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Abstract The perovskite-type oxide catalyst LaMnOj
prepared by the sol-gel method was found to be an efficient
heterogeneous and recyclable catalyst for the wet aerobic
oxidation of lignin to aromatic aldehydes. The lignin
conversion rate and the yield of each aromatic aldehyde
were enhanced significantly by the catalytic process as
compared with the non-catalyzed process. Moreover, the
activity, specific surface area and perovskite-type structure
of the LaMnOj catalyst remained nearly unchanged after
five successive recycles of catalytic reactions.
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1 Introduction

As petroleum reserves gradually decrease, the exploration
of feasible pathways for the conversion of abundant and
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renewable biomass into clean fuels and high value-
added chemicals to supplement or gradually replace the
petroleum-based chemicals is highly desirable [1]. Ligno-
cellulosic biomass is an important bioresource, consisting
of three main components: cellulose, hemicelluloses and
lignin. Cellulose and hemicelluloses are the source of
substrates for biological conversion into bio-ethanol;
however, lignin in the biorefinery process is usually dis-
carded as non-cellulosic wastes. The biggest barrier to the
biorefinery of lignocellulosic biomass is how to convert all
its total components into biofuels and/or bio-based chem-
icals in an economical and environmental manner [2]. One
way to add economic value to the bio-refinery process is to
turn the waste component, lignin, into fine chemicals.
Lignin is an extremely complex three-dimensional mac-
romolecule with irregular structure, which results from
random dehydrogenation polymerization of phenyl propane
building units (coniferylic, sinapylic and p-coumarylic
alcohols, as shown in Fig. 1. in the presence of peroxidase
enzymes [3]. Aromatic aldehydes such as vanillin, sy-
ringaldehyde and p-hydroxybenzaldehyde as shown in
Fig. 2 can be obtained from the wet aerobic oxidation
(WAOQO) process of lignin. These aldehydes have wide
applications such as flavoring, chemical intermediaries for
pharmaceutical drugs and agricultural defensives [4, 5].
The catalytic wet aerobic oxidation (CWAQ) process
using oxygen and catalysts was indicated to be an attractive
procedure for the WAO of lignin to increase the yields of
aldehydes. Noble metal catalyst [5—7] were extensively
studied for the CWAO process of lignin. However, noble
metals are expensive, greatly affecting the economics of
their potential commercial applications. Alternatively,
inexpensive ions of metals such as iron, copper, and cobalt
have been shown to possess activity in the lignin oxidation
process [8—12]. Cupric sulfate is widely researched because
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Fig. 2 Aromatic aldehydes from the CWAO process of lignin

it is the most effective catalyst among these chemical
agents. Nevertheless, homogeneous catalysts of cupric
sulfate may lead to secondary pollution, resulting in high
costs if it is to be recycled. It is thus restricted in utilization
in industrial applications. Therefore, the exploration for
novel heterogeneous catalysts with effective and environ-
mental benign potential that can be reused and recycled is
of great significance to the biorefinery conversion of lignin
to high value-added chemicals.

Recently, studies of manganese oxide as catalyst in the
CWAO process have received significant attention [13—
15]. Moreover, Mn(Il) iron solution [16], Mn(III)- substi-
tuted polyoxometalates [3] and Mn(IV) complex [17, 18]
are known to show interesting activities in the oxygen
delignification of the bleaching process of pulps. On the
other hand, it is well known that ABO; perovskite-type
oxides, including LaMnOj3, show high activity and stability
in the hydrocarbon catalytic oxidation process, which is a
promising alternative to noble metal catalysts for the wet
process of hydrocarbon catalytic oxidation [19-23]. Nev-
ertheless, the activity of perovskite-type oxides in the wet
aerobic oxidation reaction has rarely been studied. To the
best of our knowledge, only two recent studies deal with
the activity of perovskite-type oxides for the wet air oxi-
dation reaction [24, 25], both claiming that the perovskite-
type oxides presented high activity for this reaction. The
objective of this paper is to study the perovskite-type oxide
LaMnO; as catalyst in the catalytic wet aerobic oxidation
of lignin.

2 Experimental
2.1 Lignin and Catalyst Preparation

Lignin was obtained through the enzymatic hydrolysis
process of steam-explosive cornstalk [26]. The LaMnO3
catalyst was prepared from citrate precursors [27]; a con-
centrated solution of metal nitrates was mixed with an
aqueous solution of citric acid, fixing the molar ratio of
citric acid to the metal cations at unity. Water was evap-
orated from the solution at 80 °C until a viscous gel was
obtained. The gel was kept at 100 °C overnight, ground
and finally calcined at 800 °C for 6 h.

2.2 Catalyst Characterization

The specific surface area of the catalyst was evaluated by
N, adsorption at 77 K according to the Brunauer-Emmett-
Teller (BET) equation using a Micromeretics ASAP 2010
instrument.

X-ray diffraction (XRD) measurements were performed
on a Rigaku powder diffractometer (Rigaku, Japan) with
CuK, radiation. The tube voltage was 45 kV, and the current
was 40 mA. The XRD diffraction patterns were taken over
2 hin a range of 20° to 80° at a scan speed of 2°/min.

Temperature programmed reduction (TPR) of H, was
performed in a Micromeritics Autochem 2910 equipped
with a thermal conductivity detector (TCD). After pre-
treatment in 10% O,/He flow at 800 °C for 30 min, the
sample (50 mg) was reduced with 5% H,/Ar (30 cm>/min)
heating 5 °C/min from room temperature to 850 °C.

The X-ray photoelectron spectroscopy (XPS) analysis
was performed on a Kratos Axis Ultra system with 0.1 eV
per step for detail scan and the binding energies for each
spectrum were calibrated with a C1s spectrum of 284.6 eV.
The core levels of Mn 2p and Ols species were recorded
and their relative intensities determined.

2.3 Activity Measurements

The non-catalyzed wet aerobic oxidative (WAO) and cat-
alyzed wet aerobic oxidative (CWAOQO) processes of lignin
were carried out in a high-pressure SS-316 Parr slurry
reactor (model 4843) at 120 &= 1 °C. The 500 mL alkaline
solutions (NaOH, 2 mol/L) of lignin dissolved at a con-
centration of 60 g/L. were introduced into the reactor and a
certain quantity of catalysts was added to the solution if
necessary. The heating program was started under a slight
nitrogen pressure. When the solution in the reactor reached
the desired temperature, nitrogen was added until a total
pressure of 15 bars was attained. Time was recorded from
zero, corresponding to the admission of oxygen, to a total
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pressure of 20 bars. The total pressure in the reactor was
kept at 20 bars by continuous flushing of oxygen for sup-
plement because of its consumption during the reaction.
During reactions, sampling was conducted from the reactor
to detect changes of reactant lignin and any aromatic
aldehydes produced. After filtration, liquid samples
obtained were acidified to pH 2-3 with an HCI solution.
Acidification led to the precipitation of high molecular
weight components, including aromatic aldehydes and
lignin that was not converted. The resulting products were
extracted with chloroform until the chloroform layer
appeared colorless. The residual lignin was obtained by
centrifugation of the suspensions after the extraction of
resulted products.

The compositions of the extraction from the chloroform
were analyzed by high performance liquid chromatography
equipped with a Hypersii ODS2 column (4.6 mm x
250 mm) and a UV detector at 280 nm to quantitatively
determine the contents of vanillin, syringaldehyde, and
p-hydroxybenzaldehyde. A mixture of acetonitrile (10%),
deionized water (90%) and acetic acid (1.5%) was used as
the mobile phase. The non-converted lignin was diluted in
a 2 N solution of sodium hydroxide in order to dissolve the
lignin. The amount of lignin was measured by UV spec-
trophotometer at a wavelength of 280 nm [28].

The experiment to test the recycling ability of LaMnOjy
was performed as follows. Fresh catalyst and lignin solu-
tion were added into the reactor and the process was
performed under the same conditions as mentioned above
for 30 min. After the CWAO reaction, the reactor tem-
perature was quickly cooled to room temperature, and the
resulting products were carefully poured out and then fil-
tered, while the catalyst was left in the reactor. Fresh lignin
solution was then added and the process was performed
again under the same conditions for 30 minutes. This
procedure was repeated four times. The treatment of
samples and quantitative analysis were the same as above.

3 Result and Discussion

3.1 Surface Oxygen Species and Mn Ion Oxidation
States

Shown in Fig. 3 are the O 1s and Mn 2p XPS spectra of the
catalyst. The graphs show that the catalyst LaMnO; was a
typical perovskite-type oxide. As can be seen from the Ols
spectrum (Fig. 3a), two contributions were obtained by
curvefitting of Ols: 528.9 and 530.6 eV, which could be
assigned to lattice oxygen in the form of O*~ (metal oxy-
gen bond) and adsorbed oxygen species (such as O™, O,
or 022_), respectively [29, 30]. From Fig. 3b, one can
observe the appearance of two signals at BE = 641.6 and
653.6 eV, assignable to Mn 2p3, and Mn 2p,,,, respec-
tively [31, 32]. The asymmetry of the two peaks indicates
the existence of mixed components: the former could be
resolved into two components at BE = 640.8 and
642.3 eV, whereas the latter into the ones at BE = 652.5
and 653.8 eV. The signals at BE = 640.8 and 652.5 eV are
attributable to Mn>" ions, and the ones at BE = 642.3 and
653.8 eV to Mn** ions [31, 32].

3.2 Reducibility of the Catalyst

To investigate the reducibility of LaMnOs; samples, an
H,-TPR test was performed and the result was plotted in
Fig. 4. The TPR profile of LaMnO; presents the typical
structure of perovskite-type LaMnOs, giving rise to two
main peaks: the first with a maximum at approximately
460—470 °C and second at the maximum temperature of
the analysis at 850 °C. According to the literature cited,
the first peak in the literature is attributed to the reduction
of Mn*" to Mn*" and the second to the reduction of
Mn*" to Mn?* [33], the latter having not completed yet at
850 °C.

Fig. 3 (a) Ols and (b) Mn 2p A
XPS spectra of LaMnO;
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Fig. 4 TPR profile of the LaMnOj catalyst

3.3 Catalytic Activity

The aromatic aldehydes, the oxidative products from lignin
in the CWAQO process, can be further oxidized to aromatic
acids, and even to carbon dioxide and water under certain
conditions. In our experiment, the catalytic activity was
evaluated in comparison with the results of each case
indicated as the rate of lignin conversion and the yield of
aldehydes. Rate of lignin conversion and yield of each
aromatic aldehyde were significantly higher with the cat-
alyst LaMnOj than that without the catalyst (Fig. 5). In the

absence of a catalyst, the lignin conversion was 41.8% at
3.0 hours (Fig. 5a). When LaMnO; was used, the lignin
conversion was 57.0% after 3 hours, 1.36 times that
obtained in the noncatalytic process. The maximum yield
of p-hydroxybenzyl aldehyde was 2.032% in 120 minutes
with the LaMnOj catalyst, 31.3% higher than that of the
noncatalytic process, whose maximum yield was 1.548% at
150 minutes (Fig. 5b). The maximum yields of vanillin and
syringaldehyde were 4.321% (30 min) and 9.326%
(30 min) in the LaMnOs catalytic process, 1.37 and 1.96
times those obtained in the noncatalytic process, respec-
tively (Fig. 5c and d).

The same concentration of LaCl; ion solution as that of
LaMnO; did not present any catalytic activity under these
conditions, while an equivalent concentration of MnSO,
presented modest catalytic activity under these conditions
compared to that under the non-catalyst process (Fig. 5a—d).
Thus, it is concluded that only the manganese was active
for the lignin oxidation reaction, since the redox reaction
of manganese happens in the presence of oxygen; while
for the inert lanthanum, no redox reaction could take
place, because it has only one stable valence, the +3 state.
Nevertheless, it was interesting to note that the activity of
the Mn>" was less inactive for the oxidation reaction than
that in the LaMnOj catalytic process under the same
conditions (Fig. 5a—d). The results imply that manganese
salts are not a viable option in the CWAO process of
lignin compared to LaMnO;, due to its poor catalytic
activity.

Fig. 5 Lignin conversion (a), A 06 B
yield of p-hydroxybenzaldehyde ’ - 2.0 o\
(b), vanillin (¢) and c 051 © O—_
syringaldehyde (d) with S _—o /0’//1 £ 1.6 = .
reaction time. The reaction o 044 / — 1 & / ;';' :v§t
conditions were as follows: § 03 o /i v/ i 124 O o o v / {
NaOH (2 mol/L), 120 °C, 5 bar o~ o &~ —=— Non-Catalyst ?o . / ™ _a— Non-Catalyst
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. |
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Although it is premature to discuss the precise role of
the perovskite oxide LaMnOj in the catalytic mechanism
of the lignin oxidation process at present, it is noteworthy
that two aspects can account for the activity of LaMnOj; in
the CWAO as reported [24]: the first involving the Mn**/
Mn>" redox couples, the second contributing to chemi-
sorbed oxygen on the perovskite surface under the
controlled temperature, resulting from oxygen molecules
dissolved in the reaction solution. As it is well known that
the states of LaMnOj are beneficial to the catalytic wet air
oxidation (CWAO) process, the existence of Mn*" was
confirmed by Mn 2p XPS spectra and the TPR profile of
the catalyst in the study; nevertheless, the detailed mech-
anisms of LaMnO; in the CWAO process of lignin need to
be explored in future experiments.

3.4 Catalyst Stability

In order to examine the possible reusability of the catalyst
LaMnO; under these reaction conditions, repeated use of
the catalyst LaMnOs has been carried out. Fig. 6 shows the
lignin conversion and yield of aromatic aldehydes from
the non-catalyzed process and five successive reuses of the
catalyst. The lignin conversion and the yield of each aro-
matic aldehyde were significantly higher in each of five
successive catalyst reuses than those of the non-catalyzed
process. Furthermore, the results clearly demonstrated that
the lignin conversion and the yield of aromatic aldehydes
remained nearly the same in each reuses (Fig. 6) and the
small differences measured for all the samples are within
instrumental error, indicating that the catalyst can be
reused at least 5 times.

30
p-Hydroxybenzaldehyde
25 | Vanillin
[EZ3) Syringaldehyde
[ Lignin Conversion
20 — ! - I
c -
5
5 15
R
10 1
5 -
0 le= . ! ! % | 17 / v |
0 1 2 3 4 5

Reaction Cycle,Time

Fig. 6 Lignin conversion and yield of aromatic aldehydes in the
absence of catalyst (process 0) and five successive uses of the catalyst
with each time for 30 min. The other reaction conditions are as in
Fig. 1
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Fig. 7 XRD patterns of the fresh catalyst and the catalyst after five
successive reuses

The crystalline phases of the catalysts before and after
the five successive uses were also determined by X-ray
diffraction (Fig. 7). The XRD patterns of the LaMnO;
catalyst before the reaction and after the five successive
uses all showed characteristic reflections for the perov-
skite-type oxide without other phases. No obvious changes
can be seen in the structure of the LaMnOj catalyst after
the fifth run, suggesting that the LaMnOj catalyst in the
CWAQO process was stable. It was observed that the spe-
cific surface area of the fresh LaMnO; catalyst and those
after five successive uses remained nearly unchanged, at
21.4 and 20.8 m?/g, respectively, within instrumental error.
These results indicate that the active phase of catalyst
LaMnOs; itself was not deactivated under the conversion
conditions, which is closely related to the reusability of the
LaMnO; in the CWAO process of lignin. The high activity
and reusability of the perovskite-type oxide -catalyst
LaMnO; presents a bright prospect for the conversion of
lignin to high value-added aromatic aldehydes.

4 Conclusion

The perovskite-type oxide LaMnOj catalyst prepared by
the sol-gel method exhibited high activity in the CWAO of
lignin. Rate of lignin conversion and yield of each aromatic
aldehyde were improved significantly in the LaMnO; cat-
alyst process, compared to the non-catalyzed process. The
MnSO, catalyst presented modest catalytic activity as
compared to the high activity of the LaMnQOj catalyst in the
CWAO of lignin, indicating that manganese salts are not a
viable option in the CWAO process of lignin. The perov-
skite-type oxide catalyst LaMnQOj also possesses distinctive
stability of activity and structure in the CWAO of lignin.



Perovskite-type Oxide LaMnO;

111

Thus, the perovskite-type oxide LaMnQOj is an efficient and
recyclable heterogeneous catalyst for the conversion of
lignin in the CWAO process of lignin.
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