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Lignin represents 15 % to 40 % of the dry weight of lignocellulosic biomass but remains under ex-

ploited as a sustainable feedstock for chemical and fuels even though it is the only bio-polymer
with aromatic units. Technology that selectively converts lignin to value added specialities would
improve the economics of the burgeoning bio-refinery industry. Here, we introduce a two stage
gas-phase catalytic process that produces carboxylic acids and aromatics from lignin while min-
imizing coke and char and maintaining catalyst activity. In the first step, a mixture of 50 % water
vapour in air crack and partially oxidize this complex macromolecule (< 550°C). The effluent gas
contacts heterogeneous mixed-metal oxides or metal catalysts in the second step. The product
profile from the second step included aromatic compounds but mostly C, carboxylic acids such
as maleic acid and butyric acid. Vanadium catalysts cleave lignin bonds, open aromatic rings
and oxidize lignin to carboxylic acids, especially maleic acid. WO4/TiO, mostly gave butyric acid.
Basic catalysts produced more aromatic compounds. The maximum amount of coke was 5% of
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the total carbon in lignin.

1 Introduction

Bio-refineries that convert lignocellulosic biomass into fuels and
chemicals represent a paradigm shift versus the pulp and paper
industry that dominates the market. Lignocellulosics contains cel-
lulose, hemicellulose and lignin macromolecules.! Cellulose and
hemicellulose are raw materials for bioethanol, bio-butane and
other chemicals.2# The pulp and paper industry combusts as
much as 40% of their lignin. Only 2% is converted to value-
added chemicals® and the rest is waste — 50 million tons per
year.%® According to 2007 U.S. Energy Security and Indepen-
dence Act, 79 Mm? of biofuels from biomass generates 62 million
tons of lignin as a residue. 3

Methoxylated phenylpropane units linked by C-C and ether
bonds constitute the skeleton of lignin as a bio-polymer.2 Lignin
accounts for 15 % to 40 % of lignocellulose, but the heterogeneity
of its structure converts it to an uncommon feedstock for chem-
icals or even liquid fuels.®” Moreover, process requires a homo-
geneous feedstock to minimize mutliple purification trains that
engender costs and complexity for biorefiners. 2:6

Pyrolysis, gasification, hydrogenation, oxidation, aqueous re-
forming, hydrolysis and enzymatic processes convert lignin to
aromatic compounds. 128710 The products include low molecu-
lar weight phenolic compounds, carboxylic acids and quinones.
Depolymerization of lignin leads to fuels rather than chemicals
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and includes a complex mixture of molecules. Oxidative cleav-
age of lignin mainly yields polyfunctional aromatic compounds
including aromatic aldehydes and carboxylic acids. 11

The market for aromatic acids and aldehydes is smaller, while
the market for ring-opened, high purity aliphatic acids is much
larger and includes pharmaceuticals, food, petrochemicals and
polymers. 356 One of the challenges of the oxidative cleavage of
lignin is to limit the further oxidation of the liquid products of
interest to gas. 12

Heterogeneous catalysis plays a key role in the manufacture
of polymers, agricultural and pharmaceuticals, especially in se-
lective oxidation and hydrogenation. 1316 Catalysts improve the
selectivity to target molecules and reduce the activation energy
so that the process operates at lower temperature. Developing
a selective catalytic process to convert lignin to chemicals and
fuel represents a paradigm shift with respect to current practice
in the pulp and paper industry!” and could ensure the economic
viability of biorefineries. Several catalytic systems have been de-
signed for lignin model compounds that are ineffective for real
biomass substrates. For example, Pd/C depolymerises up to 98 %
of dimeric lignin model compounds, but not real lignin. '8 Lignin
forms coke and char and other compounds that deactivate cata-
lysts. 19

Catalysts for oxidative cleavage of lignin include organomet-
alic catalysts, metal-free organic catalysts, acid and base cata-
lysts, metal salt catalysts, photo- and electro catalysts.!! H,0,
and chalcopyrite-CuFeS,, in an acetic acid buffer oxidized lignin
to malonic, succinic, malic and maleic acid at 333 K. Ma et al. pro-
pose a molecular pathway where HO™ initiates the ring hydroxy-
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lation to depolymerize lignin. The reaction also produced armotic
compounds — benzoic acid, vanillin and vanillic acid. Further
oxidation yields p- and o-quinone, which can undergo ring open-
ing to give C, acids such as maleic, fumaric and muconic acid.
Hydrolyzing these acids gave stable endpoint acids (malonic, suc-
cinic, malic and trace of maleic acid).!” Vardon et al. ® produced
adipic acid from lignin model compounds. First, fed-batch biolog-
ical cultivation process converted the model compound to cic-cis
muconate acid. Then PdC catalyst hydrogenated the recovered
acid to adipic acid.

Olcese et al.?? improved the quality of lignin pyrolysis bio-
oil by hydrotreating the vapours over iron-silica (Fe/SiO,) and
iron-activated carbon (Fe/AC) catalysts in a fixed bed at 400°C
and 1 bar. The products were benzene, toluene, xylenes, phenol,
cresols, and alkyl phenols. Coke plugged the micropores of Fe/AC
but not the mesopores of the Fe/SiO,.20

Fan et al.? converted lignin to ethylbenzene in a two-step pro-
cess. In the first step, zeolites depolymerized lignin to aromatics
(mainly benzene). In the second step, HZSM-5 (with ethanol)
selectively alkylated the aromatic compounds to ethylbenzene.
Large pores reduced the benzene selectivity and yield of benzene,
toluene, and xylenes increased with catalyst acidity. The cata-
lyst deactivated after 3 uses: the selectivity to benzene dropped
from 23 % to 7% but a 4h oxygen treatment restored the origi-
nal catalytic activity. Alternating reaction/regeneration cycles is
a successful strategy to maintain catalyst activity overtime and
reduce deactivation. 2!

Lignin pyrolysis yields phenolic compounds that are char pre-
cursors.?? Here, we introduce a new reactor configuration that
includes thermo-oxidative cracking of lignin in the gas phase, fol-
lowed by catalytic oxidation in a gas-solids catalytic reactor. The
products are fine chemicals, particularly carboxylic acids. To re-
duce the susceptibility of coking and thus reducing the regen-
eration cycles, we developed four micro-reactor configurations
to activate lignin involving air, steam and heterogeneous cata-
lysts. Based on screening tests, passing the effluent gases after
a thermo-oxidative steam cracking step produced the mostly or-
ganic acids and phenolic compounds.

2 Experimental

2.1 Materials and catalyst preparation
2.1.1 Lignin

FPInnovations (Quebec, Canada) supplied softwood kraft lignin
for all the experiments. It was recovered with the LignoForce
System from the Resolute Forest Products mill in Thunder Bay
(Ontario). The softwood kraft lignin had a mass fraction of
66.9% carbon, 5.2% hydrogen, 0.1% nitrogen, 25.4% oxygen,
with 92 % total solids. The impurities were <0.05% Na, 1.4% S
and 1.5 % suger. 21:23:24 Total solids of the Thunder Bay softwood
black liquor (unwashed lignin) was 29 %. The main solid compo-
nents were lignin (43 %) and NaOH (32 %). The unwashed lignin
had a mass fraction of 40 % carbon, 4 % hydrogen, 0.1 % nitrogen,
35% oxygen.

We identified the structural signature of the softwood kraft
lignin by '3 NMR, which identifies most of the carbon groups
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Fig. 1 '3C solid NMR spectrometer of Lignin

making up lignin2°> while other methods can also quantify the
functional groups.2® Most of the contributions identified belong
to the -O-4 type of linkage that characterize up to 50 % of soft-
wood lignin. The spectral region from 185 to 164 ppm represents
the C(O)O -(H,R) groups of carboxylic acids and esters. 27 The
sharp peak at =147 ppm belongs to C-4 in etherified guaiacyl
(G) units and C-3 in non etherified G units (3-O-4 type). Reso-
nances at ~ 115 and ~127 ppm belongs to carbons 3/5 (m) and
2/6 (o) and signals between 157 and 152 ppm to the quaternary
carbons in p-position. 28 Signal at ~87 and ~83 ppm belong to
G units and represent C-¢ in the -5 linkage and C-f in the f-O-
4 linkage, respectively. Signals at 71.8 and 71.2 ppm still belong
to G units and correspond to C-a in 3-O-4 linkages and C-y in
B-B linkages. The sharp peak at §=55.6 ppm identifies C in Ar-
OCHj,.2° Peaks from 53 to 49 ppm represent CH,O of esters. 25
Signals from 49 to 5 ppm belongs to CH, CH,,, CH; aliphatic un-
bound with an oxygen atom. (Figurel)

2.1.2 Catalysts

In a first set of experiments, vanadium pyrophosphate (VPP) con-
verted lignin to carboxylic acid in four reactor configurations.
DuPont designed VPP to partially oxidize n-butane to MA.30 In a
second set of experiments, we selected the reactor configuration
iii and tested 8 supported metal and mixed-metal oxides (Fig-
ure 2c¢).

e Cl: V-Mo/Al,0,2!

e C2: V—Mo/TiO,

e C3: V,05/MnO,

e C4: MgO (Sigma-Aldrich — we did not purify it further)

e C5: Mg—K (Pingxiang Xingfeng Chemical Packing Co.,
Ltd31)

o C6: WO5/TiO, 3233

This journal is © The Royal Society of Chemistry [year]
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e C7: V—-Mo/ZSM-5
e C8: V-W/ZSM-5

C1:We impregnated y-alumina (specific surface area (SSA)=
140m? g~ 1) with V-Mo. The details are described in 2!.

C2: We impregnated a commercial TiO,-IV with the metal salts
and followed the same procedure as in C1 but we replaced Al,04
with TiO,.

C3: To synthesize V,05/MnO, we added 1 g of MnO,-IV pow-
der to the aqueous ammonium metavanadate (1.3 g ) and ammo-
nium hydroxide (0.07 g) solution at 80°C.3* After impregnation,
a rotary evaporator removed most of the water at 500 mmHg and
85°C. The powder dried at 100°C and atmospheric pressure for
12 h. A static air muffle furnace calcined the V,05/MnO, sample
at 500 °C for 6 h.

C7: We impregnated HZSM-5 with V and Mo salts and followed
the same procedure as C1 but replaced Al,O5 with ZSM—5.

C8: For V-W/ZSM-5 we impregnated HZSM-5 with salts of V
and W: 10% W and 30 %V.

The catalyst reagents included: HCI (Fischer Scientific, 37 %),
ammonium molybdate(VI) tetrahydrate (Acros, 99 %), sodium
tetraborate decahydrate (Fisher Scientific, 99.5 %), sodium phos-
phate (Sigma-Aldrich,96 %), ammonium metavanadate (ACS
reagent grade,>99%), V,0; (99.6%). The supports were
HZSM-5 (Alfa Aesar, SiO,/Al,O; molar ratio 50:1), Tita-
nium(IV) oxide (Alfa Aesar, 99.5 %-metals basis), activated alu-
minum oxide (ACROS), manganese(IV) oxide and magnesium ox-
ide (Sigma-Aldrich). We did not further purify any reagents.

2.2 Catalyst characterization

A Quantachram Autosorb 1 MP porosimeter measured the surface
area and porosity with 21 points, following the standard multi
point Brunauer-Emmet-Teller (BET) method. Prior to the test, a
heated bag degassed the samples at 200 °C for 3 h under vacuum.

A Philipps X’pert diffractometer with a Cu-K radiation source
(1.5406 A) at 50 kV and 40 mA generated the diffraction patterns
(XRD). The instrument operated at room temperature with an
angle of incidence of 0.5°. It scanned diffraction angles between
20° and 90° with a divergence slit of 1°.

A scanning electron microscope (SEM) generated images of the
catalysts. An SEM-JSM-840A (JOEL Company) energy-dispersive
X-ray spectroscope (SEM-EDX) coupled with an electronic X-ray
diffraction (EDX) detector identified the principal elements in the
catalytic samples.

A Perkin Elmer infrared spectrometer (FTIR) with a spectral
resolution of 4cm~! scanned the lignin and reactor’s residue at
16kHz. The data were collected in the range from 4000 cm~! to
600cm~!. The surface composition of the samples was investi-
gated using attenuated total reflectance (ATR) mode.

2.3 Reactor configurations

In a first set of experiments, vanadium pyrophosphate (VPP) cat-
alyst converted lignin to carboxylic acids in four reactor configu-
rations in two steps. During the pyrolysis and thermo-oxidation
of lignin, monomers are one of the first products but they react

This journal is © The Royal Society of Chemistry [year]
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further to form carbon-oxides or re-polymerize during thermo-ox-
idation and pyrolysis consequently. Selective oxidation of these
monomers to chemicals instead of gas or solid could improve
product selectivity. Accordingly, we devised four two step reac-
tor configurations. In the first step, lignin decomposed to volatile.
Coincided, these compounds reacted with the heterogeneous cat-
alysts in the second step.

e i) lignin pyrolysis + oxidation over VPP (Figure 2a)
e ii) lignin thermo-oxidation + oxidation over VPP (Figure 2b)

e iii) lignin thermo-oxidative steamcracking + oxidation over
VPP (Figure 2c)

e iv) lignin thermo-oxidative steamcracking over V-
Mo/HZSM-5 + oxidation on VPP (Figure 2d)

Reactor configuration iii maximized the yield of carboxylic
acids and therefore we selected it to assess catalyst performance
— vyield, conversion, selectivity, product profile - in the second
set of experiments (Figure 2c). The reactor was an 8 mm ID
quartz tube 600 mm long with two glass wool distributors posi-
tioned 350 mm and 500 mm from the bottom. Placing the catalyst
bed near the top of the reactor minimizes product degradation.

In all the experiments we loaded 250 mg of lignin above the
lower distributor and 500 mg catalyst above the top distributor.
The gas contact time in the catalyst bed was 0.2 s.

Two thermocouples monitored the temperature in each zone.
A syringe pump injected water into the reactor from the bot-
tom through a 0.15mm nozzle. Argon entered the nozzle at
22mLmin~! to help atomize it into small droplets.

The mole fraction of oxygen in the feed bottle was 33 % (bal-
ance Ar) at a flowrate of 38 mLmin~!. The temperature ramp for
all experiments was:

e 15°Cmin~! up to 150°C
e 5°Cmin~! up to 350°C

e 5°Cmin~! up to 450°C, (75 min from the beginning of the
reaction)

e 5°Cmin~! up to 550°C (105 min from the beginning of the
reaction)

The choice of the heating rate was dictated by TGA experiments
in air, which showed that lignin lost ~40% of its weight above
~ 500 °C. We repeated selected tests two and three times.

2.3.1 Analytical

An ice bath trapped the condensable product from the catalyst
and we sampled the liquid at each temperature step. A Hanna
electrical conductivity measured the concentration of ionizable
solutes present in the sample to monitor the productivity. 3°

A Varian HPLC (Metacarb 87H column) analyzed the liquid
sample offline. We calibrated the HPLC with standard solutions
for each product we detected, building a calibration curve with six
concentrations. We repeated each analysis three times. A Pfeiffer
mass spectrometer (MS) monitored the permanent gases online.
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At the end of the last temperature ramp and hold at 550 °C no
solids remained above the first distributor. We calibrated the MS
with a mixture of hydrocarbons and oxygen at four concentra-
tions. The carbon balance was the sum of the carbon in the gas
phase (MS) + the carbon in the liquid phase + the carbon re-
mained on the catalyst surface. The mass of carbon remaining on
the catalyst we measured by TGA. The MS detected CO, CO, and
CH,4. We calculated the carbon trapped in the water-ice quench
as the difference between the carbon loaded to the reactor and
that detected on the catalyst and in the gas phase and by HPLC.
We assumed that the response factors for the unknown aromat-
ics (detected by HPLC) were the same as other known aromatics
that we had previously evaluated by GC-MS2!. These two meth-
ods differed by less than 10%

3 Results and discussions

3.1 Two-step lignin degradation
3.1.1 Configuration i: Lignin pyrolysis + oxidation on VPP

In reactor configuration i, the lignin in the first step pyrloyzed
(Figure 2a) and oxygen entered the reactor just below the second
distributor. The catalyst in the second stage oxidized the pyroly-
sis vapours into aromatics and aliphatic carboxylic acids. Pyrolyz-
ing lignin produces 10% to 20% gas and 3% to 30 % phenolic
compounds. 3637 The phenolic monomers can either condense to
oligomers that are the precursors of char or form compounds that
are precursors to fuels and chemicals by catalytic hydrogenation. 3
In configuration i, the temperature breaks the 3-O-4 bonds and
produces the phenolic monomers in the first stage. Some of these
phenolic compounds reach the second stage (VPP bed), whereas
46 % form char and remains in the lower bed. The catalytst and
oxygen open the rings of the phenolic compounds and oxidize the
compounds of which maleic acid was the most abundant product.

We proposed a reaction pathways to from maleic acid from
lignin: the V>* jon activates lignin to attract p electrons of the
double bonds and generate a positive charge displaced on the
ring. The ring opens by successive attack of 20,.2!

Here, 19% of the carbon in the lignin converted to liquid.
The selectivity to maleic acid was 84 %. The production of light
monomers during pyrolysis could account for the high maleic
acid selectivity. Other products were aromatics (6 %) acrylic acid
(2.6 %), malonic acid (2.6 %), followed by formic, lactic, acetic
acid and vanillin. The solid residue remaining above the first
distributor was the highest among the four configurations (46 %)
due to the char (Table 1).

3.1.2 Configuration ii: lignin thermo-oxidation + oxidation
on VPP

In configuration ii, a stream containing a mole fraction of 21 %
oxygen degrades the lignin (Figure 2b). VPP oxidized the vapours
formed in the first step and 36% of the products were C5-Cg
aromatics. The other compounds included: Maleic acid (32 %),
fumaric acid (4.5 %), malonic acid (6 %), gallic acid, lactic and
formic acid.

We attribute the large gas fraction produced in this configu-
ration (73 %) to either the decarbonylation of lignin monomeric
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units, lignin gasification, or to combustion of coke on the catalyst
to CO and CO,. (Table 1).

3.1.3 Configuration iii: lignin thermo-oxidative steamcrack-
ing + oxidation on VPP

In the third system, steam and oxygen cracked the lignin (Fig-
ure 2¢). The vapours produced in the first step passed through
the VPP and scavenged the reamining oxygen. This configuration
converted the most lignin to liquid products with 48 % selectiv-
ity to maleic anhydride, 31 % to aromatics, 7% to acrylic acid,
followed by malonic, gallic and lactic acid. This configuration
produced as much gas as in reactor configuration ii (Table 1).

3.1.4 Configuration iv: lignin thermo-oxidative steam crack-
ing over V-Mo/HZSM-5 + oxidation on VPP

In the fourth configuration (Figure 2d) V-Mo/HZSM-5 and
steam cracked and partially oxidized the lignin in the first step
(Owarer=5cm? min~! and a mole fraction of 21 % 0,). VPP par-
tially oxidized the intermediates formed in the first step in the sec-
ond step. Most of the lignin formed gas (81 %) and only 13 % was
recovered in the quench including: 16 % aromatics, 47 % maleic
acid, 12 % malonic acid, 10% butyric acid, 7% phthalic acid fol-
lowed by acetic, formic acid and vanillin (Table 1).

The high cracking activity of V-Mo/HZSM-5 is responsible for
the high yield of gases, as well as the combustion of the coke on
the catalyst during the reaction.

Beside lignin, we tested unwashed lignin in the same condition
as conf. iv. 19%, 76%, 5% of carbon converted to liquid, gas
and solid, respectively. MA selectivity reached up to 68 % and we
detected 9% aromatic, 5% malonic, 1.5% phthalic and formic
acid.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Schematic of experimental setup

3.1.5 FTIR of the reaction residues

Oxidation of lignin leads to char (Figure 3b) and coke (Figure 3c).

Figure 3a FTIR spectra shows the typical lignin derivatives. Ad-
sorption at 3420cm™!, 2944 cm~! and 2833 cm™! corresponds to
the stretching of O-H, aromatic C-H and methoxyl groups, respec-
tively. The bands in the range 3000 cm™~! to 2860 cm ™! correspond
to the aliphatic C-H stretching, whereas the ones above 3000 cm ™!
to the C-H aromatic stretching, which overlaps to the band of O-
H. We attribute the band at 1711 cm™! to the carbonyl group of
aldheydes. The bands at 1520cm™'and 1594 cm™! are typical of
skeletal vibrations of the aromatc ring. The higher intensity of the
band at 1520cm~! compared to the one at 1594cm™! is typical
of softwood lignin.3® C-H deformation and aromatic ring vibra-
tions also adsorb at 1464 cm~' and 1408 cm~!. We attribute the
bands at 1268 cm~! and 1222cm ! to the C-O bonds in syringyl
and guaiacyl units and the bands at 1138cm~! and 1082cm™! to
the in-plane aromatic C-H deformation typical of the same com-

This journal is © The Royal Society of Chemistry [year]
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Table 1 Selectivity vs. reactor configuration

Name Config.i Config. ii Config. iii Config. iv
Carbon balance, (%)

Liquid 19 23 24 13
Solid 46 4 5 6
Gas 35 73 71 81
Liquid selectivity, (%)

Aromatic 6 36 31 16
Maleic/Fumaric acid 84 36.5 48 48
Butyric acid - - - 10
Malonic acid 3.5 6 2.7 12
Formic acid 1 0.5 0.65 0.5
Acetic acid 0.1 0.3 - 1
Lactic acid 0.2 0.8 0.8 -
Phthalic acid 0.01 0.3 0.1 7
Vanillin v 0.3 - 2.6
Gallic acid 0.7 1.5 1.2 -
Acrylic acid 2.6 3 7 -
Syringic acid 0.06 - - -
Unknown 0.8 13.5 7 1.5
Benzoquinone 0.2 1 1.2 0.6
H2, % 0.6 0.2 1.3 0.7

pounds.3? The band at 1036 cm ! refers to the C-O stretch of the
O-CH, and C-OH. The bands at 868 cm~! and 822 cm ™!, respec-
tively, may correspond to lone aryl CH wag and two-adjacent aryl
CH wag, respectively. The band at 626cm~! may represent the
out of plane O-H band.

In upward shift of the FTIR spectrum baseline for most of the
peaks of char remaining on the lower distributor for configura-
tion may relate to the large carbonized compared to lignin (Fig-
ure 3b). Many typical absorption peaks of lignin disappear, in
particular, the signals of the aliphatic groups. The OH-stretching
band at 3390 cm™! represent phenolic hydroxyl group.® C-O in
carbonyl group or in carbonyl compounds conjugated with aro-
matic ring (1714cm™~') and aromatic ring (1590cm™!) are still
present. The bands at 1160cm~' and 1088cm ™! are typical of
the in-plane aromatic C-H deformation of aromatic syringyl and
guaiacyl units. 3%

The FTIR spectrum of coke on V-Mo/HZSM-5 after the lignin
degradation in reactor configuration iv has a typical band at
~1580cm™! (Figure 3c). This band belongs to the highly un-
saturated carbonaceous deposit called ”hard coke”. The bands
at 1087cm~! and 870cm~! that are typical of the in-plane aro-
matic C-H deformation of aromatic syringyl and guaiacyl units
persist. 3%

3.2 Thermo-oxidative steam cracking: catalytic activity
Besides VPP, we tested 8 other catalysts to identify the most se-
lective towards carboxylic acids (Table 2). Metal oxides of group
V and VI, like V, Mo, and W are common catalysts to partially ox-
idize hydrocarbons, particularly vanadium.4%#! Phosphoric, ar-
senic and boric acids control the activity of V, Mo and W in the
gas phase oxidation of hydrocarbons. 42

Neto et al.*0 designed a multi-metal oxide catalyst containing
(Aga.c Qp M. V,0,4 eH,0) to partially oxidize aromatic hydrocar-
bons in the gas phase to produce aldehydes, and carboxylic acids

Journal Name, [year], [vol.], 1-12 |5
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or anhydrides in fixed bed reactors.

V included in polyoxometalates catalysts degraded lignin to
monomeric compounds. The catalysts comprised anionic clusters
of d° metal cations, mostly, WY/, WMo"/, V¥, NbY and oxygen
anions arranged in Moy octahedral units. Polymetalates cleave 3-
0-4 and C-C linkages of lignin and directly produce low molecular
weight phenolic compounds in different oxidative environments
and liquid solutions. As much as 90 % of the lignin model com-
pounds reacted.® The reduction of vanadium changes with the
supports and decreases as follows: y-Al,05 >Si0,-Al;,04 >SiO,
> 0-Al,04.4

The properties of the support oxide affect the activity and the
selectivity of the supported metal significantly. ** Choosing a sup-
port is as important as the choosing the oxidation catalyst.

A base such as NaOH with an extra nucleophile like NaHS, an-
thraquinone, acid-catalyzed hydrolysis and hydrochloric acid or
4000 3000 2000 1000 AlICl; in dioxane-water or ethanol-water are all used for 3-O-4

cm -1 ether linkage cleavage. Lignin C-C bonds are among the most dif-
ficult bonds to break and they can also form during the lignin
treatment processes. The bond is broken by fluid catalytic crack-
ing with highly optimized zeolites in acid-catalyzed reactions.*®
The presence of sulfur in kraft lignin is a barrier in downstream
catalytic processes. 12

Though VO, P, 0 is unequivocally the bulk compound for what
we call VPP, 15 different crystalline phases may form before
or during the reaction.*® The acid sites cleave B-O-4 and o
ether linkages*’ and V complexes selectively cleave C-O and C—
C bonds and oxidize lignin to monomeric phenolic compounds
including alcohols, aldehydes, ketones, and carboxylic acids® In
addition, their redox properties make them excellent catalysts for
gas phase partial oxidations. Chieregato reports that in a O,-rich
environment, the O, atoms re-arranges on the VPP surface into
finite 6-VOPO, domains that are the oxidation selective phase.

cm -1 Also polymetalates of V, Mo and W are active in the degradation

(b) Char of lignin to monomeric compounds. They include mostly W'/,
0.12 - WMo/, V¥, Nb" and oxygen anions arranged in Mo octahedral
units. Specificially, polymetalates cleave 3-O-4 and C-C linkages
of lignin, directly producing low molecular weight phenolic com-
pounds in various solutions.> We chose vanadium oxides because
they carry both the strong Lewis acid and redox functionalities to

0.08 cleave lignin bonds and partially oxidize it to carboxylic acids.

< Ni, Co, Mo on Al,05 and TiO, degrade lignin by oxidation,
hydrogenation and hydrodeoxygenation. Commercially, catalysts

0.04

0.03

0.02 4

0.01 4

(a) Lignin

0.10

0.08

0.06

0.04
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0.10 A

_ 870
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0.06 % combining V,05; and MoO, partially oxidize benzene and n-bu-
' tane to MA.“*® The unique catalytic properties of V and Mo is the
reason why they are incorporated together in catalysts for com-
0.04 mercial processes to oxidise and partially oxidise a wide range
' ' ' of compounds, including acrolein, alkanes and aromatics. We se-
4000 3000 2000 1000 . p— . . =
lected Mo as an active species in conjunction with V because V
cm -1 cycles between V4* and V>, Mo cycles between Mo’ and Mo®*
(c) Coke formed during oxidation (Reaction configuration ii) oxidation states. Mo’* and Mo®" are strong Lewis acids, as well
as V4t and V>* that can therefore break lignin bonds and par-
Fig. 3 FTIR spectrum tially oxidize the intermediates. The V and Mo operate synergis-

tically. 4° Differently from V and Mo, W isn’t a typical oxidation
catalyst, but rather activate hydration and dehydration. 33 The
mechanism of lignin degration to acrylic acid and lactic acid in-

6| Journal Name, [year], [vol.],1—12 This journal is © The Royal Society of Chemistry [year]
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volved hydration and de-hydration. For this reason, in C8, we sup-
ported W and V on HZSM-5.

C1: (V-Mo/Al,0,)

The V-Mo/Al,04 catalyst partially oxidized lignin solutions
(yo2 = 4%) to lactic acid (S=6%).2! Other co-products were
formic acid (S=6%), acetic acid, maleic anhydride, acrylic acid
and phthalic anhydride. 17 % of the total carbon converted into
carboxylic acids. The product distribution (Table 2) changes sig-
nificantly with respect to our previous data, even if the catalyst
is the same.2! There are 4 main differences with our previous
reactor configuration in the work described herein: i) the lignin
vaporized from a solid bed instead of being injected in a liquid
solution into the hot catalyst ii) the catalyst does not contact pure
lignin iii) the O, concentration is 11 % vs. 4 % iv) The T increased
from 50 °C to ~ 500 °C whereas in the previous experiments it was
constant at 370 °C.

Here, V—Mo/ Al,04 converted 23 % of the lignin carbon to lig-
uids (2). The main products in the liquid were C5-Cq aromatic
compounds (S=64%).

The second most abundant product in the quench was maleic
acid (S=20%), followed by acrylic acid (S=5.5%), and lactic
acid (S=5%). Vanadium and VPP in particular has a unique ca-
pacity to oxidize aromatics to maleic anhydride/acid from aro-
matics. 2149 Jongerius report that Mo reduces catalyst deactiva-
tion and improves the cleavage of the diphenylmethane bonds. >°
While the bonds involving monophenolic units split at temper-
atures up to 450°C, both with and without oxygen, Mo has a
role in cracking biphenyl bonds and yield phenol and benzene. >!
V—Mo based catalysts oxidize o-xylene and benzene and olefins
to anhydrides. > Mo reduces the catalyst deactivation rate and in-
creases cleavage of 4-hydroxydiphenyl ether, diphenyl ether, and
diphenylmethane bonds.”® Fumagalli reports that V—Mo cata-
lysts have a high oxygen insertion capacity that oxidize the inter-
mediates involved in the process o-xylene to phtalic anhydride. >3

We attribute the higher selectivity to maleic acid compared to
lactic acid to the higher oxygen concentration with respect to our
previous data 11% vs. 4% in2!. Products such as formic, acetic
and lactic acid form from the -O-4 bonds cleavage at tempera-
tures higher than 200 °C, depending on the reactivity of the sub-
stituents of the aromatic ring. The catalyst in the second stage
may completely oxidize some of these acids to CO, and H,0. We
were unable to quantify how much H,O the reaction produced
because of the large excess of steam we co-fed with the O,

C2: (V-Mo/TiO,) and C7: (V-Mo/HZSM-5)

We loaded the same active components of catalyst C1 on differ-
ent supports TiO, (C2) and HZSM-5 (C7). TiO, has both Lewis
acid sites and basic sites that interact with high valence metal
cations.®* TiO, has a promoting effect as a support for vana-
dium oxide; in fact most commercial catalysts for o-xylene oxi-
dation to phthalic anhydride comprise V,05/TiO,.%> MoO, im-
proves the catalytic activity of V,05/TiO, in the oxidation of 1,2-
dichlorobenzene. 56

In our case, replacing y-Al,O5 with TiO, as a support decreased
the yield of liquid to 15.5 %, but increased the selectivity to maleic
acid (45 %). Other products were: aromatics (42 %), succinic acid
(7.5 %), phthalic acid (7.5 %), formic and acetic acid and vanillin.

This journal is © The Royal Society of Chemistry [year]
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Surprisingly, HZSM-5 as a support for V and Mo gave the high-
est selectivity to liquid products not only among the V-Mo based
samples, but among all the catalysts tested. HZSM-5 zeolite is
a commercial catalyst for the FCC of lineal olefins and alkanes
hydrocracking. >’ HZSM-5 is a strong Brgnsted acid, which is de-
sirable for the conversion of benzene to ethylbenzene, pyrolysis
of biomass to liquid. 2-°8

An hypothesis that explains the high yield of liquids relates
to the very narrow pores of HZSM-5, which might be too small
to host the sterically-hindered intermediates of the lignin steam
cracking deriving from the first stage. The narrow pores pre-
vent the production of those reaction intermediates that are the
precursors of coke.® Nevertheless, the selectivity to aromatics is
lower (19 %) compared to C1 and C2 and maleic acid (+ fumaric
acid) and butyric acid accounts for almost 40 % of the selectivity
to liquids. Other products are benzoic acid (8 %), vanillin and
phthalic acid.

C3: (V,05/Mn0,)

We tested MnO, as a new support for vanadium. V,Og
selectively oxidizes o-xylene to phthalic anhydride.>® MnO, is a
promoter to partially oxidize methanol to formaldehyde ®° and is
a support for Au in the oxidation of 5-(hydroxymethyl)furfural. 61
V,05/MnO,, yields 16.5% liquid products of which the most
part were aromatic compounds (36 %), followed by maleic acid
(18%) and butyric acid (16%). Other products were succinic
and phthalic acid. The V,05; most likely cracked many of the
products and for this reason the selectivity towards liquids was

low. 62

C4: (MgO)

MgO is a basic catalyst with activity towards decarbonyla-
tion and cracking. 34 The oxidative steam cracking of lignin
monomers over MgO produced 8.5% of liquids from lignin and
more than 80% of gases. The main products were butyric acid
(11 %), vanillin (11 %), phthalic acid (7%) and aromatics (7 %).
MgO may also adsorbs hydrocarbons and retain them. %> The se-
lectivity to the solid residue was in fact the highest among all of
the catalysts.

C5: (Commercial Mg-K-Si-Al catalyst)

We tested a commercial catalyst that converts benzene to
maleic anhydride by Chemical Packing Co. Ltd, (China). The
catalyst included Mg, Al, Si, and K (SEM-EDX analyses). The
main compounds in the quench were C5-Cg aromatics (33 %) fol-
lowed by , butyric acid (33.5%), phthalic acid (7.5%), benzoic
acid (15%), maleic acid, vanillin and muconic acid.

C6: (WO4/TiO,)

WO,/TiO, dehydrates glycerol to acrolein. 3 WO, is active to-
wards C-C bonds cleavage® and W is itself more active towards
oxidation than V.°° Moreover, W catalyzes wood hydrocrack-
ing.>0 WO;/TiO, converted lignin mostly to C, acids, including
maleic acid (9 %), butyric acid (64 %), phthalic acid (5%). Other
products are aromatics (11 %), vanillin and benzoic acid.

WO, has strong Lewis acid sites (W°+4)>467 that can activate
the intermediates deriving from the lignin degradation of the
first reaction stage (see the next section of reaction pathways).

Journal Name, [year], [vol.], 1-12 |7
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Table 2 Product selectivity vs. catalyst

Name c1 c2 c3 c4 <3 c7 cs
Catalyst V-Mo/Al,0;  V-Mo/TiO, V,04/MnO, MgO Mg-Si-Al-Kcat. WO,/TiO, V-Mo/HZSM-5 V-W/HZSM-5
EC (1S/cm) - 103 107 12 118 174 155 130
Carbon Balance (%)

Liquid 23 15.5 16.5 85 19.5 20 25 21
Solid 6.5 45 35 11 6 4 4 7.5
Gas 70.5 80 80 80.5 74.5 76 71 715
Liquid selectivity (%)

Aromatic 64 42 36 7 33.2 11 19 9.5
Maleic/Fumaric acid 20.5 45 18.5 1 15 9 26 56
Butyric acid 0.6 05 16 11 325 64 17 14
Malonic acid - - - - v 0.4 - -
Formic acid 1 0.7 - - 0.06 v - 01
Acetic acid 0.2 0.6 - - 0.2 0.1 - 0.1
Lactic acid 5 - - -
Muconic acid - - 15 - - -
Succinic acid 0.8 7.5 3 - - - 1 8.5
Phthalic acid 03 2 25 7 7.5 5 0.5 1
Vanillin v 05 03 11 15 15 5 -
Benzoic acid - - 0.1 25 15 15 8 -
Gallic acid 03 - 0.15 - v v - 03
Acrylic acid 55 - 1 - - - - -
Syringic acid 0.6 - - - - - - -
Unknown 07 07 20 59.5 8 7 231 10.2
Benzoquinone 0.6 - 0.2 1 - - 0.3 0.2
H2,% 2 - 7 - 33 4 55 6

Table 3 Surface area and pore size of fresh catalysts

Catalyst A Pore volume
m2g! em’g!

V-Mo/Al;04 115 0.25

V-Mo/TiO, 53 -

VPP 41 0.074

V-Mo/ZSM—-5 46 0.095

V-W/ZSM—-5 50.7 0.124

C8: (V-W/HZSM-5)

Since W catalyzes the hydrocracking of wood>°, we replaced
molybdenum with tungsten from C7 to C8. The selectivity to
liquid products decreased (21 % vs. 25%), but the selectivity to
maleic anhydride increased from 21 % to 56 %). Though WO, is
not an oxidation catalyst, the V functionalizes this oxide. Other
products were butyric acid (14 %), succinic acid (8.5 %), aromat-
ics (9.5%), formic acid, acetic acid, phthalic acid and aromatics
(10%).

3.2.1 Catalyst characterization

The surface area of the V-Mo/Al,0; was the highest at
115m? g~ and the lowest was VPP at 41 m?g~! (Table 3). The
pore volume of the V-Mo/Al,05 was also highest at 41 cm?® g~ !.

The diffractogram of V—Mo/Al,05 was typical of an amor-
phous material. The XRD pattern of V-Mo/Al,O5; and
V—Mo/TiO, (Figure 4) resemble the data of Shishido et al.®® Or-
thorhombic Mo,0;; crystallites and V,04 form on TiO,.%8 Peaks
at 20= 24, 27, 33, 36, 37, 55 and 57 relates to V,0, phase and
peaks at 26= 21.8, 26, and 33.4 belongs to Mo,0;; (JCPDS 13-
042).

Triclinic aluminum vanadium oxide (AIVO,), tetragonal
vanadyl molybdenum oxide (VOMoOQ,), and monoclinic molyb-
denum vanadium oxide (Mo 7V(330,) forms on Al,O04 (Fig-
ure 4).68

(V0),P,0;,, (VO),P,0,, VO(PO,), and VOHPO,.0.5H,0
phases constitute VPP (Figure 5). As expected, (VO),P,0, is the
predominant phase, which is responsible for the catalytic activity
in oxidation. VOHPO,.0.5H, 0, which is the surface product of O,
rearrangement in the lattice is also present. !

V,05 (20= 20, 22, 26, 31, 32, 33, 34, 39.5, 48, 52, 55, 58)
and MoO; (26= 24, 26, 27, 34, 38 and 39) phases forms on
HZSM-5.7273 XRD detected VMoOg and V g7Mog 93 on HZSM-5

8| Journal Name, [year], [vol.],1—12
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Fig. 4 XRD-V—-Mo/TiO,, e anatase TiO,,  MoO;, A Mo,V,0,s, o VO,
69 black = before reaction — Blue = after reaction.
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x
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Fig. 5 XRD-VPP, e (VO),P,0,7, 4 VO(PO;),, - VOHPO,-0.5H,0, o
V0,5, x V,0,,7", black = before reaction- Blue = after reaction.
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Fig. 6 XRD-V—Mo/ZSM-5, ¢ HZSM-574 m VMoOg, v
(V07 M00.93)5044, 0 VO, 59, x V,0,,7",  MoO, ", black = before
reaction- Blue = after reaction.”®

(Figure 6). These are the active V-Mo mixed oxides for oxidation
reactions. 40

After the reaction, the phases detected in V-Mo/TiO, and V-
Mo/ZSM—5 were the same as for the fresh catalyst.”” In VPP, the
intensity of the peaks at ~ 30 and 42 reduced. This peak belongs
to monoclinic VO, and is observed in all XRD diffractogram of all
the catalysts (Figures 5, 4, 6).°

3.3 Discussion
3.3.1 Reactions pathways

Oxidative steam-cracking ligin followed by catalytic conversion of
the volatile compounds produces up to 25 % liquids that includes
carboxylic acids and aromatics (Table 2). Lignin begins to de-
compose at 200°C and produces gases and liquids (Figures 7),
which agrees with literature data.® Maleic acid and butyric acid
are among the most abundant compounds, which are easily de-
tected by electrical conductivity .3°
Aromatic compounds

Steam and oxygen crack the lignin in the above of the lower
distributor. We hypothesize that in this first step the -O-4 bonds
cleave and release the aromatic phenolic units that constitute the
monomers of lignin. These units pass through the bed above the
lignin or react with the catalyst to form carboxylic acids ( 2). The
reactivity of the monomeric aromatic units depends on the type
of substituents carrying oxygen functionalities.'® A GC-MS de-
tected aromatic compounds for all the catalysts tested, in partic-
ular for the samples C1, C2, C3, C5. 1-ethyl-3-methyl cyclopen-
tane, cyclopentane 1-ethyl-1-methyl, cyclohexane-1,4 dimethyl,
ethyl benzene, benzene, 1,3-dimethyl, cyclohexane methyl, and
others formed the aromatics.
Maleic and fumaric acid

Recently, we derived a mechanism to describe how maleic an-

This journal is © The Royal Society of Chemistry [year]
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hydride, lactic acid, acetic acid and formic acid (and phthalic an-
hydride) form from pure lignin.?! Vanadium has a unique ca-
pacity to produce maleic anhydride/acid. V°* activates the aro-
matic rings of the monomeric units increasing their electrophylic-
ity, thus exposing them to the attack of 2 molecules of O,. After
the attack of 2 O, the ring opens and re-arranges to maleic an-
hydride. Maleic anhydride hydrates to maleic acid and its isomer
fumaric acid.

Butyric acid

Here for the first time we report a mechanism to account for the
high concentration of butyric acid (Figure 8). We took as a rep-
resentative catalyst WO,/TiO,. We hypothesize that butyric acid
(and crotonic acid) form from lignin in 3 steps. Step 1 includes
the oxidative steam cracking of the lignin. At temperatures above
200 °C the $-0-4 bonds cleave and release the aromatic phenolic
units in the reactor space above the lignin bed below the upper
distributor. This rupture generates either an anion (phenolate)
or a phenol radical. The negative charge or the radical will most
likely displace to carbon atoms of the ring that carry an oxygen
functionality to give the chetonic form.”8 In this form the carbon
of the carbonyl group is strongly electrophilic and will undergo
nucleophilic attack by water (steam cracking). In the attempt to
recover its aromaticity, the rings open. Gierer et al. observed the
same type of aromatic ring cleavage in liquid phase and presence
of (H,0,) under both alkaline and acid conditions. 78 During step
1, O, might oxidize the constituents of the aromatic rings, pro-
ducing carboxylic acids. 2!

Step 2 includes the activation of the intermediates formed by
ring cleavage onto the catalyst. We hypothesize that the acid sites
on the catalyst, either of Brensted or Lewis type, are the active
species involved in this step. WO, carries both strong Brgnsted
and Lewis acid sites. Lewis acid sites are W¢*. 5467 5+ is a Lewis
acid strong enough to activate the reaction intermediate formed
during step 1. In the activation mechanism the positive charge of
tungsten displaces the p electrons of the open aromatic ring, sim-
ilarly as V> activates the aromatic ring after 3-O-4 bonds cleav-
age.2! 0, adds to the intermediates giving hydroxyls. The inter-
mediate cleaves when an excess of electrons accumulate around
an electrophilic carbon.

Step 3 involves hydrogen. We hypothesize that the interme-
diate formed during step 2 remains anchored to tungsten until
hydrogen adds to it. Until the intermediate is absorbed on W it
can be oxidized up to carboxylic acid, but only H,, can displace it
from the metal. Butyric acid forms after dehydration followed by
hydrogenation of the crotonic acid.

Karlsson et el.”7%80 report butyric acid derivates from the
ozonolysis of lignin-carbohydrate complex model compound, i.e.
in strong oxidant conditions. Ozonolysis of 3-O-4 structures pro-
duces erythronic and threonic acids8!, which are precursors of
the butanoic acid. Shao et al. report that GC-MS analyses de-
tected butanoic acid both in a untreated lignosulfonate sample
and after oxidation above Ti/SbASnO, and Ti/PbO, electrodes. 2

We hypothesized that butyric acid could form from the conden-
sation of two molecules of acetaldehyde followed the dehydration
over WO,/ TiO, and successive oxidation to the acid. We tested
this hypothis and fed acetaldehyde over the catalyst under the

10| Journal Name, [year], [vol.], 1—12
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Fig. 9 Proposed mechanism of formation of lactic and malonic acids
from syringyl alcohol.

same conditions but only detected acetic acid in the quench.
Lactic and malonic acids

Acrylic acid hydrates to form lactic acid.%! However, another
possible mechanism to account for lactic acid as well as malonic
acid involves cleaving propylic chains of monomeric units such as
syringyl and guaiacyl (Figure 9).

Formic and acetic acid

The cleavage of methyl and ethyl constituents followed by oxi-
dation produces formic and acetic acids. 2!
Acrylic acid

Acrylic acid may form from the scission of a phenolic unit and
one of the terminal aldehydes as a consequence of the dehydra-
tion followed by oxidation.2! At high temperatures, lactic acid
may dehydrate to acrylic acid.
Muconic acid

Muconic acid is a Cg carboxylic acid that can form from the
aromatic ring opening, followed by oxidation and dehydration. 83

Succinic acid

The MS detected H, in the gas phase which could hydrogenate
maleic and fumaric acids to succinic acid. The hydrogen may form
either from the gasification of lignin, which decomposes into ele-
ments (H, and C forming coke on the catalyst) 21,84
reforming of the biomass into syngas (H, + CO). The concentra-
tion of succinic acid follows the same trend as that for maleic
acid for the eight catalysts (Table 2): V—Mo / TiO, and V-W /
HZSM-5 both produce the most maleic and succinic acids whereas
the MgO and MgSiAIK make little maleic and no succinic acid.

or from steam

This journal is © The Royal Society of Chemistry [year]
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4 Conclusions

Lignin is an inert macromolecule and because of its heterogene-
ity remains underexploited commercially. Activating it with high
temperatures (as in pyrolysis), oxygen and/or water vapour pro-
duces phenolic compounds and bio-oils. Catalysts can improve
the selectivity to target compounds and effectively decreases the
required operating temperature. Pre-mixing the lignin with cat-
alyst increases the cracking rate but it produces more coke, char
and gas. Moreover, the catalyst deactivates more rapidly. We
demonstrated a two-step process in which lignin is thermo-oxida-
tively steam cracked in the first step to volatile compounds which
contact a catalyst bed in the second step. Little coke formed on the
catalyst ( less than 5% of the total C in lignin) and the catalyst
did not agglomerate.

V-Mo/Al,04 and V-Mo/HZSM-5 converted 23 % and 25 % of the
lignin into liquid products, respectively. The selectivity to maleic
acid was 20 % in both cases. Replacing Al,05 and HZSM-5 with
TiO, reduced the liquid yield (15.59%) but increased maleic acid
selectivity (45%). Replacing molybdenum with tungsten in V-
Mo/HZSM-5 produced, butyric acid and succinic acid together
with maleic acid.
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Graphical Abstract text

e We combine thermo-chemical processes with oxidative catalysis to convert lignin to
aliphatic carboxylic acids mainly C, acids. Acid selectivity changed with catalyst.



