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Anqing Zheng,1,2,3,4,5 Zhen Huang,2,4,5 Guoqiang Wei,2,4,5 Kun Zhao,2,4,5 Liqun Jiang,2,4,5 Zengli Zhao,2,4,5,6,*
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SUMMARY

Selectively breaking the C-O bonds within biomass during catalytic fast pyrolysis (CFP) is desired, but

extremely challenging. Herein, we develop a series of metal-oxide nanocomposites composed of W,

Mo, Zr, Ti, or Al. It is demonstrated that the nanocomposites of WO3-TiO2-Al2O3 exhibit the highest

deoxygenation ability during CFP of lignin, which can compete with the commercial HZSM-5 catalyst.

The nanocomposites can selectively cleave the C-O bonds within lignin-derived phenols to form aro-

matics by direct demethoxylation and subsequent dehydration. Moreover, the nanocomposites can

also achieve the selective breaking of the C-O bondswithin xylan and cellulose to form furans by dehy-

dration. The Brønsted and Lewis acid sites on the nanocomposites can be responsible for the deoxy-

genation of lignin and polysaccharides, respectively. This study provides new insights for the rational

design of multifunctional catalysts that are capable of simultaneously breaking the C-O bonds within

lignin and polysaccharides.

INTRODUCTION

With the increasing societal concerns regarding fossil fuel shortages and climate change, lignocellulosic

biomass has emerged as a potential alternative to fossil fuels for the production of chemicals and liquid

fuels (Custodis et al., 2014; Huber et al., 2006; Liu et al., 2015; Meng et al., 2017; Rahimi et al., 2014;

Roman-Leshkov et al., 2007). Lignocellulosic biomass generally consists of three major components:

hemicellulose, cellulose, and lignin. Lignin is an amorphous, cross-linked heteropolymer composed of

three phenylpropane units that vary in their degree of methoxylation: sinapyl, coniferyl, and p-coumaryl

alcohol (Li et al., 2015a; Liu et al., 2016; Wang et al., 2015b). Cellulose and hemicellulose, the most typical

structural polysaccharides, are polymers composed of six-carbon and five-carbon sugar units, typically

glucose and xylose (Patwardhan et al., 2010, 2011; Wang et al., 2017). The pre-existing aromatic structures

of lignin and the pyranose/furanose ring structures of polysaccharides tend to render them very suitable

for the production of aromatics and furans, respectively. However, one fundamental challenge is that

both the lignin and polysaccharides are highly oxygen-rich when compared with their respective platform

chemicals (aromatics and furans) (Kusumoto and Nozaki, 2015; Shiramizu and Toste, 2012) (as shown in

Figure 1).

The C-O bonds within lignin, hemicellulose, and cellulose exist in very different chemical environments.

The major oxygen-containing functional groups within lignin are aryl ethers, methoxyls, hydroxyls

(phenolic and aliphatic), and carbonyls (Wang et al., 2009). The oxygen within cellulose and hemicellulose

exists predominantly in the forms of aliphatic ethers (glycosidic bond) and aliphatic hydroxyls (Li et al.,

2012). The deoxygenation of biomass proceeds by the cleavage of the C-O and C-C bonds. The former

comprises dehydration (the elimination of H2O) and demethoxylation (the elimination of CH3OH),

whereas the latter consists of decarbonylation (the elimination of CO) and decarboxylation (the elimina-

tion of CO2) (Dayton et al., 2015). The deoxygenation of biomass via decarbonylation and decarboxyl-

ation can cause unnecessary carbon losses, resulting in a reduction in both the liquid yield and energy

recovery. Hence, selectively and simultaneously breaking the C-O bonds present in the different chemical

environments is crucial to achieving the efficient deoxygenation of biomass. Recently, oxophilic metals

have exhibited promising activities and selectivities for the cleavage of the C-O bonds within biomass
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through the strong interactions between the oxygen-containing functional groups and the oxophilic

metal (Chen et al., 2018b; Robinson et al., 2016; Wan et al., 2018). Wang and coworkers reported that

the simultaneous hydrodeoxygenation of cellulose, hemicellulose, and lignin into hexane, pentane,

and alkylcyclohexanes could be achieved by a multifunctional Pt/NbOPO4 catalyst under solvothermal

conditions (Xia et al., 2016). Lu demonstrated that Re2O7 can selectively cleave the C-O bonds within

lignin (Qi et al., 2018). Sanna reported that the catalytic pyrolysis of biomass over activated olivine and

activated serpentine was able to reduce the oxygen content of bio-oil by up to 40% (Sanna and Andrésen,

2012). Shanks, Nimlos, and Román-Leshkov showed that the pyrolysis vapors from biomass can be hydro-

deoxygenated to form alkanes and aromatics using MoO3 or supported MoO3 under H2 atmosphere

(Murugappan et al., 2016; Nolte et al., 2016).

Despite these advances, there remains a challenge in designing amultifunctional catalyst capable of simul-

taneously converting lignin, hemicellulose, and cellulose into their respective aromatics and furans by

deoxygenation reactions. Catalytic fast pyrolysis (CFP) is one of the most promising methods to directly

convert biomass into highly deoxygenated molecules over catalysts at middle temperature (450�C–
650�C), high heating rate (>1,000�C/s), short reaction time (several seconds), and atmospheric pressure

without the need for a H2 supply (Carlson et al., 2008; Li et al., 2015b; Wang et al., 2009, 2014; Zhang

et al., 2009a). The deactivated solid catalysts can be recycled after burning off the coke in a regenerator.

Currently, renewable aromatics can be produced by the CFP of biomass over various zeolite catalysts,

such as HZSM-5, Hb, HY, HUSY, MCM-41, FCC, and hierarchical zeolites (Du et al., 2013; Iliopoulou

et al., 2012; Jae et al., 2011; Jia et al., 2017; Kelkar et al., 2015; Wang et al., 2014, 2018; Zhang et al.,

2013). HZSM-5 has exhibited the highest aromatic yield due to its strong acidity and shape selectivity

(Cheng et al., 2012). During the CFP of biomass over zeolites, the first step is the thermally induced

cleavage of the C-C and C-O bonds within the entire biomass to generate various pyrolysis intermediates

(e.g., anhydrosugars, furans, phenols, alcohol, aldehydes, and ketones). The pyrolysis intermediates sub-

sequently diffuse into the pore channels of the zeolite and further undergo a variety of cracking, deoxygen-

ation, oligomerization, cyclization, and aromatization reactions at the Brønsted acid sites to form olefins

and aromatics via hydrocarbon pool mechanism (Carlson et al., 2011; Hoff et al., 2017; Yang et al., 2017;

Zhang et al., 2009b). In addition, renewable furans (e.g., furfural) can be produced by CFP. Blasi and Lu

have shown Lewis acids, such as Fe2(SO4)3 and ZnCl2, to be the most effective catalysts for the selective

production of furfural from the fast pyrolysis of corncob (Branca et al., 2012; Lu et al., 2011). Hence, a cata-

lyst comprising both Brønsted and Lewis acid sites could be a suitable candidate for the coproduction of

aromatics and furans from the CFP of biomass. Lewis acidity appears in g-Al2O3, g-Ga2O3, and TiO2.

Brønsted acidity exists in oxides of elements with formal valences higher than four (WO3, MoO3, V2O5,

Nb2O5, and S-containing oxides) (Fernández-Garcı́a and Rodriguez, 2011).

Figure 1. The van Krevelen Diagram of Feedstocks and Their Respective Target Products

The organosolv lignin derived from pine, eucalyptus, and bagasse is denoted lignin-P, lignin-E, and lignin-B, respectively.
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Here, we propose a new pyrolytic strategy for the production of value-added chemicals and platform

chemicals from biomass (as shown in Figure 2). The CFP of three main components of biomass (organosolv

lignin, xylan, and cellulose) over metal-oxide nanocomposites is first investigated for catalyst screening.

Then the performance of the CFP of real biomass (bagasse, eucalyptus, and pine) over the metal-oxide

nanocomposites was verified. It is found that lignin and polysaccharides can be, respectively, converted

into aromatics and furans over the metal-oxide nanocomposites composed of W, Ti, and Al. The nanocom-

posites can selectively break the C-O bonds within lignin-derived phenols to generate aromatics by direct

demethoxylation and dehydration reactions, and they can also selectively cleave the C-O bonds within

xylan and cellulose to form furans by dehydration reactions. The Brønsted and Lewis acid sites of the nano-

composites may be responsible for the deoxygenation of lignin and polysaccharides, respectively.

RESULTS AND DISCUSSION

Synthesis and Characterization of the Metal-Oxide Nanocomposites

The metal-oxide nanocomposites, e.g., TiO2-Al2O3 (TA), ZrO2-Al2O3 (ZA), ZrO2-TiO2 (ZT), WO3-TiO2-Al2O3

(WTA), WO3-ZrO2-Al2O3, MO3-TiO2-Al2O3 (MTA), and WO3-ZrO2-TiO2 were prepared using a coprecipita-

tion method (see ‘‘Transparent Methods’’ for preparation and characterization). The acronyms in parenthe-

ses are formed by combining the initial letters of these metal oxides. Transmission electron microscopic

images (Figures 3A–3C) show that the average sizes of TA, WTA, and MTA samples are estimated to be

12.9, 10.8, and 9.9 nm, respectively. The X-ray diffraction (XRD) patterns of TA, WTA, and MTA are shown

in Figure 3D. It is evident that the three samples have very similar XRD patterns. The diffraction peaks at

2q = 25.2�, 37.8�, 48.1�, 54.0�, 55.1�, 62.8�, 68.9�, 70.4�, and 75.2� are assigned to the reflections from the

(101), (004), (200), (105), (211), (204), (116), (220), and (215) crystal planes of anatase TiO2 (JCPDS No. 21-

1272), respectively (Chen et al., 2018a). The small diffraction peaks at 37.1�, 45.8�, and 66.8� are attributed

to the reflections from the (311), (400), and (440) crystal planes of g-Al2O3 (JCPDS No.29-0063), respectively

(Xiong et al., 2019). No independent peaks corresponding to the crystalline planes of WO3 or MO3 are

observed in the XRD patterns of WTA and MTA, indicating that the incorporated WO3 and MO3 are

dispersed homogeneously over the TiO2 and Al2O3 supports and exist in poorly crystalline and amorphous

forms. The concentrations of Brønsted and Lewis acid sites on the metal-oxide nanocomposites are given

in Figure 3E. Only small quantities of Lewis acid sites are found in nano-TiO2 (T), whereas both Brønsted and

Figure 2. The Proposed Pyrolytic Strategy for Producing Aromatics and Furans from Biomass
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Lewis acid sites are observed in TA, WTA, and MTA. The rank order for the concentrations of Brønsted acid

sites is WTA > MTA > TA > T, whereas the rank order for the concentrations of Lewis acid sites is MTA >

WTA > TA > T. It is generally accepted that the oxygen vacancies exposed on the surface of metal-oxide

nanocomposites supply coordinatively unsaturated metal cations that act as Lewis acid sites. The interac-

tion with water converts the surface oxygens of the metal-oxide nanocomposites into hydroxyl groups, and

the hydrogens in the hydroxyl groups behave as Brønsted acid sites (Guntida et al., 2019; Kim et al., 2019;

Koodali, 2006). As WTA as an example, interaction of the tungsten species with the surface of TiO2 or Al2O3

(wetting phenomenon) can result in the formation of surface mono-oxo wolframyl groups with coordina-

tively unsaturated structure, which act as strong Lewis acid sites. As a result of adsorption of water, the co-

ordination number of tungsten increases and the site behaves as a strong Brønsted acid site (Cristiani et al.,

1993; Guntida et al., 2019; Gutiérrez-Alejandre et al., 1998). It is thus concluded that the mono-oxo wolf-

ramyl groups and hydrated wolframyl groups on the surface of WTA are, respectively, responsible for

the formation of strong Lewis and Brønsted acid sites.

Catalytic Fast Pyrolysis of Lignin over the Nanocomposites

Organosolv lignin derived frombagasse was selected as the feedstock. Themajor products from the CFP of

the organosolv lignin include various methoxyphenols, non-methoxyphenols, aromatics, char/coke, and

permanent gas. In this study, we mainly focus on the formation of target products: monophenols (methox-

yphenols and non-methoxyphenols) and aromatics. Methoxyphenols are defined as a class of compounds

that comprise one or more methoxy groups (OCH3) directly bound to the aromatic ring in phenols. Non-

methoxyphenols are defined as a class of monophenols without methoxy groups. The non-methoxyphe-

nols from the fast pyrolysis of organosolv lignin without the use of nanocomposites are mainly composed

of alkenylphenols (mainly vinyl, propenyl, and allyl phenols), phenol, and alkylphenols (mainly cresols,

ethylphenols, and xylenols). Herein, nanoscale TiO2 (T), ZrO2 (Z), and Al2O3(A) are used as catalysts in

the CFP of organosolv lignin. However, no aromatics are observed in the pyrolysis products. Surprisingly,

it is found that the metal-oxide nanocomposites, TA, ZA, and ZT, are able to produce aromatics and non-

methoxyphenols. The non-methoxyphenols from CFP consist of phenol and alkylphenols (mainly cresols,

Figure 3. Characterization of the Metal-Oxide Nanocomposites

(A–C) Transmission electron microscopic images of (A) TA, (B) WTA, and (C) MTA.

(D) Powder XRD patterns of TA, WTA, and MTA.

(E) The concentrations of acid sites in T, TA, WTA, and MTA.
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ethylphenols, xylenols, ethyl cresols, and trimethylphenols). The aromatics comprise benzene, toluene,

xylenes, alkylbenzenes, naphthalenes, benzofurans, indenes, anthracenes, fluorenes, and phenanthrenes.

As shown in Figure S1, the rank order for the aromatic yield is TA > ZT > ZA. The aromatic yield from the CFP

of lignin can be further improved by the introduction of WO3 (W) andMoO3 (M) into the Zr-, Ti-, or Al-based

nanocomposites. It is well known that the metal-oxide nanocomposites of WO3, MoO3, ZrO2, TiO2, or

Al2O3 are robust solid acidic catalysts with high thermal stabilities (Barton et al., 1998). As shown in

Figure 4A, WTA and MTA exhibit the best catalytic performance of the nanocomposites in terms of their

deoxygenation abilities. The aromatic yields from the CFP of lignin over WTA are close to those over

HZSM-5, indicating that these catalysts can compete with HZSM-5 in the CFP of lignin. It should be noted

that no aromatics are found during the CFP of lignin over T. The catalysts produce aromatics when Al2O3 is

incorporated into T. Further incorporation of WO3 or MO3 into TA enhances the aromatic yield. The results

suggest that the rank order for the deoxygenation activities appears to be the same as the concentrations

of Brønsted acid sites present in the nanocomposites. The aromatic selectivity from the CFP of lignin over

the different nanocomposites is shown in Figure S2. WZ, MTA, and WTA show the highest selectivities

toward benzene, toluene, and xylenes (BTX). A significant proportion of alkylaromatics, especially alkylben-

zenes, are formed via alkylation reactions during the CFP of lignin. Among the nanocomposites, WT ex-

hibits the best performance in terms of alkylation.

The effects of the catalyst-to-feedstock weight ratio on the carbon yields of the aromatics and phenols

from the CFP of lignin are illustrated in Figure 4B. The yields of aromatics, methoxyphenols, and non-

methoxyphenols are dependent upon the catalyst-to-feedstock weight ratio, indicating that the extent

of deoxygenation during CFP of lignin, that is, the selectivity toward aromatics, methoxyphenols, or

non-methoxyphenols, can be readily tuned by controlling the catalyst-to-feedstock weight ratio. As the

catalyst-to-feedstock weight ratio increases from 0 to 10, the yields of the methoxyphenols and non-

methoxyphenols decrease, whereas the yields of the aromatics significantly increase. The results are in

accordance with the CFP of lignin over zeolites (Jan et al., 2015; Kim et al., 2015; Luo et al., 2019). It should

be noted that the sum of the yields of themethoxyphenols, non-methoxyphenols, and aromatics decreases

with increasing catalyst-to-feedstock weight ratio. These results may be due to the increased severities of

deoxygenation in the hydrogen-deficient environments of CFP promoting hydrogen transfer reactions. As

shown in Figure S3, the carbon yields of char/coke from the CFP of organosolv lignin are approximately

50%–71%. The results are in line with those in literatures, which reported that the carbon yields of char/coke

and permanent gas from the CFP of biomass over zeolites or metal oxides were 30%–75% and 20%–50%,

respectively (Carlson et al., 2011; Murugappan et al., 2016; Wang et al., 2015a).

Possible Reaction Pathways for the Catalytic Fast Pyrolysis of Lignin

In the CFP of lignin, the first step is the thermal depolymerization of lignin to form various phenols.

The main oxygen-containing groups in these phenols are phenolic hydroxyl and methoxy groups. These

A B

Figure 4. The Carbon Yields of Aromatics and Phenols from the CFP of Organosolv Lignin Derived from Bagasse

at 600�C
(A and B) (A) CFP over different nanocomposites with a catalyst-to-feedstock weight ratio of 10 and (B) CFP over WTA with

different catalyst-to-feedstock weight ratios, where no catalyst is denoted as a catalyst-to-feedstock weight ratio of 0.
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phenols subsequently diffuse onto the catalyst surface to undergo deoxygenation reactions. As shown in

Figure 5, the deoxygenation of phenol to form benzene can proceed by three distinct pathways: the tau-

tomerization-dehydration and tautomerization-decarbonylation routes starting from the cleavage of the

O-H bond and a direct dehydration route via the breaking of the Caryl–OH bond (Lup et al., 2017; Rogers

and Zheng, 2016; Teles et al., 2018). There are four generally accepted pathways for removing the methoxy

group from guaiacol: (1) cleavage of the O–CH3 bond to produce methane (demethylation) and catechol,

(2) transmethylation reactions that can be considered to be the results of demethylation of guaiacol and

subsequent methylation of catechol, (3) splitting of the Caryl–OCH3 bond to produce methanol (demethox-

ylation) and phenol, and (4) transmethylation reactions that can be considered to be the results of deme-

thoxylation of guaiacol and subsequent methylation of phenol (Rogers and Zheng, 2016). The bond

dissociation energies for O–H, Caryl–OH, O–CH3, and Caryl–OCH3 in guaiacol are 87.0, 107.2, 57.5, and

97.2 kcal/mol, respectively (Kubiak, 1995; Schlaf and Zhang, 2015; Vuori and Bredenberg, 1987). Although

the bond dissociation energies can change by 1–10 kcal/mol between double substituted benzenes (e.g.,

guaiacol) and mono-substituted benzenes (e.g., phenol), the rank order of the bond dissociation energies

is approximately the same: O–CH3 <O–H < Caryl–OCH3 < Caryl–OH. The higher bond dissociation energies

of the Caryl–OCH3 and Caryl–OH bonds make their preferential cleavage very difficult to achieve.

Figure 5. The Bond Dissociation Energies for Typical Bonds within Phenol and Guaiacol, and the Possible Pathways for the Catalytic Conversion of

Phenol and Guaiacol into Aromatics
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To further understand the reaction mechanism of the CFP of lignin over the nanocomposites, phenol,

guaiacol, and creosol are selected as probemolecules to identify the possible pathways. The total ion chro-

matograms resulting from the CFP of guaiacol, phenol, and creosol over WTA are shown in Figure 6. The

major products from the CFP of guaiacol are 1,2-dimethoxy benzene, cresols, creosol, phenol, benzene,

toluene, xylenols, methanol, dimethyl ether (DME), biphenyl, fluorene, xanthene, and trimethylphenols.

Very small amounts of CO and CO2 are also observed in the product stream, indicating that decarbonyla-

tion and decarboxylation are not the primary reactions that occur during the CFP of guaiacol. Large

amounts of 1,2-dimethoxy benzene, cresols, creosol, xylenols, and trimethylphenols present in the product

stream indicate that the transmethylation reaction is one of the major reactions during CFP. There are only

two possible pathways for the formation of transmethylation products: (1) demethylation and subsequent

methylation and (2) demethoxylation and subsequent methylation (as shown in Figure 5). Considerable

quantity of phenol and the very small quantity of anisole present in the product stream imply that deme-

thoxylation is the initiating step for the CFP of guaiacol. Catechol is not found from the CFP of guaiacol,

suggesting that demethylation is not a predominant reaction pathway during the CFP of guaiacol. The

1,2-dimethoxy benzene, cresols, creosol, xylenols, and trimethylphenol products are presumed to be ob-

tained via the C-methylation and O-methylation of various reactants and intermediates with methanol and

Figure 6. Total Ion Chromatograms Resulting from the CFP of Guaiacol, Phenol, and Creosol over WTA at 600�C with a Catalyst-to-Feedstock

Weight Ratio of 5

iScience 23, 100814, January 24, 2020 7



DME over the nanocomposites. The 1,2-dimethoxy benzene is generated by the O-methylation of guaiacol

with methanol and DME, whereas the cresols, xylenols, and trimethylphenols are produced by consecutive

C-methylation reactions of phenol with methanol and DME. Cooperation of the acid and base sites is

typically required for C-methylation and O-methylation reactions (Vishwanathan et al., 2008). As shown

in Figure S4, CO2 desorption confirms the basicity of TA, WTA, and MTA. Toluene is obtained by either

the dehydration of cresols or the methylation of benzene with methanol. These C-methylation and

O-methylation reactions, taken together with the phenol, methanol, and DME present in the product

stream, strongly suggest that direct demethoxylation of guaiacol is the major pathway for the deoxygen-

ation of guaiacol over WTA. The main products from the CFP of creosol include 3,4-dimethoxytoluene,

toluene, xylenes, trimethylbenzene, cresols, xylenols, and trimethylphenols. The similar product distribu-

tion from the CFP of creosol as that from guaiacol further verifies the proposed mechanism.

The possible pathways for the CFP of lignin are illustrated in Figure 7. It is postulated that the hydrogen transfer

reactions that occur during the CFP of lignin eliminate the need for an external hydrogen source. H2 and active

hydrogen species (hydrogen radicals, hydrides, and protons) derived from the dehydrogenation, polyconden-

sation, and carbonization reactions during the CFP of lignin can serve as hydrogen donors to cleave the C-O

bonds within the various phenols. The proposed pathways for CFP of guaiacol over WTA are significantly

different from those over zeolites. Hemberger and coworkers have reported that fulvenone, generated by the

catalytic demethylation and subsequent dehydration of guaiacol, is the central reactive intermediate during

the CFP of guaiacol over HUSY (Hemberger et al., 2017). The primary products from the CFP of phenol are ben-

zene and biphenyl, strongly indicating that benzene is mainly formed by the direct dehydration of phenol via a

free radical mechanism. Phenol first undergoes homolytic fission of the Caryl–OH bond to form aryl and hydroxyl

radicals. The hydrogen radicals are subsequently added to the aryl and hydroxyl radicals to form benzene and

water. Biphenyl is generated by the recombination of two aryl radicals. Thilakaratne and coworkers demon-

strated that the major products from the CFP of phenol over HZSM-5 are benzene, naphthalene, biphenyl, alky-

lated naphthalenes, higher polyaromatic hydrocarbons, and olefins. They proposed that the aromatics

Figure 7. The Possible Pathways for the CFP of Lignin over the Metal-Oxide Nanocomposites
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produced from the CFP of phenol over HZSM-5 are generated via both a direct dehydration route and a tauto-

merization-decarbonylation route, with the latter being the predominant route (Thilakaratne et al., 2016). Olefins

are not observed from CFP of phenol, guaiacol, and creosol over WTA. These results strongly suggest that the

aromatics are predominantly produced by the direct demethoxylation and dehydration of lignin-derived phe-

nols. However, olefins are detected during CFP of lignin. The olefins may be formed by the removal of alkenyl

side chains from alkenylphenols. It is supposed that the nanocomposites are capable of selectively reducing the

dissociation energies of the Caryl–OCH3 and Caryl–OH bonds of the adsorbed phenols. The high temperature

present during CFP facilitates the selective cleavage of these bonds (Shao et al., 2017). However, the actual

mechanisms for the CFP of lignin are much more complex than those for the CFP of model compounds. Large

quantities of polycyclic aromatics are detected during the CFP of lignin over the nanocomposites. These results

may be due to the rearrangement, recombination, and polycondensation of various lignin-derived reactive in-

termediates (e.g., radicals and carbenium ions) during the CFP of lignin (Custodis et al., 2014).

Catalytic Fast Pyrolysis of Hemicellulose and Cellulose over the Nanocomposites

Xylan is selected as a representative of hemicellulose. The CFP of xylan and cellulose are also performed over

these nanocomposites. The ion chromatograms resulting from the CFP of xylan and cellulose are graphed in

Figure S5. The product distributions from the fast pyrolysis of xylan and cellulose are significantly altered by

these nanocomposites. The CFP of xylan and cellulose over these nanocomposites favors the formation of fu-

rans. The furans from the CFP of xylan are mainly composed of furfural along with small quantities of furan and

2-methylfuran. In addition to the furans mentioned above, large quantities of 5-methylfurfural are also

observed from the CFP of cellulose. In addition, aldehydes, ketones, and carboxylic acids, such as formalde-

hyde, acetaldehyde, acetone, butanone, 2-methyl-2-cyclopenten-1-one, and acetic acid, are found during the

CFP of xylan and cellulose. Furans, aldehydes, and ketones are important precursors for hydrocarbon fuels. No

aromatics and olefins are observed from the CFP of xylan and cellulose, suggesting that aromatics cannot be

generated over the nanocomposites via hydrocarbon pool mechanism.

The yields of furans from CFP of xylan and cellulose catalyzed by the different nanocomposites are

depicted in Figure 8A. These nanocomposites can drastically improve the yields of furans. The maximum

carbon yields of furans from xylan (29.9%) and cellulose (17.7%) are achieved by CFP over MTA and WTA,

respectively. The rank order of the carbon yields of furans from the CFP of xylan isMTA>WTA> TA> T. The

rank order of the deoxygenation activities for xylan appears to be the same as that for the concentration of

Lewis acid sites present in the nanocomposites. The carbon yields of furans from the CFP of cellulose are

lower than those from the CFP of xylan under the same reaction conditions. The rank order of the carbon

yields of furans from the CFP of cellulose is WTA > MTA > TA > T. It is worth noting that T can effectively

catalyze the formation of furans from xylan and cellulose, whereas no aromatics are detected during the

T-catalyzed CFP of lignin. Considering that T possesses only Lewis acid sites, it can be inferred that the

formation of furans and aromatics is catalyzed by Lewis and Brønsted acid sites, respectively. As shown

in Figure 9, the carbon yields of furans from the CFP of xylan is a linear function of the concentration of Lewis

A B

Figure 8. The Carbon Yields of Furans from the CFP of Xylan and Cellulose at 600�C
(A and B) (A) CFP over different nanocomposites with a catalyst-to-feedstock weight ratio of 5 and (B) CFP over WTA with

different catalyst-to-feedstock weight ratios, where no catalyst is denoted as a catalyst-to-feedstock weight ratio of 0.
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acid sites, whereas the carbon yields of aromatics from the CFP of lignin is a linear function of the concen-

tration of Brønsted acid sites. These results suggest that the formation of furans and aromatics is catalyzed

by Lewis and Brønsted acid sites, respectively. The carbon yields of furans as a function of the catalyst-to-

feedstock weight ratio are graphed in Figure 8B. The carbon yields of furans reach a maximum value at a

catalyst-to-feedstock weight ratio of 3, and then the yields decrease with increasing catalyst-to-feedstock

weight ratios. The possible reaction mechanism for the formation of furans from the CFP of xylan and

cellulose is shown in Figure S6. It is widely accepted that the first step is the thermal depolymerization

of cellulose and xylan to form anhydrosugars (e.g., levoglucosan [LG] and anhydroxylopyranoses [AXP])

through the cleavage of the C-O bonds (glycosidic bonds) (Lin et al., 2009; Liu et al., 2014; Patwardhan

et al., 2010, 2011; Shen andGu, 2009; Wang et al., 2012). LG can undergo dehydration reactions to generate

5-hydroxymethylfurfural, which can undergo subsequent dehydration and decarboxylation reactions to

form 5-methylfurfural and 2-methylfuran. 5-Hydroxymethylfurfural can be converted into furfural and form-

aldehyde by removing the hydroxymethyl group. This result is strongly supported by the fact that formal-

dehyde is only found in the product stream of the CFP of cellulose. AXP can undergo dehydration reactions

to form dianhydroxylopyranoses (DAXP). AXP and DAXP can be further dehydrated to produce furfural. In

addition, a small quantity of furans may be derived from glucose and xylose, which can be formed through

the acid-catalyzed hydrolysis of cellulose and xylan during CFP.

Catalytic Fast Pyrolysis of Biomass over WTA

Bagasse, eucalyptus, and pine, as representatives of herbaceous, hardwood, and softwood plants, were

selected as the feedstocks for CFP. The yields of aromatics and phenols from the CFP of these feedstocks

over WTA are given in Figure 10A. WTA is capable of simultaneously converting the polysaccharides and

lignin fractions in the different biomass into furans and aromatics, indicating that CFP over WTA is a

versatile and feedstock-flexible method for the coproduction of aromatics and furans from biomass. At a

catalyst-to-feedstock weight ratio of 5, the maximum carbon yield of furans (20.4%) is achieved by the

CFP of the eucalyptus feedstock. Under the same conditions, the CFP of the pine feedstock exhibits the

lowest carbon yield of furans (13.0%) and the highest carbon yield of aromatics (10.7%). The results can

be ascribed to the different chemical structures of bagasse, eucalyptus, and pine, especially the chemical

structures of their hemicellulose and lignin fractions. In softwood plants, galactoglucomannan and guaiacyl

units are the major components of the hemicellulose and lignin fractions, respectively. The effects of the

catalyst-to-feedstock weight ratios on the product distribution from the CFP of pine feedstock over

WTA are illustrated in Figure 10B. The phenols from the fast pyrolysis of pine without the use of the nano-

composites are mainly methoxyphenols. As the catalyst-to-feedstock weight ratio increases, the yields of

furans and non-methoxyphenols first increase and then begin to decrease as the catalyst-to-feedstock ratio

passes 3. The non-methoxyphenols from the CFP of the pine feedstock are mainly phenol and alkylphenols

(mainly cresols, ethylphenols, xylenols, ethyl cresols, and trimethylphenols). In addition, the yields of the

aromatics gradually increase and reach a maximum value at a catalyst-to-feedstock weight ratio of 10.

These results further suggest that the methoxyphenols first undergo demethoxylation reactions to form

A B

Figure 9. The Carbon Yield of Aromatics or Furans as a Function of the Concentration of Acid Sites

(A) The carbon yield of aromatics from CFP of organosolv lignin as a function of the concentration of Brønsted acid sites.

(B) The carbon yield of furans from CFP of xylan as a function of the concentration of Lewis acid sites.
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phenol and alkylphenols, which then undergo dehydration reactions to generate aromatics. Also, the yield

and selectivity toward aromatics, methoxyphenols or non-methoxyphenols can be tuned by controlling the

catalyst-to-feedstock weight ratio. Notably, the sum of the carbon yields of the aromatics, non-methoxy-

phenols, and methoxyphenols increases significantly from 16.3% to 28.4% when the catalyst-to-feedstock

weight ratio increases from 0 to 1. These results are the opposite of those from the CFP of individual lignin

over WTA. As shown in Figures 7 and S6, the deoxygenation of phenols requires the hydrogen transfer re-

actions, in which hydrogen is supplied by the in situ dehydrogenation, polycondensation, and carboniza-

tion reactions of lignin and phenols. In contrast, the furans are formed by intramolecular dehydration, which

does not require an external hydrogen source. It can be hypothesized that the hydrogen transfer reactions

between the polysaccharides and lignin are significantly promoted by WTA, resulting in the formation of a

greater amount of phenols and aromatics from the CFP of raw biomass via the hydrogenolysis reaction.

Lercher reported that the presence of Lewis acid sites in zeolites can enhance both the strength of Brønsted

acid sites and the rate of hydrogen transfer reactions (Müller et al., 2016; Wichterlová et al., 1999). Xiao

found that the hydrogen transfer reactions between cellulose and lignin occurred during co-fast pyrolysis

of cellulose and lignin without any catalysts (Wu et al., 2016). Lignin and polysaccharides typically require

different reaction conditions to be completely converted into their respective platform chemicals. The

optimal catalyst-to-feedstock weight ratios for maximizing the yields of furans, non-methoxyphenols,

and aromatics are 3, 3, and 10, respectively. By comprehensively considering the yields of the furans and

aromatics, the optimal catalyst-to-feedstock weight ratio for the CFP of biomass is 3–5. The yield of aro-

matics and furans from the CFP of biomass and its components over the catalysts reported in the literature

are given in Tables S1 and S2 for comparison. As shown in Table S1, the catalysts used in the CFP of biomass

for aromatic production include zeolites and mixed metal oxides, such as HZSM-5, modified HZSM-5, and

Mo-containing mixed metal oxides, which are well-known strong Brønsted acids (Edmunds et al., 2019; Lu

et al., 2019; Murugappan et al., 2016; Wang et al., 2015a). CFP of biomass over different catalysts for furanic

production are provided in Table S2. It is found that both Brønsted and Lewis acid catalysts, such as zeo-

lites, H2SO4, and ZnCl2, can effectively catalyze the dehydration of polysaccharides to form furans (Branca

et al., 2012; Chen et al., 2018c; Lu et al., 2011). However, the simultaneous conversion of lignin and poly-

saccharides into respective aromatics and furans has not yet been achieved in the literature. Our results

demonstrate that WTA with suitable Brønsted and Lewis acid sites could be the key for achieving efficient

and simultaneous deoxygenation of lignin and holocellulose.

Conclusions

Lignocellulosic biomass is a highly heterogeneous polymer, and controlling the complex pyrolysis path-

ways of this biomass is challenging. Metal-oxide nanocomposites comprising W, Mo, Ti, Zr, or Al are suc-

cessfully synthesized and applied to simultaneously control the deoxygenation pathways of lignin, cellu-

lose, hemicellulose. The mono-oxo wolframyl groups and hydrated wolframyl groups on surface of WTA

act as strong Lewis and Brønsted acid sites, respectively. It is demonstrated that the nanocomposites of

A B

Figure 10. The Carbon Yields of the Furans, Aromatics, and Phenols from the CFP of Raw Biomass over WTA at

600�C
(A and B) (A) CFP of the different feedstocks over WTA with a catalyst-to-feedstock weight ratio of 5 and (B) CFP of the

pine feedstock over WTA with varying catalyst-to-feedstock weight ratios, where no catalyst is denoted as a catalyst-to-

feedstock weight ratio of 0.
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WTA can achieve the selective breaking of the C-O bonds within the lignin-derived phenols to generate

aromatics by direct demethoxylation and subsequent dehydration reactions, while also enabling the selec-

tive cleavage of the C-O bonds within xylan and cellulose to produce furans by dehydration reactions.

Methanol, produced from the direct demethoxylation of lignin-derived pyrolysis intermediates, can further

undergomethylation reactions to form alkylated phenols and aromatics. It is inferred that the Brønsted acid

sites and Lewis acid sites of the nanocomposites can be responsible for the formation of the aromatics and

furans, respectively. Moreover, during the CFP of raw biomass feedstocks, the nanocomposites can pro-

mote hydrogen transfer reactions between the polysaccharides and lignin, resulting in the formation of

a greater amount of phenols and aromatics. However, the high-temperature and H-deficient environment

of CFP can lead to low yields of the target products. To overcome these disadvantages, an additional H2

supply or low-temperature hydrothermal/solvothermal conditions should be explored in further studies.

Limitations of the Study

The mass balances for CFP of lignin, xylan, cellulose, and biomass are not provided in this study. In addi-

tion, the stability and recyclability of the metal-oxide nanocomposites during CFP are also not considered.

We will conduct CFP of biomass and its components over metal-oxide nanocomposites in a fixed bed

reactor for providing relevant information.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.100814.
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Figure S1 The carbon yields of aromatics and phenols from catalytic fast pyrolysis of organosolv lignin 

derived from bagasse over different nanocomposites, related to Figure 4.  
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Figure S2 The aromatic selectivity from catalytic fast pyrolysis of organosolv lignin derived from 

bagasse over different nanocomposites, related to Figure 4. 

BTX: benzene, toluene and xylenes; Alkylbenzenes: ethylbenzene, ethyltoluenes, ethylxylenes,  

trimethylbenzenes, tetramethylbenzenes, pentamethylbenzene; Indenes: Indene, methylindenes; 

Naphthalenes: naphthalene, methylnaphthalenes, ethylnaphthalenes, dimethylnaphthalenes, 

trimethylnaphthalenes; Benzofurans: benzofuran, methylbenzofurans; Others: fluorene, 

methylfluorenes, anthracene, methylanthracenes, phenanthrene, methylphenanthrenes. 
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Figure S3 The yields of char/coke from the CFP of organosolv lignin derived from bagasse over 

different nanocomposites, related to Figure 4. 
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Figure S4 CO2-TPD profiles of different nanocomposites, related to Figure 7. 

  



 

Figure S5 Total ion chromatograms resulting from the CFP of xylan and cellulose over WTA at 600 °C 

with a catalyst-to-feedstock weight ratio of 3, related to Figure 8. 

 

  



 

 

Figure S6 Possible reaction pathways for the formation of furans from the CFP of xylan and cellulose 

over WTA, related to Figure 8. 

  



Supplemental Tables 

Table S1 The yields of aromatics from the CFP of biomass and its components in literature, related to 

Figure 4 and Figure 10. 

Feedstocks Catalyst  Carbon yield of aromatics Reference 

Lignin HZSM-5  2-9% (Wang et al., 2014) 

Lignin CoO/MoO3 and HZSM-5 Up to 6.2% (Mullen and Boateng, 

2010) 

Lignin, cellulose and 

biomass 

HZSM-5 and H-Beta 1-14% (Mihalcik et al., 2011) 

Red oak HZSM-5 14.5-17.7% (Wang et al., 2015) 

Lignin HZSM-5 13.38-27.91% (relative peak 

area) 

(Lee et al., 2016) 

Pine MoO3/TiO2 7%  (Murugappan et al., 

2016) 

Pine Ti(SO4)2-Mo2N/HZSM-5, 

Mo2N/HZSM-5 

Up to 13.63 wt.%  (Lu et al., 2019) 

Pine ZnAl, Zn2Al, MgAl, Mg2Al Up to 4% (relative peak area) (Edmunds et al., 2019) 

Lignin and biomass WO3-TiO2-Al2O3 Up to 8.5% for lignin and 

14.7% for pine 

This work 

 

 

 

 

 

  



Table S2 The yields of furans from the CFP of biomass and its components in literature, related to 

Figure 8 and Figure 10. 

Feedstocks Catalyst  Yield of furfural or furans Reference 

Corncobs Fe2(SO4)3, H2SO4, 

ZnCl2 

5–6 wt.%% (Branca et al., 

2012) 

Corncobs H2SO4  0.65-5% wt.% (Branca et al., 

2011) 

Biomass, cellulose,  

and xylan 

ZnCl2  Up to 70% (relative peak area) (Lu et al., 

2011) 

Bagasse CuSO4/HZSM-5  28% (relative peak area) (Zhang et al., 

2014) 

Cellulose ZrCu-SAPO-18 

ZrCu-SAPO-34 

Selectivity of 63.86% (relative peak area) (Chen et al., 

2018) 

Xylan, cellulose and 

biomass 

WO3-TiO2-Al2O3 Up to 29.9% for xylan, 17.7% for cellulose and 

20.5% for eucalyptuses (carbon yield) 

This work 

 

 

  



Transparent Methods 

Preparation and characterization  

The metal-oxide nanocomposites were synthesized by a coprecipitation method. A stable aqueous 

TiCl4 solution was prepared by dissolving the desired amount of TiCl4 in deionized water with vigorous 

stirring in an ice-water bath. The W- or Mo-free nanocomposites were precipitated from a mixture of 

Al (NO3)3·9H2O, TiCl4 or ZrOCl2·8H2O with different metal-to-metal molar ratios (1:1 for a binary 

mixture and 1:1:1 for a ternary mixture) by increasing the pH to 9~10 with a 25~28% solution of 

ammonium hydroxide under vigorous stirring. For the W or Mo-containing nanocomposites, the 

desired amount of ammonium metatungstate (or ammonium molybdate) was dissolved in the mixture 

with vigorous stirring before precipitation. The loading of WO3 or MO3 was 16 wt.% based on the 

weights of the other metal oxides. The resulting precipitates were aged at room temperature for 24 h. 

After filtration and washing, the obtained nanocomposites were dried at 105 °C for 12 h, followed by 

calcination in air at 600 °C for 2 h. Nanosized TiO2 and ZrO2 were purchased from Aladdin Industrial 

Corporation (Shanghai, China). The commercial HZSM-5 catalyst (Si/Al=25) was obtained from the 

Catalyst Plant of Nankai University (Tianjin, China). Transmission electron micrographs of the 

nanocomposites were carried out on a transmission electron microscope (TEM-100CX, JEOL Inc., 

Tokyo, Japan) at a 200 kV accelerating voltage. Powder X-ray diffraction (XRD) patterns of the 

nanocomposites were analyzed by an X-ray diffractometer (X’Pert Pro MPD, PANalytical B.V., 

Almelo, Netherlands) using Cu Kα radiation (λ = 1.54060 Å) at 40 kV and 40 mA. The diffraction 

patterns were registered from 2θ = 5–80° at a scanning rate of 2° min−1. The crystalline phases of 

metal-oxide nanocomposites were identified by comparison with JCPDS files. Total acid amounts of 

the nanocomposites were determined by temperature-programmed desorption of NH3 (NH3-TPD) 



(DAS-7000, Huasi Instrument Co. Ltd., Changsha, China) connected with a thermal conductivity 

detector (TCD), and the types of the acid sites and the Brønsted to Lewis acid site ratio of the 

nanocomposites were determined by the adsorption of pyridine followed by the recording of their 

Fourier transform infrared (FTIR) spectra on a Frontier spectrometer (PerkinElmer Inc., Boston, USA), 

the concentrations of Brønsted and Lewis acid sites were subsequently calculated according to the 

method described by literature (Emeis, 1993; Tamura et al., 2012; Weingarten et al., 2011). The 

temperature-programmed measurements for the desorption of CO2 (CO2-TPD) of the nanocomposites 

were performed in a DAS-7000 (Huasi Instrument Co. Ltd., Changsha, China). 

Catalytic fast pyrolysis and product analysis  

Xylan and cellulose were purchased from Macklin Inc. (Shanghai, China) and Sigma–Aldrich (St 

Louis, USA), respectively. Organosolv lignin was extracted from bagasse by organosolv fractionation 

according to our previous studies(Zheng et al., 2017; Zheng et al., 2018). Catalytic fast pyrolysis of 

the biomass and its major components was conducted in a commercial micropyrolyzer (Pyroprobe 

5200, CDS Analytical, Oxford, PA, USA). The samples were mixed with nanocomposites in an agate 

mortar to ensure thorough mixing. A mixture with the desired catalyst-to-feedstock weight ratio was 

accurately weighed on an analytical balance to an accuracy of 0.001 mg (XP6152, Mettler-Toledo 

GmbH, Giessen, Germany), and the pyrolysis temperature, residence time, and heating rate were fixed 

to 600 °C, 20 s, and 10,000 K/s, respectively. The pyrolysis products were analyzed in-line by an 

Agilent 7890 series gas chromatograph (GC) coupled with an Agilent 5975 series mass-selective 

detector (MSD). The GC column used was a J&W DB1701 column with dimensions of 60 m × 250 

μm × 0.25 μm. The major pyrolysis products were quantified using the external standard method 

according to the guidelines provided by Agilent. The calibration curves were obtained by injecting the 



mixed standard solutions with at least five concentrations of the target compounds into the GC oven 

under the same operating conditions. The carbon yields of the target products from the CFP of lignin, 

xylan or cellulose are defined as the moles of carbon in the target products divided by the moles of 

carbon in the feedstocks. The carbon yields of the furans from the raw biomass were calculated by the 

moles of carbon in the furans divided by the moles of carbon in the hemicellulose and cellulose 

fractions of the raw biomass. The carbon yields of the aromatics or phenols from the CFP of the raw 

biomass were calculated by the moles of carbon in the aromatics or phenols divided by the moles of 

carbon in the lignin fraction of the raw biomass. The carbon yields of char/coke were obtained by the 

elemental analysis of spent catalysts. 
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