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Nitrogen-containing graphene material (LCN) has been identi-
fied as an effective catalyst for the oxidation of 3-O-4 and a-O-
4 types of lignin model compounds in the presence of tert-
butyl hydroperoxide, to provide aromatic aldehydes, acids and

other organic chemicals in high yield. The transformations of

five lignin model compounds over LCN were investigated sys-
tematically. Instrumentation analysis, kinetic study and radical
trapping experiments highlight the mechanistic features of the
reaction, including: 1) the reaction pathway starts by benzylic
C-H or C-OH bond activation, followed by C,~Cg or C,—O

Introduction

It is not unreasonable to speculate that biomass, such as cellu-
lose, lignin, even chitin, would be the major source for certain
fine chemicals or platform compounds in the post-fossil fuel
era.’ Among various biomass materials, lignin could be seen
as the major resource for sustainable aromatic chemicals, be-
cause lignin is the most abundant, renewable aromatic biopo-
lymer on earth.” There are three major strategies to depoly-
merise lignin into an array of simple compounds: hydrogenoly-
sis,® hydrolysis™ and oxidation.”) Among these, the oxidative
depolymerisation of lignin is unique because it leads to highly
functionalised monomeric or oligomeric products, which can
be used directly as fine chemicals or as platform chemicals.~®

It has long since been established that lignin has a complex,
mildly branched polymeric structure composed of a few aro-
matic monomers randomly coupled and cross-coupled by C—O
or C—C bonds. The C—0 bond is the major linkage among the
monomers, with $-O-4, a-O-4 and 4-O-5 linkages being most
representative. The C—C bond contributes a minor fraction
(about a third) to the linkages in lignin.”? To generate com-
modity chemicals from lignin, these linkages have to be
broken down. Under oxidative conditions, the benzylic C—H or
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bond cleavage, and finally further oxidation of intermediate ar-
omatics; and 2) the reaction follows a free-radical mechanism
with all the key steps involving radical species. In addition, the
LCN proved to be a highly stable catalyst; no significant activi-
ty decrease was observed for four consecutive runs, and X-ray
photoelectron spectroscopy analysis indicates negligible de-
crease in the content of the active nitrogen species in the cata-
lyst. Notably, this new catalytic system can be extended to the
oxidative depolymerisation of real lignin, to produce a signifi-
cant portion of liquefied, low-molecular-mass products.

C—OH bonds in lignin can be attacked relatively easily and
transformed to carbonyl groups. Then the C,—O or C,—Cg
bond undergoes cleavage to afford depolymerised products.™?
The key to achieving the selective oxidation of lignin into
chemicals relies on the development of appropriate catalysis
technologies. The oxidation of lignin and associated model
compounds has been studied extensively.”?**9 A vast majority
of reported oxidative catalytic systems are based on using
metal-containing catalysts, and many of them suffer from low
efficiency, harsh reaction conditions and/or use toxic met-
als.”>® Recently, a metal-free catalytic system consisting of 4-
acetamido-TEMPO  (TEMPO = 2,2,6,6-tetramethyl-1-piperidinyl-
oxy) in combination with HNO; and HCI was developed to cat-
alyse the oxidation of benzylic alcohol as a lignin model com-
pound.” Nevertheless, efficient, metal-free catalytic systems for
the oxidation of lignin model compounds and real lignin
remain very limited. Also, the reaction pathway and the reac-
tion mechanism of lignin oxidation in metal-free catalytic sys-
tems remain elusive.

In this work, systematic evaluation of the oxidation of vari-
ous lignin model compounds over nitrogen-containing gra-
phene material (LCN) in the presence of organic peroxides was
conducted. Detailed product identification, kinetic study and
free-radical trapping experiments highlight the salient mecha-
nistic features of this new catalytic oxidation system for lignin
conversion. To our delight, this carbon-based catalytic system
is even able to transform organosolv lignin, which leads to
a significant portion of liquefied, partially depolymerised prod-
ucts. The depolymerised products can be further hydrolysed to
low-molecular-weight compounds, such as diethyl succinate
and diethyl phthalate, in acidic ethanol-water solution.
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Results and Discussion

LCN characterisation

Compared with normal graphene material, the exceptional cat-
alytic performance of LCN originates from its nitrogen
doping.'” Therefore, the LCN in this study was prepared by
following a modified literature method by using chemical
vapour deposition (CVD) with pyrolytic graphene oxide as sub-
strate and acetonitrile as nitrogen source, in which the nitro-
gen content of LCN was maximised by elongated exposure to
acetonitrile."” The synthesised LCN can be regarded as a nitro-
gen-containing, layered carbon material possessing highly ex-
foliated graphitic structures. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) analysis (see
Figure 1a,b) clearly show that the LCN possesses a graphitic
sheet structure. X-ray photoelectron spectroscopy (XPS; see
Figure 1¢) exhibits only three sets of peaks, at around 284.8,
401.5 and 531.8 eV, corresponding to carbon, nitrogen and
oxygen, respectively. Based on XPS analysis, the nitrogen con-
tent in the LCN we used was 6.2 wt%, which is similar to that
of LCNs exhibiting excellent catalytic activity in the literature."”
Fitting results of the N1s XPS spectrum are shown in Fig-
ure 1d. The peaks at 398.6, 399.6, 401.5 and 403.5 eV are as-
signed to pyridinic N, pyrrolic N, graphitic N and oxidised N, re-
spectively." Among these four nitrogen species, graphitic N,
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which according to DFT calculations™ is responsible for the
catalytic activity of LCN, is the major constituent (58 % accord-
ing to XPS fitting results). Overall, the synthesised LCN in this
study shows a graphene-based sheet structure containing cat-
alytically active, graphitic N species (>3 wt%).

Oxidation of lignin model compounds

Both the 0-O-4 and the [(-O-4 types of lignin model com-
pounds contain the benzylic C—H or C—OH bond. As such, our
strategy for lignin conversion is to utilise LCN as a catalyst to
activate the benzylic C—H or C—OH bond in the presence of an
oxidant. Previous works on the oxidation of lignin and its
model compounds employed oxygen and/or H,0O, as oxidant
owing to their low price.”*®'? Qur preliminary data (Table 1,
entry 1), however, indicated that H,0O, is not suitable in the
LCN-catalysed oxidation of lignin model compounds, presuma-
bly because of the fast decomposition of H,0, under the ap-
plied conditions.

Therefore, tert-butyl hydroperoxide (TBHP), which is a more
stable oxidant widely used in industrial processes, was chosen
for further study. We started the work by evaluating the per-
formance of LCN in the oxidation of lignin model compounds
in the presence of TBHP. 1-(Benzyloxy)-2-methoxybenzene (a;
see Table 1) and benzyl phenyl ether (b) were selected as a-O-
4 type model compounds whereas 2-phenoxy-1-phenylethanol
(c), 2-(2,6-dimethoxyphenoxy)-1-
phenylethanol (d) and 2-(2,6-di-
methoxyphenoxy)-1-phenyletha-
nol (e) were selected as (-O-4
type lignin model compounds.
Both 0-O-4 and (-O-4 types of
model compounds contain two
benzene rings. For clarity, the
benzene ring directly connected
with a carbon atom, that is, the
ring associating with the benzyl-
ic C—H or C—OH bonds, is denot-
ed as the Aring, whereas the
benzene ring directly connected
with an oxygen atom is denoted
as the Bring.

The results of the catalytic oxi-
dation of a-O-4 type model
compounds (a,b) over LCN are
compiled in Table 1. Only small
amounts of  benzaldehyde 1
(0.6 mol%) and 2-methoxyphe-
nol 3 (0.2 mol%) were formed in
the blank experiment (Table 1,
entry 2), whereas noticeable con-
version and yield were achieved
by employing LCN as a catalyst.

pyrrolic N
pyridinic N

800 700 600 500 400 300
Binding Energy (eV)

Figure 1. a) TEM and b) SEM images of LCN material; ¢) XPS spectrum and d) XPS N 1s spectrum of LCN.
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As mentioned, the conversion of
compound a and the yields of
aromatic products were low
when H,0, was used as the oxi-
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Table 1. The oxidation of a-O-4 type lignin model compounds under different conditions el
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Entry Substrate Conversion Total yield Yield [mol %]
[%] [mol %]

1 2 3 4 5 6 7
10! a 25.0 9.1 2.5 4. 22 0 0 0 0.3
21 a 9.0 0.8 06 0 02 0 0 0 0
3 a 40.1 25.9 159 2.0 29 22 0.08 0 238
4 a 66.5 419 145 1.9 1.4 21.0 0.5 0 26
5t a 89.4 57.0 56 27 1.5 40.6 1.7 0 4.9
6" a 98.0 71.0, 7.2 (w1) 30 15,08 (w2) 0.9 455,03 (w3) 1.4 04,07 93

(w4)

79 a 85.4 54.9 69 24 1.5 404 0.6 0.1 3.0
8e b 68.6 74.2 13.2 29 19.0 33.7 0.5 - 4.9

[a] Reaction conditions: substrate (0.5 mmol), LCN (0.01 g), TBHP (6 equiv, 70 wt% in water), H,O (3 mL), 80°C,
12 h. The conversion and yield were determined by GC analysis (only organic-phase products were quantified).
[b] H,0, (20 equiv) was used as oxidant. [c] No catalyst was used. [d] 3 equiv TBHP. [e] Reaction time is 24 h.
[f]1 12 equiv TBHP was used and the yields of compounds in the water phase (w1-w4) were quantified. [g] Re-

employed to extract the prod-
ucts from water) and escape GC
and GC-MS analysis. To verify
this assumption, the water
phase after extraction was
freeze-dried and analysed by
GC-MS (see Figure S1 in the
Supporting Information). Indeed,
a variety of dicarboxylic acids
and their derivatives, such as
oxalic acid, maleic anhydride,
maleic acid, fumaric acid and
muconic acid, were detected. In
a following experiment, 2-me-
thoxyphenol 3 was used as the
substrate instead of a under the
same reaction conditions. No 2-
methoxyphenol survived after
the reaction. These results dem-
onstrated that the 2-methoxy-
phenol generated from the
Bring is further oxidised into
water-soluble chemicals through
a series of reactions. The first
step is likely to be similar to the
reported Malaprade reaction, in

action temperature 120°C.

which o-quinone and methanol

dant, even if H,0, was used in a large excess (20 equiv;
Table 1, entry 1). TBHP, on the other hand, exhibited superior
oxidative ability under similar reaction conditions. Three equiv-
alents of TBHP at 80°C led to 40% conversion with a variety of
aromatic chemicals detected (Table 1, entry 3). The conversion
of a further increases on increasing the amount of TBHP, reac-
tion temperature and/or reaction time (Table 1, entries 3-7).
The catalytic system is also applicable with model com-
pound b, affording comparable substrate conversion and prod-
uct yield (Table 1, entry 8). After the reaction, seven aromatic
compounds (1-7) were identified, with benzaldehyde 1 and
benzoic acid 4 as the major products. Products 1-6 are mono-
aromatic compounds formed by oxidative C,—O bond break-
age, which highlights that LCN is an effective catalyst for the
oxidative decoupling of a-O-4 type lignin model compounds
using TBHP as an oxidant. Product 7, which is generated by
benzylic C—H bond oxidation without C—O bond cleavage, was
also detected but in a small amount.

A close examination revealed that the mono-aromatic prod-
ucts (1, 2, 4-6) are generated from the Aring whereas 3 is
generated from the Bring. In principle, the combined yield of
the products from the A ring should equal that of the products
from the B ring. However, the yield of 3 (2-methoxyphenol in
this case) was significantly lower than the combined yield of 1,
2 and 4-6, which suggests that product(s) from the B ring un-
derwent further transformation into polar, non-aromatic com-
pounds. These chemicals stay preferentially in the water phase
upon organic solvent extraction (note that ethyl acetate was

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

are generated from 2-methoxy-

phenol and an oxidant."® Fol-
lowing that, the o-quinone reacts with TBHP to form muconic
acid, which is further oxidised to other dicarboxylic acids (Fig-
ure S2). Quantitative analysis of one experiment indicates
a combined yield of approximately 10 mol% for water-soluble
products, including maleic anhydride (w1, 7.2 mol %), hexadie-
noic acid (w4, 0.7 mol %) and two others (Table 1, entry 6).

The tendency for over-oxidation of the B ring product(s) into
dicarboxylic acids and their derivatives is closely related to the
nature of the substituent groups (R, and R,). Starting from
b (R,=R,=H), the yield of phenol (product from the B ring)
reaches 19.0 mol%, which indicates that the ortho-methoxy
group enables the molecule to be more susceptible towards
over-oxidation owing to the electron-donating property of the
methoxy group.

The LCN-catalysed oxidations of lignin (-O-4 model com-
pounds (c-e) were also investigated (Table 2). Compound c
was selected for reaction condition optimisation. Not surpris-
ingly, no reaction occurred without adding LCN. At 80°C for
12 hours, the conversion of ¢ reaches 69.3% in the presence of
LCN. The major product is ketone ether 11 generated from the
oxidation of the benzylic C—OH bond without C—O or C—C
bond cleavage. Benzoic acid 4 was obtained as the dominant
monomer along with other monomeric products, such as
phenyl formate 8 and phenol 3 (Table 2, entry 1). Notably, the
fact that 4 was the major product from the Aring indicates
that the major reaction pathway involves C,—C; bond cleav-
age, which is further corroborated by the existence of 8 in the
product. An increase in the reaction time to 24 hours led to an
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Table 2. The oxidation of 3-O-4 type lignin model compounds under different conditions.”
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Entry Substrate T[°C] t[h] Conversion [%] Total yield [mol%] Yield [mol %]

1.2 3 4 5 8 9 10 N

1 C 80 12 693 68.7 0.1 06 1.0 160 46 04 0.7 10 443
2 C 80 24 880 735 02 1.2 3.1 245 33 03 02 3.1 376
3 C 120 24 918 97.4 02 21 183 453 2.0 02 03 183 107
4 d 120 24 958 62.7 0.1 43 51 424 05 0 0 0 103
5 e 120 24 quant. 729 0187 0 3350 0 146 0 160

tions. As shown in Figure 2a, the
initial reaction rate of a is high,
reaching 53% conversion after
3 hours. Afterwards, the conver-
sion keeps increasing smoothly.
Compounds 1, 3 (R,=H, R,=
OMe), 4 and 7 (R,=H, R,=0Me)
are the major products, and they
exhibit very interesting selectivi-
ty changes as the reaction
evolves. The yield of the dimeric
product7 (R,=H, R,=0OMe)
reaches its maximum at t=1h
and drops afterwards. The yields
of monomeric products 1 and 3
increase in the first 3 and

quantitative.

[a] Reaction conditions: substrate (0.5 mmol), LCN (0.01 g), TBHP (6 equiv, 70 wt% in water), H,O (3 mL). The
conversion and yield were determined by GC analysis (only organic-phase products were quantified). quant.=

0.5 hours, respectively, and then
decrease. On the contrary, the
yield of 4 keeps increasing

increased conversion of c and in-
creased yield of monomers, but
11 remained as the major prod-
uct. By increasing the reaction
temperature to 120°C, C,—Cg
bond cleavage is significantly
promoted: the Aring is mainly
converted into 4 (45.3 mol%)
whereas the B ring is mainly con-
verted into 3 (18.3 mol%) and
10 (18.3 mol %) monomers
(Table 2, entry 3).
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during the entire process. These

Two other B-O-4 type lignin ¢ 2 ik
model compounds, d and e,
were also converted into mono-
meric compounds with satisfac-
tory yield under optimised con-
ditions (Table 2, entries 4 and 5).
The major difference is that the yields for the major products
from the B ring, that is, compounds 3 and 10, are considerably
lower. This result is in full agreement with the observations of
the LCN-catalysed a-O-4 type model compound conversion, in
which we identified that the ortho-methoxy substituents de-
crease the stability of the aromatic ring significantly. The ex-
periments shown in Table 2 demonstrate effective catalytic oxi-
dation of 3-O-4 type lignin model compounds in the presence
of LCN and TBHP, despite the fact that a slightly higher tem-
perature is required to achieve reasonable monomer yields.

yield were determined by GC.

Kinetics and reaction mechanism

Kinetic studies on the oxidation of compoundsa and ¢ over
LCN in a period of 24 hours at 80°C were conducted (see
Figure 2 and detailed data in Table S1). In both cases, no signif-
icant drop in activity was observed in the entire period, thus
indicating that LCN remains active under these reaction condi-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Product distributions for the conversion of a) a and b) c over LCN as functions of time. Reaction condi-
tions: substrate (0.5 mmol), TBHP (6.0 mmol, 70 wt% in water), LCN (0.01 g), H,O (3 mL), 80°C; the conversion and

results suggest that the oxidative decoupling of a over LCN
first occurs at the position of the benzylic C—H bond to gener-
ate dimeric product 7 (R,=H, R,=0OMe). Cleavage of 7 at the
position of C,—O generates products 1 and 3 (R,=H, R,=
OMe). Product 1 is further oxidised into its acid form 4, which
is a stable end product. Product 3 is highly unstable under the
applied conditions and is decomposed, in agreement with the
observation of dicarboxylic acids and associated derivatives
after the reaction.

Kinetic study employing c as the substrate provides similar
information (Figure 2b). Compound ¢ was converted smoothly.
The dimeric product 11 (R, =R, =H) is the main product within
the first 12 hours, which indicates that the reaction starts from
the oxidation of the benzylic C—OH bond. Following that, the
decomposition of 11 (R; =R, =H) leads to the formation of aro-
matic monomers, which is the rate-determining step in this
case. Similar to a, 4 is the stable end product after oxidation of
cvia 1 as an intermediate.

ChemPlusChem 2014, 79, 825-834 828
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A vast majority of catalytic systems for lignin oxidation in-
volve free radicals during the reaction.® It is also widely re-
ported that TBHP acts as a free-radical initiator, either generat-
ing tert-butoxide and hydroxyl radicals under microwave irradi-
ation® or reacting with metal catalysts to form tert-butylper-
oxy radicals.®? As such, it is not unreasonable to speculate
that LCN-catalysed lignin model compound oxidation in the
presence of TBHP follows a free-radical mechanism. To identify
the radical species produced during the reaction, radical trap-
ping experiments with TEMPO as a radical scavenger were con-
ducted. Compoundsa and c were used as substrates and
TEMPO was added into the system 5-10 minutes after the re-
action to trap the active intermediate species.

Employing a as the substrate, four TEMPO adducts, denoted
as 12, 13, 14 and 15 (see Scheme 1 and Figure S3), were de-
tected by GC-MS, thus demonstrating the formation of at least
four radical species during the reaction. Benzoyl radicals and 2-
methoxyphenoxyl radicals are derived from the A and B rings

5@ 3%0

14 15
Scheme 1. The TEMPO adducts detected by GC-MS in the radical trapping
experiment using a and c as the substrates.

of the substrate, respectively (trapped as 12, 13), and methyl
radicals and tert-butoxyl radicals are formed from TBHP
(trapped as 14, 15). By combining the kinetic study, the radical
trapping experiments and the previous literature reports,%°?
a plausible mechanism for the oxidation of lignin model com-
pound a was proposed (Scheme 2a). In the first step, the tert-
butoxyl radical forms from TBHP to initiate the reaction, which
could as well further decompose to acetone and methyl radi-
cals."™ Meanwhile, LCN reacts with TBHP to afford LCN-OH,
which contains active oxygen species at the carbon atoms
neighbouring the graphitic nitrogen."” Then, the benzyl hy-
drogen, which is the least stable site of the substrate, gets ab-
stracted by the tert-butoxyl radical to afford benzylic radicals
and tert-butanol. The benzylic radicals convert to benzylic alco-
hol by OH transfer from LCN-OH, which concurrently regener-
ates the LCN catalyst. On repeating this step a dehydration re-
action product 7 is formed. The above mechanism involves
similar steps to the reported oxidation of alkyl-substituted aro-
matics with TBHP as oxidant.**'® In the next step, the homo-
lytic cleavage of 7 takes place at the aliphatic C,—O bond to
form benzoyl and 2-methoxyphenoxyl radicals, which have
been trapped by TEMPO. Benzoyl radicals react with hydrogen
radicals or methyl radicals in the next step, and the homolytic
cleavage of 7 takes place at the aliphatic C,—O bond to form
benzoyl and 2-methoxyphenoxyl radicals, which have been
trapped by TEMPO. Benzoyl radicals react with hydrogen radi-
cals or methyl radicals to generate 1 and 2, respectively,
whereas 2-methoxyphenoxyl radicals react with hydrogen radi-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cals to produce 3. In the presence of excess TBHP, 1 can be fur-
ther oxidised to 4 whereas 3 decomposes to dicarboxylic acids
and its derivatives in a similar manner to the Malaprade reac-
tion. Besides, 4 can react with tert-butanol to form tert-butyl
benzoate 5.

With B-O-4 type lignin model compounds, the initiation step
and reaction mechanism are similar to the case of a. In radical
trapping experiments, 12, 14, 15 and 16 adducts were detect-
ed (see Scheme 1 and Figure S3), thus indicating that the ho-
molytic cleavage happens at the C,—C;; bond to afford benzoyl
radicals and phenoxyl methyl radicals. These radicals can be
further converted to benzoic acid 4 and phenyl formate 8. In
the presence of excess TBHP, 8 can be converted to phenol 3
and carbon dioxide (Scheme 2b).

Recycling experiment

A significant advantage of using LCN as the catalyst is its facile
recovery. Evaluation of the long-term catalytic stability of LCN
was undertaken at a reaction temperature of 120°C employing
c as the substrate. After one batch reaction, LCN was filtered
out of the reaction mixture, washed and reused. Four batch re-
actions were performed without any further treatment. In the
first run a high conversion of 85% was obtained with LCN. To
our delight, the activity of LCN remains essentially constant in
the second batch reaction and only decreases by about 5% in
the fourth batch reaction (Figure 3a and Table S2). Interesting-
ly, a change in product distribution was observed during the
recycling experiments. For example, the yield of 4 decreased
from 29.0 to 19.4 mol%, and correspondingly the yield of 11
(R, =R,=H) increased from 28.3 to 37.6 mol %, after four batch
reactions. Considering 11 is formed through benzylic C—OH
bond oxidation, whereas 4 is formed by C,—C; bond cleavage,
it appears that the catalytic activity of LCN for the oxidation re-
action was maintained upon recycling whereas the ability to
break the C—C bond decreases gradually.

To shed light on structural/compositional changes of the cat-
alyst during the recycling, XRD and XPS were used to charac-
terise LCN after recycling. In the XRD pattern of LCN (Fig-
ure 3b), the peak at 260=26.4° is attributed to reflection on
the (002) planes of well-ordered graphene, which is very simi-
lar to the diffraction pattern of graphite. The shoulder peak at
about 260 =30° and the broad hump at 20 =17° reflect the dis-
ordered state of graphene sheets.'™ LCN after reaction exhibits
almost identical diffraction patterns to that of LCN, which sug-
gests that the crystal structure of LCN does not change after
recycling. According to the XPS spectra (Figure 3¢,d), the nitro-
gen content in LCN after reaction decreased slightly from 6.2
to 54 wt% relative to fresh LCN. Nevertheless, curve-fitting
analysis indicates that the content of graphitic nitrogen is still
the predominant nitrogen species (3.3 wt %), similar to unused
LCN, which explains the negligible decrease in catalytic activity
during repeated oxidation reactions. Compared with fresh LCN
samples, the oxygen content in used LCN increased significant-
ly (from 3.5 to 14.4 wt %), not unreasonably though, as we pro-
pose the formation of LCN-OH between LCN and TBHP to be
the first step in the reaction mechanism.
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Scheme 2. Proposed mechanism of oxidative depolymerisation of a) a and b) ¢ catalysed by LCN.

Oxidation of birch wood lignin

We conducted preliminary studies employing the LCN-based
catalytic system for the oxidation of organosolv lignin extract-
ed from birch wood. Considering the more complex structure
of real lignin, a higher temperature was employed (24 h,
12 equiv TBHP, 140°C). Two fractions, that is, an orange oil frac-
tion (45.8 wt%) and a brown solid fraction (33.6 wt%), were
obtained after the reaction (Figure S5). The orange oil fraction
is water soluble and obtained directly after filtration and
freeze-drying. The brown solid fraction is obtained by extract-
ing the remaining solid with ethanol. Both fractions were ana-
lysed by gel permeation chromatography (GPC; Figure S6) and

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the results were compared with that of the starting material.
The average molecular weight (MW) of the oil fraction is 4800,
much lower than that of the starting material (MW 250000).
The MW of the solid fraction is similarly small, despite exhibit-
ing a wider MW distribution. GPC analysis indicates a significant
depolymerisation of organosolv lignin over LCN in the pres-
ence of TBHP.

Figure 4 shows the FTIR spectra of the orange oil and the
brown solid fractions, as well as of unreacted lignin. The IR
spectra of the oil and the solid fractions are very different from
that of the unreacted lignin. First, the intensities of the bands
at 1713 and 1177 cm™' increase remarkably and a shoulder
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40 50 60 70 8o vibrations® thus providing
strong evidence of the cleavage
of ether bonds in lignin. Further-
more, the intensity of the band
at 2963 cm™' ascribed to C—H
stretching vibrations in CH; in-
creases, whereas the bands at
1514 and 1325 cm™' ascribed to
the aromatic ring and C-O
stretching vibration in syringyl
units decrease in the product
spectra, which indicates that the
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Figure 3. a) Conversion and product distributions of recycling experiments. Reaction conditions: ¢ (0.5 mmol),

posed. The orange oil product
seems to be more oxidised and

TBHP (6.0 mmol, 70 wt% in water), LCN (0.01 g), H,0 (3 mL), 120°C, 12 h; the conversion and yield were deter-

mined by GC. b) XRD patterns and c,d) XPS spectra of LCN and used LCN.

its IR spectrum exhibits a stron-
ger band at 3209 cm™' than the
brown solid. More encouraging-
ly, *C NMR analysis of the oil fraction revealed the

lignin

oil

solid

Transmittance (a.u.)

~

3209

3412

2063

1712
T

presence of small-molecule products (Figure S7).
Overall, LCN exhibits similar catalytic behaviour in the
oxidation of lignin model compounds and birch
wood lignin, that is, it catalyses the oxidation of ben-
zylic C—H and C—OH bonds into carbonyl groups,
breaks the C,—Cg and C,—O bonds, and further catal-
yses the decomposition of some unstable aromatic
compounds. A blank experiment employing birch
lignin with TBHP revealed that the structure of the
lignin could be partly disrupted even without LCN,
but to a lesser extent, which highlights the positive
role of LCN in the oxidation depolymerisation of real
lignin (see Figure S8 for FTIR analysis).

We further performed acid-catalysed hydrolysis

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

Figure 4. FTIR spectra of birch lignin and the oxidation products of birch lignin.

peak appears at approximately 1643 cm™' in the spectra of the
products. The bands at 1713 and 1643 cm™' are attributed to
non-conjugated and conjugated carbonyl stretching, respec-
tively, and the band at 1177 cm™' is assigned to the carbonyl
stretching of conjugated ester groups.'® The changes indicate
that an appreciable number of C—H and/or C—OH bonds in
lignin are oxidised to C=0 groups."”! Besides, a portion of C—H

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

500 with both fraction | (orange oil product) and fractio-
n Il (brown solid product) in ethanol-water solution
at 150°C. For fraction |, diethyl succinate and other
low-molecular-weight products (MW < 400, according
to GC-MS spectra) were identified in GC-MS analysis.
For fraction Il, diethyl succinate, diethyl phthalate and other
low-molecular-weight products (MW <400, according to GC-
MS spectra) were obtained. Combined, 0.13 wt% of diethyl
succinate and 0.75 wt% of diethyl phthalate were obtained.
Notably, no such products were identified by GC-MS analysis
by direct hydrolysis of birch lignin under the same hydrolysis
conditions (see Figures S9-S11 for GC-MS spectra).
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Conclusion

By employing nitrogen-containing graphene material (LCN) as
a catalyst and tert-butyl hydroperoxide as an oxidant, we sys-
tematically studied the oxidative decoupling of a-O-4 and 3-O-
4 types of lignin model compounds in water. Under optimised
conditions, high yields of monomeric products were obtained.
The reaction follows a free-radical mechanism and the struc-
tures of key intermediates were identified by free-radical trap-
ping experiments. Kinetic study and control experiments high-
light that the key step for a-O-4 model compound oxidation is
the aliphatic C,—O bond cleavage, whereas the key step for
the B-O-4 type of lignin model compound is the cleavage of
the C,—Cz bond. The LCN proved to be highly stable and
could be used at least several times without appreciable de-
crease in activity.

This novel oxidative system can convert birch wood lignin
into depolymerised products including a significant portion of
liquefied product. These products may undergo further trans-
formations more easily than untreated lignin. Further study is
ongoing in our laboratory to enhance the yield of monomeric
chemicals from real lignin.

Experimental Section
Chemicals

Potassium permanganate (KMnO,), sulfuric acid (H,SO,), barium
chloride (BaCl,) and hydrogen chloride (HCI) were purchased from
Beijing Chemical Industry Group Co., Ltd. 2-Bromoacetophenone,
sodium nitrate (NaNO,), potassium carbonate (K,CO;), phenol,
guaiacol, hydrogen peroxide (30 wt %, H,0,), tert-butyl hydroperox-
ide (70 wt% in water, TBHP) and 2,2,6,6-tetramethyl-1-piperidiny-
loxy (TEMPO) were purchased from Sigma-Aldrich. Natural flake
graphite (99.99%) was purchased from Alfa Aesar. All these com-
mercially available chemicals were used as received. 1-(Benzyloxy)-
2-methoxybenzene (a), benzyl phenyl ether (b), 2-phenoxy-1-phe-
nylethanol (c), 2-(2,6-dimethoxyphenoxy)-1-phenylethanol (d), 2-
(2,6-dimethoxyphenoxy)-1-phenylethanol (e)?*” and organosolv
lignin®" were prepared by following literature procedures.

Characterisation

Gel permeation chromatography (GPC) analysis was performed
with a system equipped with a Waters 2410 refractive index detec-
tor, a Waters 515 HPLC pump and two Waters styragel columns
(HT 3 and HT 4) with dimethylformamide as eluent at a flow rate of
1 mLmin~' at 25°C. The raw data were processed using narrow
polystyrenes as calibrations on software Breeze. Fourier transform
infrared (FTIR) spectroscopy was performed on a Bruker Equinox 55
infrared spectrometer. The number of scans was 16 with a resolu-
tion of 4 cm™' over the range of 4000-400 cm™". Solid sample was
finely mixed with KBr before pressing into a pellet for measure-
ment. Oil sample was measured directly using KBr windows. Nucle-
ar magnetic resonance (NMR) spectra were recorded on a Bruker
400, AV400 NMR spectrometer using [Dgldimethyl sulfoxide as the
solvent. High-resolution transmission electron microscopy (HRTEM)
images were taken on a Tecnai F30 (FEI) field-emission transmission
electron microscope operated at an accelerating voltage of 300 kV.
Scanning electron microscopy (SEM) images were obtained on

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a JEM-6700F scanning electron microscope (JEOL). The sample was
immobilised on a copper substrate by conductive adhesives with-
out further processing. X-ray photoelectron spectroscopy (XPS)
data were obtained on a VG ESCALAB MKIl spectrometer, using
a monochromated AIK, X-ray source (hv=1486.71 eV, 5 mA, 15 kV).
The data were converted into VAMAS file format and imported
into the CasaXPS software package, calibrated by the C1s signal
(285.0 eV) and further processed. X-ray diffraction (XRD) was per-
formed on a Bruker D8 advanced diffractometer using CuK, (1=
1.5406 A) radiation (40 kV, 30 mA cathodic current). Diffraction pat-
terns were recorded within a 260 range of 5-80° in a period of
32 min. Reaction products were analysed by gas chromatography
(GQC) and gas chromatography-mass spectrometry (GC-MS) on an
Agilent 7890A gas chromatograph with a flame ionisation detector
and an Agilent 7890A-5975 GC-MSD instrument, both equipped
with HP-5 capillary columns (30 mx250 um). In the oxidation of
lignin, the solution of products was firstly frozen into ice in
a fridge at —20°C and then was freeze-dried on a Martin Christ
Freeze Dryer with the vacuum at 0.31 mbar and ice condenser at
—42°C.

Preparation of graphene oxide

In a first step, graphene oxide (GO) was synthesised according to
a modified Hummer’s method.”” Briefly, natural graphite powder
(5 g), sodium nitrate (5 g) and concentrated sulfuric acid (230 mL)
were added to a flask placed in an ice bath. Then KMnO, (30 g)
was added slowly to the mixture under vigorous stirring to avoid
the temperature of the suspension exceeding 20°C. The suspen-
sion was kept in the ice bath under stirring for 4 h, and was trans-
ferred into a water bath (35°C) for 4 h under stirring. Afterwards,
distilled water (460 mL) was added slowly to the suspension. The
flask was transferred into a preheated oil bath for 4 h, with the
temperature set at 98 °C. The reaction system was diluted with dis-
tilled water (1000 mL) followed by addition of H,0, solution (30%,
100 mL) to remove residual KMnO, and MnO,. The solid product
was separated by filtration, washed repeatedly with 5% HCI solu-
tion until sulfate could not be detected by BaCl, and finally
washed with water to pH 7. The product was dried in an air oven
at 60°C for 120 h. Note, the major difference between this proce-
dure and the original Hummer’s method is that the duration of the
three main steps, that is, in the ice bath (0°C), water bath (35°C)
and oil bath (98°C), in the synthesis is longer in this study to
enable the graphene oxide to have the highest oxygen content.

Preparation of nitrogen-containing graphene-based carbon

LCN was prepared in a two-step process from GO. In a first step,
pyrolytic graphite oxide (PGO) was prepared through rapid heating
of GO in a tube furnace under a hydrogen atmosphere. The heat-
ing started from room temperature at a heating rate of 20°Cmin™'
and was stopped once the temperature reached 800°C. In
a second step, the chemical vapour deposition (CVD) method was
applied to prepare LCN from PGO and acetonitrile, which acted as
the substrate and the nitrogen source, respectively. Acetonitrile
was introduced into the CVD system by bubbling nitrogen gas
(30 mLmin™") in acetonitrile at room temperature. The temperature
of the oven was kept at 800°C for 15 h.
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Catalytic reaction

Typically, the substrate (0.5 mmol), catalyst (0.01 g), oxidant and
water (3 mL) were added in turn to a 35 mL glass reactor. After
sealing with a Teflon lid, the reactor was placed into an aluminium
block preheated at the designated temperature and kept at that
temperature for a period of time. After that, the reaction vessel
was cooled to room temperature. Cyclohexanone (0.05g) was
added to the system as internal standard and the system was ex-
tracted with ethyl acetate (2 mLx3). The organic phase was ana-
lysed by GC and GC-MS. The water phase was freeze-dried and
characterised by GC, GC-MS, FTIR spectroscopy and NMR spectros-
copy. For quantification, methanol (1 mL) was added to the solu-
tion together with 1,4-dioxane (0.010 g) as the internal standard,
after which the solution was analysed by GC.

When birch lignin was used as the substrate, birch wood lignin
(0.05 g), catalyst (0.01 g), TBHP (12.0 mmol, 70 wt% in water) and
water (3 mL) were added in turn to a 35 mL glass reactor. After
sealing with a Teflon lid, the mixture was heated to a designated
temperature and kept at that temperature for a period of time.
After that, the reaction vessel was cooled to room temperature.
The solution was filtered and the filtrate was collected in a glass
vial (water-soluble products, fractionl). The carbon catalyst was
washed with ethanol and then isolated by filtration. The filtrate
was collected into another vial (ethanol-soluble products, fractio-
n ). Both fractions were freeze-dried and sent for further analysis,
including GC, GC-MS, GPC and FTIR spectroscopy. In the acid-cata-
lysed hydrolysis of the oxidation products of birch lignin, the sub-
strate (either fraction | or Il) was dissolved in ethanol (2 mL) and
transferred into a glass tube (35mL). Water (1 mL) and HC
(6 mmol) were added in turn. After sealing with a Teflon lid, the re-
actor was placed into an aluminium block preheated at 150°C and
kept at that temperature for 5 h. After that, the reaction vessel was
cooled to room temperature. Cyclohexanone (0.02 g) was added to
the system as an internal standard and the system was extracted
with ethyl acetate (5 mL). The organic phase was analysed by GC
and GC-MS.

Recycling experiments

Recycling experiments were conducted at 120 °C using 2-phenoxy-
1-phenylethanol (c) as the substrate. Other reaction conditions can
be found in the section “Catalytic reaction”. After reaction, the mix-
ture was extracted with ethyl acetate (2 mLx3) and the organic
phase was analysed by GC and GC-MS. The solution was filtered
and the remaining solid (the catalyst) was washed with ethyl ace-
tate, ethanol and water in turn and reused for the next batch of re-
actions under the same conditions.

Free-radical trapping experiments

All free-radical trapping experiments were conducted at 80°C.
Other reaction conditions can be found in the section “Catalytic re-
action”. For a-O-4 type model compound conversion, TEMPO
(1 mmol) was added to the system after 5 min of reaction, after
which the reaction continued for 55 min. For $-O-4 type model
compounds, TEMPO (1 mmol) was added to the system 10 min
after the reaction commenced, after which the reaction continued
for 50 min. The reaction mixture was extracted with ethyl acetate
(2 mLx3) and the organic phase was analysed by GC-MS.
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