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Abstract The catalytic and non-catalytic pyrolysis of

microcrystalline cellulose and phosphoric acid pre-

treated cellulose was investigated. The thermal pro-

cesses were carried out applying two different

methodologies: conventional fast pyrolysis and micro-

wave-induced pyrolysis. For the catalytic experiments

different catalysts were evaluated: CeO2, Nb2O5, SiO2,

high surface area SiO2, Si-MCM-48 and Al-Fe-MCM-

48. In all cases the liquid fraction was evaluated by

quantifying the yields of anhydrosugars (mainly levo-

glucosan, levoglucosenone and 1,4:3,6-dianhydro-a-D-

glucopyranose) and aromatic hydrocarbons. In the

reaction of microcrystalline cellulose levoglucosan

was the main product, while levoglucosenone was

predominant in the pyrolysis of phosphoric acid pre-

treated cellulose. Catalysts improved the fraction of

bio-oil and the product distribution depended on the

nature of catalytic materials as well as the starting

cellulose. On the other hand, the microwave induced

pyrolysis favored the formation of char at expenses of

liquid fraction. In this case levoglucosenone and other

anhydrosugars in conjunction with furan compounds

were the main products.

Keywords Cellulose � Pyrolysis � Catalysis �
Microwave � Anhydrosugars

Introduction

Biomass, a renewable source for carbon based liquid

fuels, has a potential to alleviate the dependency on

fossil fuels and related environmental problems. One

of the ways for upgrading biomass is the fast pyrolysis,

which today is mainly carried out for obtaining bio-oil,

employing short residence time (\2 s) and tempera-

tures in the range of 400–500 �C. The bio-oil is a

complex mixture of water, organic acids, aldehydes,

ketones, alcohols, sugars, furans, phenols, among

others. Due to the oxygen content of this liquid it

cannot be directly employed as fuel requiring quality

improvement (Czernik and Bridgwater 2004).

Alternatively, bio-oils containing valuable chemi-

cals in significant concentrations may have also a

potential use as a chemical feedstock (Bridgwater and

Grassi 1991). However, these products are produced

with a low yield and their separation from the liquid

phase usually is extremely difficult. Chemicals include
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anhydrosugars and their derivatives, namely levoglu-

cosan (LG), levoglucosenone (LGO), 1,4:3,6-dianhy-

dro-a-D-glucopyranose (DGP), (1S,5R)-5-hydroxy-

3,7-dioxabicyclo[3.2.1]octan-4-one (LAC), 2-furfu-

ral, 5-hydroxymethyl-2-furfural, among others.

Lignocellulosic biomass consists of three major

components: cellulose, hemi-cellulose, and lignin.

Cellulose and hemicelluloses are the carbohydrate

polymers, and lignin is a cross-linked macromolecule.

When biomass particles are exposed to high tempera-

tures, different processes, such as de-polymerization of

these polymers or fragmentations of macromolecules,

condensation, and decomposition of monomers, pro-

ceed sequentially and/or in parallel, producing a

complex mixture of volatiles, liquid products, and char

residue (Vinu and Broadbelt 2012; Antal 1982). In the

context of simplicity, the pyrolysis of cellulose, as a

representative component of the biomass has been

studied. However, despite their simple chemical struc-

ture, successful conversion of cellulose into specific

substances used as chemical feedstock appears com-

plicated. Two main competitive pathways are involved

during cellulose pyrolysis: one which leads to the

formation of LG as a relatively stable product and the

second which yields glycolaldehyde and formaldehyde

(Antal and Varhegyi 1995). The use of additives

modifies the product distribution and composition of

the bio-oils derived from cellulosic sources. Pre-

treatment is an important tool for practical cellulose

conversion processes promoting the dehydration of the

biopolymer and the formation of anhydrosugars and

furans (Mosier et al. 2005). Thus, the use of acids

(H2SO4 and H3PO4) decreases LG yields promoting the

formation of LGO (Dobele et al. 1999, 2003) whilst the

alkalis (Ca(OH)2 and NH4OH) seem to increase LG

yield (Shaik et al. 2013).

In addition, plenty of different solid catalysts were

used to perform catalytic pyrolysis of cellulose for

chemicals production, using moderate temperatures

and reducing the unwanted properties of the bioliquid

(polymerization, high viscosity, oxygen content,

among others). Many studies have been carried out

applying different catalysts as zeolites (Fabbri et al.

2007), silica (Choi et al. 2011), metal oxides (Fabbri

et al. 2007; Lu et al. 2009), clays (Rutkowski 2012),

and mesoporous solids (Torri et al. 2009), just to

mention a few examples. Bulky organic molecules are

formed during pyrolysis of biomass interacting with

the accessible catalyst surface. Over this surface, and

more specifically over acid sites, the molecules

undergo scission of different types of bonds. Thus,

textural properties (specific surface area, size, geom-

etry and volume of pore) and acidity (strength and

concentration of acid sites) are important parameters

of the catalysts which play a paramount role in these

reactions.

Thermochemical conversion of cellulosic materials

can also be achieved by microwave heating (Motasemi

and Afzal 2013; Shra’ah and Helleur 2014; Yin 2012).

This technique not only reduces the energy consump-

tion and processing time, but also enables the

employment of novel chemistry tools. In conventional

thermal heating, the energy is transferred from source

to the center of material via radiation, convection, and

conduction, while in microwave or dielectric heating

the electromagnetic energy is converted to thermal

energy inside the sample. The microwave-assisted

reactions can be completed more efficiently in com-

parison with other thermal methods due to efficient

heat transfer profiles. For this reason, microwave

heating appears as one of the promising techniques for

carrying out the biomass pyrolysis process, accelerat-

ing the chemical reactions and reducing the processing

costs.

In the present work the catalytic and catalytic free

pyrolysis of microcrystalline cellulose and phosphoric

acid pre-treated cellulose were carried out. Pyrolysis

experiments were performed applying two different

methodologies, one dynamic (fast pyrolysis) and other

static (microwave-induced pyrolysis). For catalytic

experiments a series of heterogeneous catalysis dis-

playing different structural and physicochemical

properties were evaluated: CeO2, Nb2O5, SiO2 (low

and high surface area), siliceous MCM-48 and Al-Fe-

MCM-48. The aim of this study was to establish the

differences between all pyrolytic systems for treat-

ment of two cellulosic materials, in the context of

employing the resulting bio-oil as a potential source of

renewable fuel and/or a chemical feedstock.

Materials and methods

Cellulose samples

Commercial microcrystalline cellulose from Biopack

was selected for the pyrolysis study. The cellulose was

pre-treated by impregnation with phosphoric acid
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(Anedra, 85 % w/w) solutions. In this procedure

1.00 g of cellulose and 5 ml of 5 % (w/w) phosphoric

acid aqueous solution were introduced in a round-

bottom flask and kept at 70–80 �C under magnetic

stirring. Following 2 h, the mixture was filtered under

vacuum and the solid was dried at 40 �C under

vacuum overnight.

In the microwave-assisted impregnations, the mix-

ture of cellulose (1.00 g) and phosphoric acid solution

(5 ml, 85 % w/w) was irradiated for 5 min at 70 �C

and 300 W using a CEM-Discovery Labmate equip-

ment. Then, the mixture was filtered under vacuum

and the solid was dried indistinctly at 40 �C under

vacuum overnight or at 100 �C at atmospheric

pressure by 2–3 h. The type of drying did not affect

the quality of the material.

Cellulose materials were characterized by two

X-ray diffraction (XRD) equipments: a Philips

PW1710 BASED instrument operating at 45 kV and

30 mA, fitted with a graphite monochromator in order

to get Cu Ka1 radiation (k = 1.5406 Å) and a

Panalytical X’Pert Pro (40 mV, 40 mA), Cu Ka
(k = 1.5418 Å).

Crystallinity index of microcrystalline and pre-

treated cellulose was calculated based on the data of

X-ray diffractometry (Ioelovich et al. 1989). Besides,

these materials were studied by Scanning Electron

Microscopy (SEM) on a Jeol 100 CX2 (Tokyo, Japan)

apparatus.

Catalysts preparation and characterization

Four commercial catalysts were employed for car-

rying out the pyrolysis: CeO2 (from Rhöne Poulenc,

240 m2/g), SiO2 (Davison, 210 m2/g), high surface

area SiO2 (Aldrich, 810 m2/g) and Nb2O5 (CBMM,

Brazil, 150 m2/g). Besides two mesoporous cata-

lysts, siliceous MCM-48 and Al-Fe-MCM-48 were

prepared. The former sample was obtained by a

classical hydrothermal synthesis following the pro-

cedures reported elsewhere (Xu et al. 1998; Bore

et al. 2006). Briefly, cetyl trimethyl ammonium

bromide was employed as the surfactant, while

sodium silicate was the silica source. The Al-Fe-

MCM-48 sample was obtained by adding Al and Fe

nitrates to the precursor solution in order to obtain a

Si/Me (Me: Fe or Al) ratio of 60. All catalysts

employed in this work were characterized in order

to determined several physicochemical properties:

crystallinity, specific surface area, pore volume and

the acidic properties (number of acid sites per m2

and strength of the acid sites).

X-ray diffraction patterns of catalysts before and

after the pyrolysis experiments were recorded in a

Siemens D5000 diffractometer using a Cu Ka radia-

tion and 2 sets of 1� Soller slits and a graphite

monochromator. The data were collected in the 2h
range: 15.800�–140.000�, the scanning step was

0.025�, 4,969 points were measured with a counting

time of 20 s per point.

The specific surface area of the catalysts was

determined by adsorption–desorption of N2 at 77 K

employing a Nova 1200e Quantachrome equipment by

using the BET equation for surface area. The diameter

of the porous as well as the pore volume was also

measured following the BJH approximation. Samples

were evacuated at 393 K for 4 h before the measure.

The acidity of the catalysts was studied by temper-

ature programmed desorption of ammonia (NH3-TPD)

which is a traditional method for determining the

surface acidity in heterogeneous catalysts. The amount

of NH3 adsorbed per gram of catalyst was determined

as it was early described (Tonetto et al. 2004; Garcia

et al. 2005). Besides, a titration method was employed

for determining the concentration of acid sites, as well

as the corresponding strength (Cid and Pecchi 1985;

Covarrubias et al. 2009). This procedure was previ-

ously employed for some of us for studying the

strength and the concentration of heterogeneous ceria

catalysts (Diez et al. 2014). Approximately 100 mg of

catalyst was dispersed in 100 ml of acetonitrile, then

the mixture was stirred for 1 h and afterwards it was

titrated with a 0.10 M solution of N-butylamine

employing an AT500N Automatic Potentiometric

Titrator. The total surface acidity was evaluated from

the amount of base added to reach the plateau in the

titration curve, while the first point of the titration (E0,

mV) was employed for analyzing the acid strength.

Pyrolysis experiments

The fast pyrolysis reactions were conducted in a

tubular reactor under inert atmosphere. The quartz

reactor with a length of 25.00 cm and an inner

diameter of 2.50 cm was heated externally by using

a tube furnace with a temperature-controller device.

The reactor was connected to a high vacuum pump

where pressures were in the range of 0.01–0.05 Torr.
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Granulated cellulose samples (1.00 g) were placed in a

sliding ceramic boat, which was fed into the pyrolysis

furnace when temperature (250–400 �C) and vacuum

conditions were reached. Thus, the sample was

subjected to pyrolysis conditions for 20 min and

contact times were very short (\0.1 s). Oxygen-free

dry nitrogen was used as inert carrier gas to improve

the transportation of products to the condensation

region and nitrogen flow rate were 0.1 mL/s1. Liquid

products were trapped at liquid air temperature

immediately they escape the hot zone. The pyrolysate

was extracted with acetone and subjected to different

analyses or separation techniques. After evaporation

of organic solvent, the liquid phase consisting of oil

was weighed. The solid char was removed from the

ceramic boat and also weighed and then the gas yield

was calculated by difference. All yields are expressed

as the average of at least three experiments to confirm

the reproducibility of the reported results.

In the catalytic pyrolysis, cellulose blends with

10 % (w/w) catalyst addition were pressed and then

fractured to 10–20 Mesh size particles.

In the microwave-induced experiments, 0.20 g of

cellulose (microcrystalline or pre-treated) were irradi-

ated at different times (2–15 min), temperatures

(200–300 �C) and power (150–300 W) in a closed-

vessel quartz reactor. In the catalyzed reactions, cellulose

(0.20 g) and catalysts (10 % w/w) were exhaustively

mixed in a mortar prior to the irradiation. After finishing

the reaction, the mixture was treated with acetone and the

solid was filtered and dried to calculate the yields of

products. The acetone solution was analyzed by gas

chromatography/mass spectrometry (GC/MS).

For the isolation of LGO and its subsequent

identification by NMR (1H and 13C) and IR analyses,

the oil mixture obtained in the pyrolysis of pre-treated

cellulose was purified using a column chromato-

graphic on silica gel and a mixture of chloroform:

ethyl acetate (80:20 and 70:30) as eluent.

Gas chromatography/mass spectrometry analyses

were performed in a Shimadzu GC–MS-QP 5050

spectrometer. The injector temperature was kept at

300 �C and the separation was performed using a VF-

5 ms capillary column (30 m 9 0.25 mm i.d.,

0.25 lm film thickness). Helium was used as carrier

gas with a constant flow rate of 0.5–1.0 ll/min. The

oven temperature was programmed from 80 �C

(3 min) to 280 �C (15 min) with the heating rate of

10 �C/min. The temperature of the GC/MS interface

was held at 280 �C, and the mass spectrometer was

operated at 70 eV. The mass spectra were obtained

from 40 to 400 m/z with the scan rate of 500 amu/s.

The identification of chromatographic peaks was

achieved according to the NIST MS library.
1H and 13C spectra were recorded in acetone-d6

with a Bruker Avance II 400 MHz spectrometer (BBI

probe, z gradient) (1H at 400.16 MHz and 13C at

100.56 MHz). Chemical shifts are reported in parts per

million downfield from TMS. The spectra were

measured at 22 �C. Infrared solid spectra were

recorded with an FTIR Bruker IFS 28v spectrometer,

with a resolution of 2 cm-1 in the range from 4,000 to

400 cm-1 by using KBr disks.

Results and discussion

Characterization of cellulose materials

Microcrystalline cellulose (from now on ‘‘MCC’’) and

phosphoric acid-treated cellulose (from now on ‘‘TC’’)

samples were analyzed by XRD diffraction. The

diffraction peaks of cellulose crystals were observed

in both cases (Fig. 1). From the width of these peaks

the crystalline index of the samples was determined,

giving rise to a value of 81 % and of 69 % for MCC

and for TC, respectively. Thus, the acid treatment was

effective for reducing the number of ordered micro-

regions of the macromolecule increasing the relative

content of amorphous regions, which is in agreement

with previous studies regarding structural changes of

cellulose after impregnation with phosphoric acid

(Dobele et al. 2001; Zhang et al. 2009).

The morphologic modification of the cellulose after

acid treatment can also be examined by SEM analysis

(Fig. 2). Thus, cellulose ribbons are clearly observed

for the non-treated sample (Fig. 2a) together with

minor amorphous regions. On the other hand, TC

consists of a very large amount of cellulose agglom-

erates where fibbers are distinctly reduced in length

compared with MCC (Fig. 2b). A closer look at the

macrofibril surface, at larger magnification, showed

many terraces, steps and kinks. This change can be

attributed to the surface dehydration of the cellulose

catalyzed by the acid (Zhao et al. 2007).

On the other hand it is known that microwave

drying is a rapid and high-effect method to decrease

the moisture content of biomass materials to produce
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higher quantity and better quality bio-oil during the

fast pyrolysis process (Wang et al. 2008). Additionally

the use of microwave technology can successfully

facilitate acid hydrolysis of cellulose allowing high

yields of glucose in short reaction times (Orozco et al.

2007). Thus, to study the influence of microwave

irradiation in the impregnation process, a mixture of

cellulose and phosphoric acid solution was irradiated

at 70 �C and 300 W during 5 min. SEM micrographs

showed a different morphology for microwave irradi-

ated cellulose respect to MCC (Fig. 3). The agglom-

eration of macrofibrils was increased, even though the

length of fibrils can be difficult to measure, they are

clearly shortened. However, the formation of agglom-

erates was less than in cellulose treated with phos-

phoric acid using the conventional heating during the

impregnation.

Characterization of heterogeneous catalysts

For all catalysts, BET specific surface areas and

specific pore volume derived from nitrogen adsorp-

tion–desorption measurements are summarized in

Table 1 along with the acidity determinations. The

BET area of the mesoporous solids showed large

values as could be expected for these materials.

Volume pore values were also significant for meso-

porous solids. In addition it was determined that the

pore diameter of Al and Fe substituted MCM-48 was

4.1 nm, while the one for pure MCM-48 was 3.8 nm.

This change revealed how effectively was the incor-

poration of metal atoms into the framework. Similar

observations on increments in pore diameter for metal

substituted MCM-48 materials have also been

reported (Kong et al. 2005; Jha et al. 2006). Nitrogen
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Fig. 1 XRD patterns of cellulose samples: a microcrystalline cellulose (MCC), b acid treated cellulose (TC) and c microwave acid

treated cellulose (MTC)

Cellulose

123



adsorption isotherms of CeO2, Nb2O5 and SiO2

exhibited the type corresponding to microporous

solids showed lower specific surface area and pore

volume while SiO2 with high surface area (from now

on HAS-SiO2) presented a similar behaviour to the

mesoporous materials.

Concerning to the acidity, the concentration of acid

sites as measured by NH3-TPD is reported in Table 1. It

can be determined that all catalysts show acidic surface

sites, showing the following decreasing order of

concentration of acid sites (as measured by ml of NH3

adsorbed per g of catalysts): Nb2O5 [ CeO2 [ Al–Fe-

MCM-48[ HSA-SiO2 [ MCM-48[ SiO2. The same

order of acidity was confirmed by the titration with N-

butylamine (see Table 1), for which the concentration

of acid sites was measured as miliequivalents (mEq) of

base per gram of catalyst. The strength of the acid sites

is also reported in Table 1. Regarding the mesoporous

catalysts MCM-48 and Al-Fe-MCM-48, the data indi-

cate that acidity is increased due to the incorporation of

aluminium and iron ions into the MCM structure, both

from the point of view of concentration and of the

strength of the sites. The measurements indicated that

SiO2 should be considered to possess a low acidity,

however, the high surface silica showed an increment of

the acidity. These results also corroborated the high

acidic properties of ceria and especially of niobia,

respect to the other materials.

a

b

Fig. 2 SEM micrographs of cellulose samples at low and higher magnification: a MCC and b TC

20µm 10µm

Fig. 3 SEM micrographs of cellulose after microwave acid treatment at low and higher magnification
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Fast pyrolysis of cellulose

Non-catalytic fast pyrolysis experiments of MCC and

TC were carried out at different temperatures: 250, 300,

350, 400 and 500 �C, while catalytic pyrolysis were

performed at 300 �C. For catalytic experiments CeO2,

Nb2O5, SiO2, HSA-SiO2, siliceous MCM-48 and Al-Fe-

MCM-48 were used as solid and thermostable catalysts.

Non-catalytic pyrolysis experiments

An effective transformation of MCC began at tem-

peratures higher than 200 �C and the liquid fraction

increased with the increase of temperatures giving

good yields at 400 �C (Table 2). The amount of bio-oil

stayed almost the same at 500 �C from which it started

to decline and gaseous products are predominant. By

Table 1 Physicochemical properties of the catalysts

Catalysts BET area (m2/g) Pore volume (cm3/g) Acidity determination

mL NH3/ga mEq base/gb Acidic strengthb

Nb2O5 143 0.06 9.1 1.20 s

CeO2 240 0.10 5.0 0.72 s

SiO2 310 0.05 0.7 n.dc vw

HSA-SiO2 810 0.4 3.3 0.51 w

Si-MCM-48 1,100 0.6 2.2 0.10 w

Al–FeMCM-48 1,250 0.9 3.8 0.41 vs

s strong acidity, vs very strong acidity, w weak acidity, vw very weak acidity
a Measured by TPD of adsorbed ammonia
b Measured by potentiometric titration with N-butylamine
c Non detected

Table 2 Experimental results of microcrystalline cellulose (MCC) and acid-treated cellulose (TC) fast pyrolysis

Cellulose T (�C) Yields of fractions (%)a Products of liquid fraction (%)

Liquid Solid Gas LGO LG AH AS Othersb

MCC 250 3.0 ± 0.2 69 ± 4 28 ± 2 23 2 44 2 29

MCC 300 25 ± 2 23 ± 2 52 ± 4 7 48 2 30 13

MCC 350 38 ± 2 6.0 ± 0.4 56 ± 3 10 84 0 6 0

MCC 400 54 ± 4 5.0 ± 0.4 41 ± 3 1 80 0 2 17

MCC 500 59 ± 5 3.0 ± 0.3 39 ± 3 4 84 5 3 4

TC 250 5.0 ± 0.5 44 ± 4 52 ± 5 87 0 9 1 3

TC 300 7.0 ± 0.8 37 ± 4 56 ± 6 87 0 12 0 1

TCc 300 35 ± 2 22 ± 1 43 ± 3 62 0 29 5 4

TC 350 10 ± 1 40 ± 4 50 ± 6 50 0 2 48 0

TC 400 9 ± 1 36 ± 4 55 ± 6 31 15 4 49 1

TC 500 10 ± 1 25 ± 2 65 ± 7 3 9 60 19 9

LGO levoglucosenone, LG levoglucosan, AH aromatic hydrocarbons (ethylbenzene and xylenes), AS anhydrosugars (1,4:3,6-

dianhydro-a-D-glucopyranose (DGP) and 1-hydroxy-3,6-dioxabicyclo[3.2.1]octan-4-one (LAC))
a Values expressed as average of 3–4 measurements with their analytical errors
b Mainly 5-methyl-furan-2-one, 5-methyl-2-furancarboxaldehyde, and 4-hydroxy-5,6-dihydropyran-2-one
c Cellulose impregnated with phosphoric acid using microwave heating
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contrary, the fraction of solid decreased with the

temperature and only 3 % of char remained at 500 �C.

The impregnation of cellulose with phosphoric acid

diminished considerably the formation of liquid

products, giving acceptable yields only in the case of

the microwave pretreated sample at 300 �C. This

finding was in agreement with the morphologic

changes of the cellulosic materials observed upon

the acid treatment (Fig. 3), which showed a less

degree of dehydration keeping mainly the fibrillar

structure found in the MCC. It is known that micro-

wave irradiation of different types of biomass

increases the yield of bio-oil, while the yield of gas

decreases. An explanation can be that larger surface

area is developed by the material, and concomitantly

the volatiles can easily leave the char layer minimizing

the secondary reactions (Wang et al. 2008). It becomes

clear that pyrolysis of TC produced high amounts of

char and gas products at all evaluated temperatures

(Table 2).

The liquid fraction was extensively analyzed by

GC/MS technique, where the peak area percentage of

the detected products depends on the response factor

of the mass spectrometer detector, turning difficult the

accurate quantification of products. Having that in

mind, the peak area of an individual compound was

considered to be directly proportional to the concen-

tration of such compound in the liquid pyrolysate.

Thus, the peak area percentage of a compound was

used to compare the changing of its relative amount in

the bio-oil at the experimental conditions studied.

According to the ion chromatograms, fast pyrolysis

of MCC at temperatures higher than 300 �C gave high

yields of LG, which was the main product (Dobele

et al. 2001). The pyrolytic mechanism of cellulose

degradation has been largely studied by several

authors (Antal 1982; Pikorz et al. 1986; Shen and Gu

2009). It is proposed that decomposition of cellulose

can be represented by two competitive reactions where

one is the formation of anhydrocellulose and the other

is the depolymerization to form LG, which can

undergo dehydration and isomerization to form other

anhydrosugars, including LGO and DGP (Oknishi

et al. 1981). The thermal behavior of LG was verified

when fast pyrolysis of pure LG was carried out at

250 �C and 0.05 Torr in our reaction system. Under

these conditions, the composition of the pyrolysate

was 29 % of LGO, 24 % of aromatics, 12 % of DGP

and 36 % of un-reacted LG.

On the other hand, although LG can dehydrate to

give LGO at low temperatures, the amount of LG in

the pyrolysate at 250 �C was much reduced (only

2 %). Moreover, our pyrolysis study of LG corrobo-

rated that this compound was thermally stable, gen-

erating only 29 % of LGO during the pyrolysis.

Therefore we may conclude that LGO, detected at low

temperatures, was produced concurrently with LG,

and did not emerge from transformation of this latter

compound. The formation of LGO required the

combined glycosidic bond cleavage and intramole-

cular dehydration reactions. According to previous

studies, these two reactions could take place in

different orders; resulting in the different LGO

formation pathways (Oknishi et al. 1981). This fact

could explain the considerable amounts of LGO at

temperatures where LG formation was strongly not

favored.

Apart from the anhydrosugars, other compounds

were detected in the pyrolysis of MCC: aromatic

hydrocarbon like xylenes and ethylbenzene, and

different furan derivatives. It is well known that the

formation of these products takes place through

different reactions including fragmentations, rear-

rangements and aromatization (Paine et al. 2008; Li

et al. 2013).

In the case of fast pyrolysis of TC, a different

behavior was observed. LGO was the main product

until 400 �C and LG was detected in few amounts at

high temperatures. A similar behavior was previously

observed in the thermal study of cellulosic materials

impregnated with phosphoric acid indicating the effect

of the acid treatment on the predominant formation of

LGO (Dobele et al. 2001). Other anhydrosugars,

especially the glucopyranose DGP, were also pre-

dominant in the reaction mixture up to temperatures of

500 �C and for higher temperatures aromatic hydro-

carbons were the main products (Table 2). DGP is

proposed to be an intermediate in the dehydration of

LG to form LGO and its formation can be strongly

affected by the reaction conditions (Shafizadeh et al.

1978; Rutkowski 2012).

Catalytic reactions

Taking into account the results obtained in the fast

pyrolysis of MCC and TC, we decided to explore the

influence of different heterogeneous catalysts in the

transformation of cellulose. It is known that the
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addition of a solid catalyst in the pyrolysis reactor

allows in most cases the control over product distri-

bution giving higher yields towards useful chemicals.

For this study we selected six catalysts displaying

different structural and acid properties: Nb2O5, CeO2,

SiO2, HSA-SiO2, pure siliceous MCM-48 and Al–Fe-

MCM-48. The catalytic effect in the distribution of the

liquid, solid and gas fractions as well as the bio-oil

composition was investigated at 300 �C. This temper-

ature was chosen because this value is substantially

lower than temperature of non-catalytic pyrolysis of

cellulose where formation of bio-oil was the greatest

(Table 2). In addition, preliminary tests have shown

that the chemical structure of all catalysts remained

unaltered at 300 �C under the pyrolysis conditions.

Thus, the pyrolytic behaviour of MCC in the

presence of catalysts changed substantially, in com-

parison with the un-catalysed cellulose at the same

temperature. All catalysts promoted formation of

liquid product (31–45 % yields) at the expense of

the gas and solid fractions diminution (see Table 3).

The catalytic effect of siliceous MCM-48 was less

pronounced, for this reason, we decided to perform the

pyrolysis at 350 �C and in this case yields of bio-oil

were similar to those obtained for other catalysts at

300 �C. According to these evidences, all catalysts

increased the production of bio-liquid at a lower

temperature than required for similar conversion in the

un-catalysed pyrolysis.

Since the catalysts under study show quite different

acid properties, it could be postulated that the acidity

of the samples do not play a crucial role in the

observed increment in the liquid formation. It is more

likely that this enhanced production would be linked to

the presence of a heterogeneous surface in contact

with the cellulose. May be there were not any

Table 3 Experimental results of catalytic fast pyrolysis of microcrystalline cellulose (MCC) and acid treated cellulose (TC)

compared to non-catalytic pyrolysis

Cellulose Catalyst T (�C) Yields of fractions (%)a Products of liquid fraction (%)

Liquid Solid Gas LGO LG AH AS

MCC – 300 25 ± 2 23 ± 2 52 ± 4 7 48 2 30

MCC Nb2O5 300 45 ± 3 8.1 ± 0.5 47 ± 3 1 95 1 3

MCC CeO2 300 41 ± 3 8.0 ± 0.5 51 ± 3 6 75 2 16

MCC SiO2 300 44 ± 3 10.0 ± 0.6 46 ± 3 4 89 0 6

MCC HSA-SiO2 300 42 ± 3 12.0 ± 0.8 46 ± 3 1 81 3 15

MCC AlFe-MCM-48 300 40 ± 3 10.0 ± 0.7 49 ± 3 2 90 2 5b

MCC MCM-48 300 31 ± 2 18 ± 1 51 ± 3 16 29 2 53b

MCC MCM-48 350 44 ± 3 15 ± 1 41 ± 2 0 57 2 41b

TC – 300 7.0 ± 0.8 37 ± 4 56 ± 6 87 0 12 0

TC Nb2O5 300 19 ± 1 36 ± 2 45 ± 2 37 30 3 30c

TC CeO2 300 10.0 ± 0.6 35 ± 2 55 ± 4 35 10 0 55d

TC SiO2 300 3.0 ± 0.2 39 ± 2 58 ± 4 46 0 1 54e

TC HSA-SiO2 300 20 ± 1 36 ± 2 44 ± 3 81 0 0 16f

TC AlFe-MCM-48 300 12.0 ± 0.8 36 ± 2 52 ± 3 95 0 0 3

TC MCM-48 300 16 ± 1 28 ± 2 56 ± 4 60 4 28 5

TC MCM-48 350 10.0 ± 0.6 36 ± 2 55 ± 3 96 0 0 4

LGO levoglucosenone, LG levoglucosan, AH aromatic hydrocarbons (ethylbenzene and xylenes), AS anhydrosugars (1,4:3,6-

dianhydro-a-D-glucopyranose (DGP) and 1-hydroxy-3,6-dioxabicyclo[3.2.1]octan-2-one (LAC))
a Values expressed as average of 3–4 measurements with their analytical errors
b DGP was the only anhydrosugar detected
c 13 % of DGP and 17 % of LAC
d 21 % of DGP and 34 % of LAC
e 16 % of DGP and 38 % of LAC
f 7 % of DGP and 9 % of LAC
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specifically interaction between the active sites of the

different types of catalysts and pure cellulose. Thus,

the increment of liquid fraction could be attributed to a

better heat transfer from the catalyst surface to the

biopolymer helping its degradation.

When the catalytic experiments were carried out

using cellulose impregnated with phosphoric acid the

quantity of liquid and solid fractions increased

slightly. In comparison with catalysis free-reactions

of TC, the presence of Nb2O5 and HSA-SiO2

improved the bio-oil formation. In this case, the

partially hydrolyzed cellulose interacted in the best

way with niobia than ceria in the case of metal oxides.

The higher performance of niobia by comparison with

ceria would be due to the higher concentration of acid

sites in the former than in the latter (see Table 1). For

pure siliceous catalysts the catalytic effect was better

for HSA-SiO2 than SiO2 and Si-MCM-48. Once again

the acid character of the samples would be responsible

for the observed differences. Thus, according to these

facts, the acidity of the catalysts played an important

role if we compare the behavior of materials having

similar chemical features. In the case of Al-Fe-MCM-

48-catalysed reactions, the formation of bio-oil was

not significantly improved despite the increment of

acid sites given by the incorporation of Al and Fe into

the mesoporous framework. May be the extended

surface area developed by this catalyst favored the

presence of gaseous products.

These results underline the multitude of factors

related to the starting material (crystallinity, impregna-

tion type) as well as the catalyst (specific surface area,

porosity, acid properties) affecting the production of the

different fractions in the pyrolysis of cellulose.

About the composition of the bio-oil, a relatively

high concentration of LG was detected for all catalytic

reactions of MCC. Considering that the amount of the

liquid fraction was highly increased, the yield of LG

from the catalytic pyrolysis was notably increased by

comparison with un-catalysed pyrolysis.

The Si-MCM-48/cellulose system displayed a dif-

ferent behavior in comparison with the other catalytic

reactions. Thus, at 300 �C a poor yield of LG was

obtained (29 %) but increased to 57 % when pyrolysis

was conducted at 350 �C. In addition, a higher

formation of DGP accompanied by an incremented

production of LGO was found at 300 �C. These

findings may indicate that structural and/or physico-

chemical features of this material favored the

dehydration of LG particularly to DGP and, to a lesser

extent, to LGO. Such particular features would be the

low concentration and strength of acid sites of the

sample in combination with the large surface area.

A complex behavior was obtained when TC was

evaluated with the different catalysts. Yields of LGO

were much higher in the MCM-48 and HSA-SiO2-

catalysed reactions. By contrary, ceria, niobia and

silica gave rise to pyrolytic oil enriched in DGP and

LAC and depleted in LGO. The above results clearly

indicated that the transformations of LG to more

dehydrated/deoxygenated products depended on the

type of catalysts. Thus, high surface area materials

favored the transformation of LG to LGO, while

oxides with low surface areas promoted the formation

of DGP and LAC as the most important components of

bio-oil. LAC is an important chiral anhydrosugar

firstly identified by Furneaux et al. who also proposed

its formation pathway from 1,5-anhydro-4-deoxy-D-

glycero-hex-1-en-3-ulose (APP) as intermediate

(Furneaux et al. 1988). It could be concluded that the

acid properties of the catalysts would not have a key

effect in these transformations.

All the results obtained indicated that the compo-

sition of anhydrosugars in the pyrolysate was strongly

influenced by the nature of starting cellulose as well as

the type of catalyst. Thus, for pyrolysis of pure

cellulose the application of catalyst improved the

production of LG in comparison with non-catalytic

reactions. In the pyrolysis of impregnated cellulose

only mesoporous catalysts improved the yields of

LGO, which was predominant in the un-catalysed

reactions. The rest of catalytic materials favored the

production of other important anhydrosugars as LAC

and DGP. The behavior of the catalysts can be

attributed to different effects and further examinations

of the phenomena are necessary for better understand-

ing of the overall catalytic process.

The regeneration and recyclability of the catalyst

are important features to be evaluated taking into

account the relative large quantity employed in the

catalytic reactions. In order to study the reutilization of

SiO2 and CeO2, the recycling tests were performed.

Thus, the solid obtained in the first catalytic pyrolysis

(SiO2-I and CeO2-I) was activated by calcination at

500 �C for 5 h, mixed with fresh cellulose and

submitted to pyrolysis again. For ceria, the solid

obtained in this second experiment (CeO2-II) was also

calcinated and then mixed with fresh cellulose for a
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third pyrolytic experiment. After the calcinations,

XRD analysis of silica and ceria showed than these

solids kept the crystal structure (Fig. 4). However,

analysis of products indicated that the catalytic

behavior of these materials changed after the first

pyrolysis. Thus, the reutilization of SiO2 modified the

composition of the liquid pyrolysate promoting the

formation of aromatic hydrocarbons at the expense of

LG (Table 4) although the quantity of liquid, solid and

gas fractions remained the same. For ceria-catalysed

reactions, after the first calcination, the formation of

bio-oil as well as the yield of LG was not much

Fig. 4 XRD patterns of calcinated SiO2 and CeO2 after: a one pyrolysis and regeneration and b two pyrolysis and regenerations

Table 4 Distribution products in the catalytic fast pyrolysis of MCC using fresh and regenerated catalysts

Catalyst T (�C) Yields of fractions (%)a Products of liquid fraction (%)

Liquid Solid Gas LGO LG AH AS

SiO2
b 300 44 ± 3 10.0 ± 0.7 46 ± 3 4 89 0 6

SiO2-Ic 300 38 ± 2 10.0 ± 0.7 52 ± 3 9 67 17 7

CeO2
b 300 41 ± 2 8.0 ± 0.5 51 ± 3 6 75 2 16

CeO2-Ic 300 38 ± 2 20 ± 2 42 ± 2 2 80 1 16

CeO2-IId 300 14.0 ± 0.9 26 ± 2 60 ± 5 0 16 77 3

LGO levoglucosenone, LG levoglucosan, AH aromatic hydrocarbons (ethylbenzene and xylenes), AS anhydrosugars (DGP and LAC)
a Values expressed as average of 3-4 measurements with their analytical errors
b Fresh catalyst
c Catalyst after one calcination
d Catalyst after two calcinations
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affected respect to the first catalytic pyrolysis exper-

iment. By contrary, after the second calcination, a

deep decrease of liquid fraction and a clear increment

of gas products were obtained. The analysis of the bio-

oil showed a great formation of aromatic hydrocar-

bons with a depleted amount of LG. These results

indicated a strong degradation of the cellulose to give

volatile compounds providing evidence of apparent

loss of selectivity towards anhydrosugar formation.

Taking into account these results, CeO2 and, to a lesser

extent, SiO2 can be considered as good catalytic

materials after one regeneration process, regarding the

formation of bio-oil and LG as the main component.

Microwave-induced pyrolysis of cellulose

In order to evaluate the integral effect of the micro-

wave irradiation on the degradation of cellulose, the

microwave-induced pyrolysis of cellulose both in the

presence and absence of catalysts were performed. In

this case the experiments were carried out in a CEM

microwave cavity oven by placing the cellulose

samples in a quartz reactor, which was located inside

the microwave cavity using a sealed irradiation

system. Experimental conditions and results are

shown in the Table 5.

For catalytic and non-catalytic process, the liquid

fraction was reduced greatly in the microwave-

assisted pyrolysis compare to the fast pyrolysis

reactions, giving no more than 9 % of yield. The

longer residence time of products in the microwave

reactor favoured the formation of char ([50 %) and

gas products. The GC–MS analyses of bio-oils showed

furan compounds, xylenes, LGO and other anhyd-

rosugars as main components.

For microcrystalline cellulose the increment of

temperature as well as the irradiation time did not

improve the amount of bio-oil favouring the formation

of gas products. The main differences observed in

microwave reactions of MCC compared to the fast

Table 5 Distribution of products in the microwave-induced pyrolysis of cellulose

Type of

cellulose

Catalysta T (�C)/power (W)b t (min)c Yields of fractions (%)d Products of liquid fraction (%)

Liquid Solid Gas LGO AS Fure AH

MCC – 250/150 5 9 ± 1 79 ± 8 12 ± 1 71 18 3 8

MCC – 250/150 10 3.0 ± 0.3 84 ± 8 13 ± 1 61 28 – 6

MCC – 250/300 15 4.0 ± 0.4 91 ± 9 5.0 ± 0.5 43 56 – –

MCC – 300/150 5 5.0 ± 0.5 66 ± 7 29 ± 3 66 4 – 30

MCC – 150–300/150 7 3.0 ± 0.4 73 ± 7 24 ± 3 67 11 18 4

TCC – 250/150 5 2.0 ± 0.3 50 ± 5 48 ± 5 49 2 41 8

MCC CeO2 250/300 15 5.0 ± 0.6 88 ± 9 7.0 ± 0.8 17 22 – 61

250–280/150 5 2.0 ± 0.3 78 ± 8 20 ± 2 11 27f 24 25

MCC Nb2O5 250/300 5 4.0 ± 0.5 87 ± 9 9 ± 1 77 3 20 –

250–280/150 4 4.0 ± 0.5 71 ± 7 25 ± 3 40 7 26 18

MCC SiO2 250/300 5 7.0 ± 0.8 83 ± 8 10 ± 1 30 36 34 –

250–280/150 6 4.0 ± 0.5 73 ± 7 23 ± 2 31 12 28 16

MCC HSA-SiO2 250/300 5 2.0 ± 0.3 83 ± 8 15 ± 2 32 8 0 60

250–280/150 6 6.0 ± 0.7 70 ± 7 24 ± 3 37 17 26 14

MCC AlFe-MCM-48 250/300 5 2.0 ± 0.3 88 ± 9 10 ± 1 70 18 4 5

250–280/150 6 2.0 ± 0.3 65 ± 7 33 ± 3 34 21 29 10

LGO levoglucosenone, AS anhydrosugars (DGP and LAC), AH aromatic hydrocarbons (xylenes)
a 10 % w/w of solid catalyst mixed with fresh cellulose
b Maximum power given by the fixed power program
c Total time of irradiation
d Values expressed as average of 3–4 measurements with their analytical errors
e Furan compounds
f Composition: 20 % of LG and 7 % of DGP
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pyrolysis, were the substantial production of LGO, a

practical non-existent formation of LG and, in some

cases, a high production of furan derivatives. In view of

these results, microwave-irradiation promoted the

dehydration of LG to give LGO in these static and long

residence time pyrolysis reactions. Also, in the reaction

of acid pre-treated cellulose LGO and furans were the

main constituents of the bio-oil, although a large

degradation of the cellulosic material was evidenced

through the high yields of gas products (48 %). During

the catalytic microwave induced pyrolysis the ring

scission of microcrystalline cellulose caused the forma-

tion of the same products. It is noted that irradiation

conditions affected the catalytic performance of cata-

lysts. Thus, for ceria the increment of power irradiation

at 250 �C promoted the formation of xylenes in high

yields. This selectivity was lost when the temperature

was increased to 280 �C keeping irradiation at only

150 W. A similar trend was found for SiO2-catalysed

reactions, although in this case the amount of LGO was

higher than ceria-catalysed experiments. In both silica-

catalysed reactions the amount of LGO was similar

displaying an analogous performance at 250–280 �C

using 150 W of irradiation power.

According to the results, only Nb2O5 and Al–Fe-

MCM-48 provided high LGO yields (70–77 %) prob-

ably as a result of the high acidity displayed by these

materials. In this context, ceria, a catalyst with acid

properties did not promote LGO formation; further-

more LG was detected in appreciable amount (20 %

yield) in the pyrolysate indicating the lower dehydra-

tion of this compound under these thermal conditions.

Conclusions

• Fast pyrolysis of MCC at 400 �C gave rise to a

large amount of bio-oil enriched in LG while

pyrolysis of TC produced poor yields of bio-oil.

• Catalysts promoted the formation of bio-oil in the

pyrolysis of MCC at 300 �C (100 �C less than un-

catalysed reactions) keeping high selectivity to LG

formation.

• In the catalytic reactions of TC, liquid products did

not significantly increase respect to the un-cata-

lysed pyrolysis. MCM-48 materials and HSA-SiO2

displayed a remarkable selectivity to the formation

of LGO.

• The application of microwave irradiation could not

provide an efficient production of bio-oil.
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