–75 %) and CO2 (25–45 %). Hydrolysis is known to be

the rate-limiting step in anaerobic digestion of most solid

substrates [10]. Furthermore, the low accessibility of fer-

mentable sugars in lignocellulosic biomass by anaerobic

microorganisms has been emphasized [11, 12] and

numerous studies have focused on the development of

pretreatments, as in bioethanol processes, to improve

anaerobic digestion performance [11, 13]. Nevertheless,

while the role of native lignocellulosic structural features

on cellulose enzymatic attack has been studied, only the

impact of biomass composition (i.e. lignin, cellulose and

hemicellulose) has been taken into account and linked with

anaerobic digestion performance [12, 14–16]. These stud-

ies reported negative linear correlations between biomass

methane potential and lignin content [14, 15] or between

the sum of both lignin and cellulose contents [15, 16].

More recently, a study based on various lignocellulosic
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substrates showed that methane potentials correlated neg-

atively to the lignin contents and, to a lower extent, to

crystalline cellulose content [12]. On the other hand,

Benner et al. [17] reported that in the anaerobic digestion

of grass after 294 days, 16.9 % of the lignin was degraded to

gaseous end products, suggesting that lignin polymers do not

inhibit anaerobic digestion and are slowly converted into

biogas in the absence of oxygen. The enzymatic hydrolysis

of pure cellulose has been proved to be influenced by the

crystallinity of cellulose, their accessible surface area, pro-

tection by lignin, and cellulose–hemicelluloses–lignin

association [18, 19]. Some works have shown a good cor-

relation between crystallinity, surface properties, supramo-

lecular structure and the rate of enzymatic hydrolysis in pure

cellulose [20, 21]. Other works have reported that lignin

polymer is the most recalcitrant component of the plant cell

wall, and that the higher the proportion of lignin and aro-

matic compounds, the higher the resistance to chemical and

enzymatic degradation [22, 23]. However, Rollin et al. [24]

reported that increasing cellulose accessibility was a more

important pretreatment consideration than delignification to

effectively release sugars from recalcitrant lignocellulose at

high yield. Indeed, all these results may be contradictory due

to the very heterogeneous nature and complexity of ligno-

cellulosic materials.

In order to better understand and determine the param-

eters influencing lignocellulosic accessibility and degra-

dability, recent research has focused on the ‘‘model

assemblies’’ of plant cell walls [25, 26]. For decades, the

bacterium Gluconoacetobacter and commercial cellulose

have been used as a matrix to study cellulose–hemicellu-

loses and cellulose–hemicelluloses–lignin organization and

interactions. The resulting cellulose–hemicelluloses or

bacterial cellulose–hemicelluloses–lignin composites have

been widely investigated [27–30]. The originality of this

present study includes the use of a nanowhiskers matrix

(whiskers gel) as a polymerization medium and the pro-

duction of a solid state complex involving cellulose–xylan

and dehydrogenation polymers (DHP) as a lignin model.

The synthesis of this cellulose–xylan-DHP was inspired

from the synthesis of xylan-DHP assemblies [27–30].

The aim of this study was to investigate the impact of

the structural feature of lignocellulosic materials (the

crystallinity of cellulose, structure of hemicelluloses, lignin

structure and content, cellulose–hemicelluloses–lignin

association on the biodegradability of plant cell wall car-

bohydrates (C5 and C6-sugars) by anaerobic digestion.

Therefore, various nanocomposites including cellulose–

xylan, cellulose–lignin and cellulose–xylan–lignin were

synthetized using different lignin structures (G- and GS-

type lignin) and different xylan structures (different arab-

inose/xylose ratios). The methane potential and anaerobic

digestion rate of these models were then analyzed and

confronted with the characteristics of the model

nanocomposites.

Materials and Methods

Xylan Polymers

The xylan polymers XYm and XYs were purchased from

Megazyme and Sigma respectively.

Synthesis of Monolignols (Lignin Monomers)

Coniferyl alcohol (4-hydroxy-3-methoxy cinnamyl alco-

hol) and Sinapyl alcohol (4-hydroxy-3,5-methoxy cin-

namyl alcohol) were obtained using the procedure

described by Ludley and Ralph [31].

Synthesis of Cellulose Nanowhiskers (WS)

10 g of cellulose (11365-Avicel� PH-101 *50 lm parti-

cle size) was hydrolyzed in 100 mL of HCl (70 %) at

60 �C for 30 min while being shaken vigorously. 100 mL

of cold distilled water was added to stop the reaction. The

diluted suspension was centrifuged at 10,000 rpm for

10 min to obtain the precipitate. The precipitate was again

suspended in 200 mL of cold water, shaken vigorously, and

was then centrifuged. This process was repeated until the

supernatant became turbid (colloidal suspension). The

colloidal suspension was collected and dialyzed

against distilled water for 3 days. After 10 min of sonica-

tion treatment, the suspension (2 %) was stored at 4 �C.

Synthesis of Whiskers-Xylan Composites

Preparation conditions of the nanocomposites are reported

in Table 1. The whiskers-xylan nanocomposites were pre-

pared by adding about 0.5 g xylan to a 100 mL cellulose

whiskers suspension (1.5 % w/v) and the reaction mixture

was stirred for 24 h at 25 �C (Table 1).

Synthesis of Whiskers-Xylan-Lignin Composites

Three solutions were prepared for synthesis of the whiskers-

xylan-lignin nanocomposites (Table 1). The polymerization

reaction was carried out according to the ‘‘Zutropfverfahren

method (ZT)’’; 50 mL of solution B and 50 mL of C were

gradually added to 100 mL of A, containing peroxidase (EC

1 11.1.7 purchased from Sigma 250–330 unit/mg) [25]. The

reaction mixture was stirred for 10 h at 25 �C. A DeHy-

drogenation Polymer ‘‘DHP-G: lignin model’’ control was

prepared through polymerization of coniferyl alcohol or

Guaı̈acyl units (G) (without whiskers-xylan) in water.
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Microscopy

Transmission Electronic Microscopy (TEM)

A drop from each aqueous dispersion was first placed on a

carbon-coated TEM copper grid (Quantifoil, Germany) and

left to air-dry. The sample was then negatively stained with

uranyl acetate (Merck, Germany). This was achieved by

placing the sample-coated TEM grid successively on a

drop of uranyl acetate aqueous solution (2 % w/w) and on a

drop of distilled water. The grid was then air-dried before

being introduced into the electron microscope. The samples

were viewed using a JEOL JEM-1230 TEM (Jeol, Japan);

this was operated at an acceleration voltage of 80 kV and

equipped with a LaB6 filament. All the micrographs were

recorded on a 1.35 K 9 1.04 K 9 12 bit ES500 W Er-

langshen CCD camera (Gatan, USA).

Stereomicroscopy

A Leica M205FA stereomicroscope equipped with a

0.63 9 planapochromatic objective and LED reflective

illumination was used to visualize the whiskers-xylan-lig-

nin nanocomposite before and after anaerobic digestion.

2,176 9 1,632 pixel sized images were acquired and saved

as *.jpg files using a Peltier-cooled Leica DFC495 camera

with the Leica ApplicationSuite (LAS) software core

V3.5.0 (October 2009).

Carbohydrates Analysis and FTIR-ATR Measurements

The carbohydrate composition of lignocellulosic samples

was measured using strong acid hydrolysis. The lignin

content in the samples was determined using the Klason

method. 10 mg of dried samples were treated with 72 %

H2SO4 at ambient temperature for 1 h. The solutions were

diluted with water to 12 % H2SO4 and autoclaved at

100 �C for 2 h. The hydrolysates were centrifuged at

10,000 rpm for 10 min. The Klason lignin content was

determined as the weight of the residue. The supernatant

was analyzed for sugars on high-pressure liquid chroma-

tography (HPLC). HPLC analysis was used to quantify

monosaccharides (glucose, xylose, arabinose). The analysis

was carried out with a combined Water/Dionex system,

using a BioRad HPX-87H column at 50 �C. The solvent

was 0.005 M H2SO4 and flow rate at 0.3 mL/min. The

recovery of monosaccharides was determined by standard

addition (D-fucose) to the samples. A refractive index (RI)

detector (Water) was used to quantify carbohydrates. The

system was calibrated with glucose, xylose, and arabinose

standards (Sigma-Aldrich). All samples (1 mL) were fil-

tered through 0.22 lm filters before being measured. All

the determinations reported here were the duplicate results.

All FTIR spectra were recorded in absorption mode at

4 cm-1 interval and 64 scans at room temperature. Spectra

were collected in the 4,000–600 cm-1 range using a Nexus

5700 spectrometer (ThermoElectron Corp.) with built-in

diamond ATR single reflection crystal and with a cooled

MCT detector. Three spectra were recorded for each sample.

All spectra pre-treatments were performed using Omnic

v7.3. Since absorbance at 1,427 and 898 cm-1 is sensitive to

the crystalline cellulose and amorphous cellulose respec-

tively, the absorbance height ratio H1427/H898 was used to

determine cellulose crystallinity index (CrI). H1427/H898 was

calculated as a mean of 3 values from 3 spectra in Omnic

v7.3 software with local baselines on each band.

Biomethane Potential (BMP) Tests

The substrates were digested in batch anaerobic flasks. The

volume of each flask was 150 mL, with a working volume of

110 mL while the remaining 40 mL volume served as head

space. Each flask was composed of: a macroelements solu-

tion (source of N, P, Mg, CA, and K….), an oligoelements

Table 1 Synthesis conditions of whiskers-xylan and whiskers-lignin-xylan nanocomposites

Biocomposites [Carb] (%) w/v [Lm] (%) w/v H2O2 (mL) Unit of peroxidasea

Solution A Solution B Solution C

[WS] [XY] S G

WS75-XYs25 1.5 0.5 0.0 0.0 0 0

WS75-XYm25 1.5 0.5 0.0 0.0 0 0

WS50-XYs25-LG25 1.0 0.5 0.0 0.5 0.5 1,560–1,875

WS50-XYs25-(LG50S50)25 1.0 0.5 0.25 0.25 0.5 1,560–1,875

WS50-XYm25-LG25 1.0 0.5 0.0 0.5 0.5 1,560–1,875

WS75-LG25 1.5 0.0 0.0 0.5 0.5 1,560–1,875

a Peroxidase (EC 1 11.1.7 purchased from Sigma 250–330 unit/mg)

Carb, Carbohydrates; WS, whiskers of cellulose; XY, Xylan; L, Lignin; Lm, Lignin monomers; S, Syringyl units; G, Guiacyl units
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solution, a bicarbonate buffer solution and an anaerobic

inoculum (5 g VS/L). Each flask was seeded with granular

sludge from a mesophilic anaerobic digester in a sugar

factory. The substrate to inoculum ratio was 0.2 gVS sub-

strate/gVS inoculum, this low value assures that the bio-

logical system was not overloaded. Once the flasks were

prepared, degasification was carried out with nitrogen in

order to obtain anaerobic conditions and the bottles were

closed with air impermeable red butyl rubber septum-type

stoppers. Duplicate bottles were incubated at 35 �C. A blank

test was carried without sample to measure endogenous

methane production from the inoculum and this endoge-

neous methane production was subtracted from the methane

production of all the samples. Biogas volume was monitored

using the water displacement method and the corresponding

cumulative biogas volume was calculated. Acidified water

(pH = 2) was used to minimize the dissolution of carbon

dioxide in the water. Biogas composition was determined

using a gas chromatograph (Varian GC-CP4900) equipped

with two columns. The first one (Molsieve 5A PLOT) was

used at 110 �C to separate O2, N2 and CH4. The second one

(HayeSep A) was used at 70 �C to separate CO2 from other

gases. The injector temperature was at 110 �C and the

detector at 55 �C. Detection of gaseous compounds was

performed using a thermal conductivity detector. Calibration

was carried out with a standard gas composed of 25 % CO2,

2 % O2, 10 % N2 and 63 % CH4.

The kinetics of methane production were modeled using a

modified Gompertz equation VðtÞ ¼ Vmax exp � expf
Rmax:e

P
ðk� tÞ þ 1

� �
g where Vmax is the maximal cumulated

CH4 production (mL gVS-1), Rmax is the maximum CH4

production rate (mL gVS-1 day-1), k is lag-phase time

(day), t is the incubation time (day) and e is exp(1).

Results and Discussion

In this study, whiskers-xylan-lignin nanocomposites were

obtained through the polymerization of lignin monomers

(coniferyl ‘‘G’’ and sinapyl ‘‘S’’ alcohols) in a whiskers-xylan

suspension (Fig. 1; Table 1). The reaction mixtures were

therefore composed of DeHydrogenation Polymer ‘‘DHP’’

from guaı̈acyl alone (LG100), from guaı̈acyl and syringyl units

(LG50S50) and from whiskers-xylan colloidal nanocomposites.

Both xylan polymers used had different arabinose/xylose (Ara/

Xyl) ratios (see Table 2 for details on XYm and XYs struc-

ture). Indeed ramification chains were reported to play a sig-

nificant role in cellulose/xylan interactions. Polymerization

proceeded according to the Zutropfverfharen (ZT) method in

which the monomers and hydrogen peroxide (enzyme cofac-

tor) were continuously added to a solution of polysaccharides

containing the oxidative enzyme (peroxidase). Monolignols

(coniferyl and sinapyl alcohols) were oxidized into radicals

capable of reacting with other monolignols, with the growing

lignin polymers, or with carbohydrates (Fig. 1). The formation

of whiskers-xylan-lignin nanocomposites was confirmed by

the formation of stable colloı̈dal suspensions. Part of the sus-

pensions was freeze-dried for anaerobic digestion and

characterization.

Characterization of Samples

Transmission Electronic Microscopy

The negative stained TEM (Fig. 2) revealed that the

nanowhiskers produced were nanostructured microfibrils

and exhibited a length of around 300 nm. The nanocom-

posites formed in the presence of xylan and lignin (Fig. 2)

presented a different architecture. This structure showed

considerable heterogeneity, with very dense regions in

which the bundles were covered with xylan and lignin

aggregates. The size of the lignin nodules present in WS-

XY-LG nanocomposites was about 150 nm which was of

the same order as those of natural lignin (B100 nm) [32].

Similar shapes and sizes have already been reported for

lignin nodules dispersed in polysaccharide suspensions [25,

30]. WS-XY-L nanocomposites displayed a dense structure

and interconnected matrix, revealing evidence of an inter-

action between whiskers-xylan and lignin. TEM images

clearly indicate the incorporation of spherical-formed lig-

nin nodules into cellulose nanowhiskers microfibrils

(Fig. 2).

Biochemical Composition

Carbohydrate and lignin contents in the nanocomposite

samples are presented in Table 2. The chemical

Table 2 Biochemical composition and crystallinity index of cellu-

lose nanowhiskers, xylan, and nanocomposites

Composition CEL

(%)

XY

(%)

L (%) Ara/

Xyl

H1427/

H898

WS 100 – – – 0.88

XYs – 100 – 0.12 –

XYm – 100 – 0.32 –

WS75-XYs25 77.8 22.2 – 0.13 1.08

WS75-XYm25 79.9 20.1 – 0.31 0.82

WS75-LG25 78.9 – 21.1 – 0.45

WS50-XYm25-LG25 57.7 20.7 21.6 0.28 0.59

WS50-XYm25 (LG50S50)25 58.6 20.4 21.0 0.26 0.50

WS50-XYs25-LG25 56.8 21.8 21.4 0.08 0.70

LG100 – – 100 – –

WS whiskers of cellulose, CEL cellulose, XY xylan, L lignin, Ara/Xyl

arabinose/xylose ratio, S syringyl units, G guiacyl units
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composition of these WS-XY-L model assemblies presents

the same composition as natural plant cell walls

(*35–55 % cellulose, *15–25 % hemicelluloses and

*15–25 % lignin). The synthetic lignin and xylan ratios in

nanocomposites were different when compared to the

amount of lignin monomers and xylans used (Table 1). It

appeared that an amount of lignin and xylan was lost

during the washing of nanocomposites after freeze drying.

As can be seen in Table 2, lignin content was similar in

WS-LG, WS-XY-LG and WS-XY-LGS nanocomposites.

In contrast, the general trend for both WS-XY and WS-

XY-L nanocomposites, was an increased level of the

incorporation of xylan into the cellulose with decreasing

Ara/Xyl ratios (Table 2), indicating a preferential adsorp-

tion of low substituted xylans. It may be possible that the

lower arabinose content favored the aggregation of xylans

and as a consequence caused the retention of larger parti-

cles within the nanowhiskers [33]. It also becomes obvious

that XYs xylan (Table 2) had stronger interactions with

nanowhiskers than those of XYm. After lignification, a

Fig. 2 Negative stained TEM micrographs of: a, b whiskers; c, d whiskers-xylan; and e, f whiskers-xylan-lignin nanocomposites. Images a, c,

d correspond to higher magnification views of images b, d, and f respectively
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decrease in the Ara/Xyl ratio revealed that there was

some incorporation of xylan in the lignin matrix. It has

been reported that arabinose can be added to nucleophilic

groups on the transient quinone methide intermediate

generated during the oxidative polymerization of lignin

[34, 35]. These results clearly indicate that the incorpo-

ration and the association of xylan chains and lignin to

cellulose nanowhiskers led to the formation of a nano-

structured composite and confirmed the TEM observa-

tions (Fig. 2).

Infrared Spectroscopy

In order to further investigate the physicochemical

structures of WS-LG, WS-XY-LG and WS-XY-LGS

nanocomposites, FTIR spectra were recorded as shown in

Fig. 3. The corresponding bands and the assignments are

listed in Table 3 according to published data [36, 37].

The band at 1,510 cm-1 (aromatic skeletal vibrations)

was used as a reference for lignin. The peaks at 1,369,

1,048 and 898 cm-1 are mainly due to carbohydrates and

have no significant contribution from lignin [37]. Fig-

ure 4 shows the appearance of bands at 1,510, 1,269 and

1,210 cm-1, in the case of WS-LG, WS-XY-LG and WS-

XY-LGS, proving the incorporation of lignin in nano-

composites (Fig. 3 a–c). However, many differences

appear among the spectra of all the samples in the fin-

gerprint region between 1,800 and 800 cm-1. This sug-

gests that the xylan and lignin structure had an effect on

WS-XY-L supramolecular structure. For example, the

increase in bands at 1,210 and 1,336 cm-1 and the

decrease in bands at 1,269 cm-1 proved the presence of

lignin-GS. This further certifies that WS-XYs-LGS lignin

is a GS-type lignin and thus different from WS-XYs-LG

lignin (G-type lignin). WS-XYs-LGS and WS-XYs-LG

assemblies can consequently be used as models for both

grass and woody plants.

Table 2 shows the H1427/H898 ratios of cellulose

nanowhiskers (0.88), whiskers-xylans nanocomposites

(0.82 and 1.08), and whiskers-xylans-lignin nanocom-

posites (ranging from 0.47 to 0.70). The H1427/H898 ratio

of initial Avicel microcrystalline cellulose was 1.48. This

indicates that cellulose nanowhiskers produced had both

crystalline and amorphous fractions. In addition, a mod-

ification of cellulose crystallinity resulted from xylan and

lignin incorporation. The WS-XYs, WS and WS-XYm

nanocomposites had the higher CrI and WS-LG, WS-

XYm-LGS and WS-XYm-LG nanocomposites had the

lowest CrI. This agrees with the general finding that the

adsorption of amorphous polymers on cellulose microfi-

brils decreases cellulose crystallinity [29]. The lignin-GS

type sample also had a greater effect than the lignin-G

type.

Batch Anaerobic Digestion

Influence of Xylan and Cellulose Structure, and Cellulose-

Xylan Association on Biomethane Production

Methane production from XYm, XYs and WS is shown in

Fig. 4a and Table 4. After 25 days of incubation, methane

production reached its final level in all experiments

(Fig. 4a), showing a difference in total accumulated bi-

omethane from the XYm and XYs xylans. The methane

potential of XYs (263 mL/g VS) was higher than that of

XYm (240 mL/g VS). The variation in xylans biomethane

potential could be attributable to the Ara/Xyl ratio; the

lower the Ara/Xyl ratio, the higher the methane potential.

Indeed, the degree, type and distribution pattern of the

substitutions along the xylan backbone largely determine

the structure and physical properties of xylan and have
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Fig. 3 FTIR absorbance spectra of whiskers of cellulose (WS),

whiskers-xylans nanocomposites (WS-XY), and whiskers-xylans-

lignin nanocomposites (WS-XY-LG) with LG: guiacyl lignin and

LGS guiacyl and syringyl lignin
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been shown to impact the enzymatic hydrolysis of xylan in

the plant cell wall [38–40].

The digestion of cellulose nanowhiskers (WS) produced

approximately 253 mL/g VS which is in the same range as

the production from both xylan samples, though with a

lower maximum rate and a higher lag-phase time

(Table 4). The lower biomethane production rate of WS

could be attributed to low bioavailability and accessibility

of cellulose microfibrils to enzymes. This low accessibility

could be due to the crystallinity and supramolecular orga-

nization of cellulose nanowhiskers. Furthermore, when

XYm and XYs were incorporated into cellulose nano-

whiskers, the digestion of holocelluloses fraction of whis-

kers-xylan ‘‘WS-XY’’ produced approximately 284 mL/g

VS and 244 mL/g VS respectively (Table 4; Fig. 4b).

However, the kinetic parameters of WS-XY nanocompos-

ites varied in relation to xylan structure; for example the

Rmax of WS-XYm was higher than the Rmax of WS-XYs

(Table 4). The incorporation of XYm and XYs into the

cellulose-WS matrix resulted in a reduction in the crys-

tallinity index (Table 2). On the other hand, there was a

difference in the Ara/Xyl ratio and CrI in the synthesized

WS-XYs and WS-XYm nanocomposites [i.e. CrI(WS-XYs) [
CrI(WS-XYm) and Ara/Xyl(WS-XYm) [ Ara/Xyl(WS-XYs)]

(Table 2). According to Ara/Xyl values, WS-XYs BMP

should be higher than WS-XYm BMP as was confirmed for

the xylan polymers, though this is not the case for the xy-

lans-nanowhiskers assemblies. However, CrI values corre-

spond with the BMP values: the lower the CrI, the higher

the methane potential. Consequently, the variation in bi-

omethane potential of the WS-XY nanocomposites could be

caused by the CrI of cellulose-WS microfibrils rather than

by the hemicelluloses structure and Ara/Xyl ratio.

Influence of Lignin and Polysaccharides–Lignin

Interaction on Biomethane Production

The anaerobic digestion of WS75-LG25 produced approxi-

mately 268 mL/g VS and 339 mL/g WS whereas WS

produced 253 mL/g WS (Table 4; Fig. 4b). Thus, lignin

addition resulted in an increase in biomethane production

from nanowhiskers associated with lignin (335 mL/g WS)

versus nanowhiskers without lignin (253 mL/g of WS).

This may be due to the decrease of cellulose crystallinity

[CrI(WS-LG) \ CrI(WS)]. The maximum rate of WS-LG

anaerobic digestion also increased compared to that of

nanowhiskers-WS (Table 4). However, the lag-time was

slightly increased.

When methane production from both the 3-component

(WS-XY-LG) nanocomposites and the nanocomposites

without lignin (WS-XY) were compared, final methane

production resulting from xylans and cellulose nanowhis-

kers proved not to be significantly affected by their inter-

actions with lignin-G: (278 vs. 284 mL CH4/g of

carbohydrates for WS-XYm-LG and WS-XYm, respec-

tively and 255 vs. 244 mL CH4/g of carbohydrates for WS-

XYs-LG and WS-XYs, respectively). Furthermore, higher

methane production corresponded with the lowest crystal-

linity index and the highest ara/xyl ratio, as for WS-XY

assemblies.

The impact of lignin structure on methane production

can be observed by comparing WS-XYm-LG (containing

only guı̈acyl–lignin) and WS-XYm-LGS (containing

guı̈acyl and syringyl lignins). Final methane production

was slightly higher (10 %) in LGS lignin. However, a more

significant difference was observed in the digestion rate:

Rmax in WS-XYm-LGS was almost halved in comparison

with WS-XYm-LG Rmax. This difference in reactivity

between cell wall-rich lignin-G and lignin-GS could lead to

a better understanding of the digestibility of grass and

woody plants. The only difference between G and S lignin

monomers is the substitution by a methoxyl group in ortho

position in lignin-S. The methoxyl group enables blocking

inter-monomeric sites of coupling and modifies the elec-

tronic distribution. This ability to react favors the forma-

tion of b-O-4 linkages, which limit the ramification of

chains and increases molecular weight and densification of

the polymers formed in the case of lignin-S [41]. Conse-

quently, a decrease in the digestion rate in the case of

lignin-GS can be attributed to the high densification of

lignin-GS nanoparticles and the strong interaction of lig-

nin-GS to polysaccharides network, which limits the

Table 3 Assignment of different bands for lignin, cellulose and

hemicellulose

Band (cm-1) Assignment

3,500–3,000 O–H stretching

2,920–2,840 C–H stretching in –CH3 and –CH2-groups

1,750–1,680 C=O stretching in xylan

1,660–1,640 C=O stretching in conjugated ketones

1,515–1,505 C=C stretching from aromatic ring of lignin

1,470–1,460 C–H deformation in –CH3 and –CH2-groups

1,416–1,430 –CH2 vibration in cellulose

1,375–1,365 Aliphatic C–H stretching in –CH3

1,320–1,340 C–O vibration in S derivatives

1,270–1,256 C–O stretching in lignin ‘‘G -OMe groups’’

1,245–1,210 C–C/C–O/C=O stretching in lignin and xylan

1,172–1,158 C–O-C Stretching at b-(1-4)-glycosidic

1,130–1,120 C=O/C–O–C stretching

1,060–1,050 C–O stretching in cellulose

1,040–1,030 C–O/C–C stretching in cellulose and xylan

900–896 C–O–C vibration at b-(1-4)-glycosidic

875–870 C–H in position 2, 5 and 6 (G units)
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accessibility of carbohydrates by enzymes. However, this

point requires further in-depth investigation. On the other

hand, the higher biomethane produced from lignin-GS

could be a result of demethoxylation of the lignin polymer

since methoxyl groups are more susceptible to biodegra-

dation than side chain and aromatic ring structures (Fig. 1).

Figure 5 shows the microscopy images of anaerobic

sludge with cellulose–xylan–lignin nanocomposite before

and after anaerobic digestion. These images reveal that,

after anaerobic digestion, the cellulose–xylan–lignin

nanocomposites (Fig. 5b, c) present a different architecture

and organization. They show the formation of composite

lignin-rich ‘‘yellow spheres’’. The size of the lignin-rich

nodules after anaerobic digestion was approximately

500 nm as compared to approximately 50 nm before

anaerobic digestion. It has already been reported that lignin

nodules and hydrophobic polymers in water display a

similar shape and supramolecular organization. It appears

that the degradation of carbohydrates in cellulose–xylan–

lignin nanocomposites led to the reorganization and repo-

lymerization of lignin-rich compounds which formed a

dense, supramolecular complex structure with hydrophic

properties i.e. ‘‘insoluble in water’’ and inaccessible to

microorganisms.

Fig. 4 Kinetics of methane

production from a WS, XYm,

XYs, and WS-LG; b WS-XYm,

WS-XYs, and WS-XYs-LG,

WS-XYm-LG and WS-XYm-

LGS (mean value of duplicates

±2 9 standard deviation)
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a b c

Fig. 5 Microscopic image of sludge (black color) with cellulose–xylan–lignin nanocomposite (white color), before anaerobic digestion (a), and

after anaerobic digestion (b) and (c)

Table 4 Methane production yields after 29 days of fermentation of whiskers, xylan and different nanocomposites and modified Gompertz

equation parameters

Biocomposites CH4 (mL/g VS) CH4 (mL/g WS-XY) Modified Gompertz equation parameter values

Vmax (mL/gVS) Rmax (mL/gVS. d) k (day) R2

WS 253 ± 4 253 249 ± 3 29 ± 1 3.9 ± 0.2 0.998

XYm 241 ± 3 241 239 ± 2 34 ± 1 1.2 ± 0.2 0.998

XYs 263 ± 5 263 259 ± 3 43 ± 3 0.9 ± 0.3 0.995

WS75-XYm25 284 ± 6 284 284 ± 3 44 ± 3 2.1 ± 0.2 0.997

WS75-XYs25 244 ± 7 244 245 ± 2 29 ± 1 1.6 ± 0.2 0.998

WS75-LG25 268 ± 7 339 269 ± 7 36 ± 5 5.1 ± 0.5 0.990

WS50-XYm25-LG25 221 ± 5 282 219 ± 3 25 ± 2 1.1 ± 0.3 0.997

WS50-XYm25-(LG50S50)25 243 ± 5 307 263 ± 8 13.6 ± 0.7 1.6 ± 0.5 0.996

WS50-XYs25-LG25 204 ± 6 259 203 ± 2 22 ± 1 0.7 ± 0.2 0.997

WS whiskers of cellulose, XY xylan, LGS Guiacyl/Syringyl lignin

Fig. 6 Relationship between

the methane potential of

cellulose–xylan–lignin

nanocomposites and the

crystallinity defined as the ratio

of the heights of FT-IR

absorbance bands at 1,427 and

898 cm-1
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Relationship Between Substrates Physicochemical

Properties and Biomethane Production

As mentioned in previous discussions, methane potential of

various model nanocomposites seemed to be linked to

cellulose crystallinity. Methane potential (mL/g carbohy-

drates) of the different model compounds containing cel-

lulose was thus plotted versus the crystallinity index

(H1427/H898) in Fig. 6. As already discussed, the general

trend was a decrease in methane potential with an increase

in H1427/H898. These results demonstrate that cellulose

crystallinity is among one of the most important parameters

concerning the anaerobic digestion of cellulose–xylan–

lignin nanocomposites. Other studies have shown good

correlations between the crystallinity and the rate of

enzymatic hydrolysis of pure cellulose [42–45]. The pro-

gressive decrease in biomethane with an increase in CrI

may be attributed to the limitation of cellulose bioavail-

ability and accessibility to cellulolytic microorganisms

when the substrate has a higher CrI. Recently, Rollin et al.

[24] reported that in order to effectively release sugars

from recalcitrant lignocellulose at high yield, the increase

of cellulose accessibility was a more important pretreat-

ment consideration than delignification.

This study clearly indicates that lignin content is not the

sole parameter affecting the biodegradability of plant cell

wall polysaccharides and biomethane production. Other

factors, such as the cellulose crystallinity and crystalline

polymorph, the surface area, porosity, lignin structure and

lignin-carbohydrates complex may also play a significant

role in the extent of lignocellulosic degradation.

Conclusions

This study concentrated on the anaerobic digestion of

model cellulose whiskers, cellulose whiskers-xylans

nanocomposites, cellulose whiskers-lignin and whiskers-

xylans-lignin nanocomposites with constant lignin. Lig-

nin-carbohydrates supramolecular organization was

shown to play a significant role in lignocellulosic biomass

anaerobic digestion. Lignin presence did not inhibit car-

bohydrate biodegradation but resulted in an increase in

final methane production from a carbohydrate, which was

linked to a decrease in the crystallinity index. Lignin

presence also led to a decrease in the batch digestion

rate; more so in the case of lignin-GS than lignin-G.

These results will be valuable in the investigation of both

anaerobic digestion of lignocellulosic biomass and bio-

degradability of plant cell-walls.
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