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Abstract

The preparation of vanillin from lignin is one of the lignin valorization strategies.
However, obtaining high vanillin yield is still a challenge. Therefore, the process of
vanillin production and factors that affect yield of vanillin has attracted much atten-
tion. Here, oxidation of vanillin was performed to study its degradation behavior
under lignin alkaline oxidation conditions. High-performance liquid chromatogra-
phy, liquid chromatography—electrospray mass spectrometry, gas chromatography—
mass spectrometer and gel permeation chromatography were employed to analyze
the products including monomers and dimers. Results demonstrated that reaction
temperature and time greatly affected vanillin degradation; vanillin can be com-
pletely converted in 5 h at 160 °C. At 160 °C, the main products of vanillin oxi-
dation were small molecule acids and alcohols, other monophenols, and even con-
densed dimers. A possible vanillin degradation pathway was proposed. The results
indicate that vanillin degradation and condensation are the main reasons for decreas-
ing vanillin yield during lignin valorization under alkaline oxidation circumstances.
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1 Introduction

Lignocellulose, as a renewable carbon resource for fuel, chemicals, and materials,
is gaining more attention considering environmental concern and shorten of fossil
resources. Chemo- and bio-catalysis technologies for (hemi-)cellulose conversion
were well developed. However, lignin utilization is still a big challenge. Though
some lignin conversion methods (such as hydrogenolysis [1-3], oxidation [4-7],
bioengineering) have been developed, these methods are still in their early stages.
Consequently, the recent focus of biomass conversion is lignin valorization,
which not only broadens the raw material resource but also increases economic
efficiency of current biorefinery industry [8—12]. Lignin is an aromatics polymer,
which is an idea source for producing value-added chemicals like aromatics [8,
13, 14].

Vanillin (3-methoxy-4-hydroxy benzaldehyde) is an important aroma chemi-
cal produced worldwide and widely used as flavoring agents for chocolate and
ice cream, intermediate of drugs like Aldomet, L-Dopa Trimethoprim; ripeners
and sunscreens, even catalysts [15—17]. Total annual vanillin production is about
20,000 tons, 15% came from lignin, 85% came from petroleum-based raw mate-
rial guaiacol, and less than 1% was extracted from vanilla beans [15, 18, 19].
Given its sustainability, lignin has a great potential to become the primary source
for vanillin in the future, compared to the exhausted petroleum resource.

Although vanillin has high economic value, the yield of vanillin from lignin is
still much lower than its theoretical level. To find out the reasons for the limited
yield of vanillin, effects of lignin sources [20], structures [21], pretreatment [22],
catalyst [4, 23, 24], reaction conditions on lignin conversion to vanillin have been
extensively studied [13]. For instance, Rodrigues et al. investigated the effect of
some lignin features (including wood species, pulping process, and lignin iso-
lation process) on its oxidative conversion to high-added-value phenolic alde-
hydes. The frequency of phenolic hydroxyl groups in noncondensed structures
was declaimed to be one possible limiting factor of phenol yield [25]. Wu et al.
used steam-explosion hardwood lignin to produce aldehydes (mainly vanillin,
syringaldehyde, and hydroxybenzaldehyde) under alkaline conditions. Monophe-
nol yields significantly increased when CuSO, and FeCl; were employed as cata-
lysts. Consequently, 14.6 wt% of lignin was converted to three aldehydes with
vanillin yield of 4.6 wt% [26]. Recently, the oxidative degradation of monophe-
nols has become new research hotspot. Rodrigues and coworkers systematically
investigated the kinetics of vanillin oxidation and found that vanillin oxidation
is a first-order reaction under high-alkalinity conditions (pH > 12) [27]. Sultanov
et al. studied the degradation of a variety of guaiacyl and syringyl lignin model
compounds under alkaline oxidative conditions (1 M KOH, 0.1 MPa O,, 70 °C),
and compared the activity difference between guaiacyl and syringyl model com-
pounds so as reactivity among various 4-substituted syringols with different sub-
stituents. They found that vanillin and vanillic acid were stable under alkali oxi-
dation conditions. Although oxidization of vanillin under more severe conditions
(1.25 M NaOH, 150 °C, 1 MPa O,) was conducted, and a mixture of carboxylic
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acids and hydroxyl acids were obtained, nevertheless specific structural informa-
tion of degradation products was not given [28]. TiO, photocatalytic oxidation
of vanillin can produce ring open intermediates like formic acid, acetic acid, and
oxalic acid. Trans-ferulic acid can also open rings to produce these intermediates
in photocatalytic oxidation [29]. Vanillin can also be selectively oxidized into
vanillic acid under the promotion of gold nanoparticles supported on alumina and
titania in alkaline aqueous media at 80 °C in the presence of pressurized oxygen,
which resulted in selectivity up to 99% at conversions over 90% [16]. So, degra-
dation of vanillin under aerobic alkaline conditions may be a key factors for the
low yield of vanillin.

Here, we prepared vanillin derived from pine wood oxidation in alkaline media
and investigated the degradation of vanillin under the same alkaline oxidative con-
ditions. HSQC, GC-MS, LC-MS, and LC analysis were employed to analyze the
products including dimers. We found that vanillin was not simply converted to small
molecules of acids and alcohols by further oxidation but also to dimers via con-
densation. On the basis of our findings, a possible degradation mechanism of vanil-
lin under alkaline oxidation conditions was proposed. This work led us to clarify
limited vanillin yield during lignin alkaline oxidation from a new perspective, i.e.,
degradation of vanillin.

2 Methods
2.1 Materials

Pine wood was produced in South China (lignin, 23%). High purity O, (99.99%)
was obtained from Yi gas Gases Co. Itd (Guangdong, China). NaOH, chloroform,
and tetrahydrofuran (THF) were purchased from Macklin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). Standards for vanillin (99%), p-hydroxybenzalde-
hyde (99%), vanillic acid (98%), acetic acid (98%), formic acid (98%), oxalic acid
(99.9%), methanol (99.5%), and ethanol (99.5%) were also obtained from Macklin
Biochemical Technology Co., Ltd. (Shanghai, China). All chemicals were analytical
reagents and used without purification.

2.2 Alkaline Oxidation

Batch experiments were performed in a 100-ml stainless-steel autoclave reactor
equipped with a thermocouple and a magnetic coupling mechanical stirring rod. In
a typical experiment, the reactor was loaded with 50 ml NaOH aqueous solution and
1 g pine or 0.2 g vanillin, and was sealed. Then, the reactor was purged three times
and pressurized with O, to 1 MPa. During the reaction, the reactor was stirred at a
predefined speed. A heating procedure preceded as follows: first, heating from room
temperature (about 30 °C) to target temperature with heating rate of 2.5 °C/min;
then, heating at the target temperature for a fixed time. After the reaction, the reactor
was cooled in air for about 3 h, and then was opened to collect the reaction solution.
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Ten milliliters of the reaction solution was acidified to pH 2-3 with 0.5 ml
concentrated hydrochloric acid (35%). Acidified liquid was diluted with 1.5 ml of
deionized water, then was filtered (over a 0.45-um Teflon filtrate pad) for quanti-
tative analysis of formic acid, acetic acid, methanol, and ethanol by HPLC with a
SH1011 column.

The acidified liquid was distilled to remove water, small acids, and HCI under
vacuum at 40 °C, and then 5 ml of acetonitrile was added to dissolve the solid
products; 2.5 ml acetonitrile phase was mixed with 5 ml of water (containing
0.5 g/1 acetophenone) and filtered (over a 0.45-pm Teflon filtrate pad) for quan-
titative analysis of aromatics by HPLC with a C18 column. The rest 2.5 ml ace-
tonitrile phase was distilled to remove solvent, and then dissolved in 2.5 ml of
deionized water. This solution was applied to quantitative analysis of heavy acid
(oxalic acid) by HPLC with a SH1011 column.

Ten milliliters of acidified liquid was extracted with THF until the THF layer
appeared colorless. All the THF extractions were collected together. THF phase
was added with a small amount of NaHCO; to neutralize the residual acid from
acidification, and then added with anhydrous Na,SO, to absorb the residual water
in the solution. The resulting anhydrous THF phase was concentrated to 2 ml and
filtrated over a 0.45-um Teflon filtrate pad.

2.3 Analysis Methods
2.3.1 High-Performance Liquid Chromatography (HPLC)

The HPLC test was performed on an HPLC instrument (WATERs e2695)
equipped with a 2489 UV-Vis detector and 2414 RI Detector. Agilent ZORBAX
Eclipse XDB-C18 column (4.6 mm X 150 mm, 5 pm) was used to quantitative
analysis of aromatics. Eluent, 20% acetonitrile (containing 0.1% trifluoroacetic
acid) and 80% water (containing 0.1% trifluoroacetic acid); flow rate, 1 ml/min;
injection volume, 10 pl; detection temperature, 30 °C; wave length, 260 nm;
retention time, 20 min. To determine small acids and alcohols, the HPLC test was
performed by using a Shodex SUGAR SH1011 (8 mm X 300 mm, 6 pm) column
at 30 °C. The eluent was 5 mmol/l H,SO, aqueous solutions with flow rate of
0.5 ml/min; injection volume was 10 pl, and retention time was 35 min.

2.3.2 Liquid Chromatography-Electrospray Mass Spectrometry (LC-MS)

LC-MS test was preceded at Agilent 1290-6540, 1260-6420 LC-MS sys-
tem using a C18 column at 30 °C. Eluent A was acetonitrile, and eluent B was
water (0.1% ammonium acetate). Separation was achieved with 20% A/80% B at
0-3 min, 60% A/40% B at 3—10 min, 100% A at 10-15 min. Flow rate was 0.1 ml/
min and injection volume was 10 pl.
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2.3.3 Gel Permeation Chromatography (GPC)

GPC analysis was performed on an Agilent 1260 LC system equipped with a refrac-
tive index detector (RID) by using PL gel mixed-C column (7.5 mm X300 mm, 5 pm)
at 35 °C. THF was used as eluent at a flow rate of 1 mlsmin~!. The sample injection
volume was 20 pl.

2.3.4 Gas Chromatography-Mass Spectrometer (GC-MS)

Before GC-MS analysis, a derivatization step was added to increase volatility of vanil-
lin oxidation products. The derivatization experiment was conducted according to Ref.
[1]. Briefly, 5-ml THF extractions were dried by vacuum distillation at 35 °C, then
mixed with 0.5 ml of pyridine and 0.5 ml of N-methyl-N-(trimethylsilyl)trifluoroaceta-
mide and sealed. The mixture was put in an oven preheated to 80 °C and heated for
30 min. For qualitative analysis, derivatives were analyzed by TRACE 1300ISQ GC/
MS (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a TG-5MS col-
umn. The following operating conditions were used: injector and detector temperatures
were 250 and 280 °C, respectively. The temperature program was set as follows: 60 °C,
2 min; 60-250 °C, heating rate 10 °Cemin~!; 250 °C, 15 min.

2.3.5 Heteronuclear Single Quantum Coherence (2D HSQC NMR)

To investigate the alkaline oxidation performance of vanillin, 2D HSQC NMR spec-
trum of THF extracts was used to record structural information of heavy products.
2D HSQC NMR analysis was run on a BRUKER AVANCE III 400-MHz spectrom-
eter. Around 100 mg of sample was dissolved in 1.5 ml deuterated dimethyl sulfox-
ide (DMSO-d6). The parameters of collecting and processing are listed as follows:
spectral frequency, 400.15 MHz for f1 (*3C), 100.61 MHz for 2 ("H); spectral width,
22,137.686 Hz for f1 dimension, 4807.692 Hz for f2 dimension; number of the col-
lected complex points for f2 dimension was 2048 with a recycle delay of 2 s; number
of scan for f1 dimension was 72 with 256 time increments. The 'J; used was 145 Hz.
The solvent DMSO-d6 peak (§-/8y 39.5/2.49 ppm) was used as an internal reference.
MestReNova software (9.0.1 version) was used for the spectra analysis.

2.3.6 Calculation Formulas

For the alkaline oxidation of lignin, yields of monophenol (¥ ,gnopheno) and small
acids and alcohols (Ypai motecute)> S€lectivity of vanillin [30] and monophenol theo-
retical yield (Yypeoreiica) Were calculated by Eqs. (1)—(4), respectively. Yields of small
molecules were calculated on basis of pine wood weight (Eq. 2), since acids and
alcohols can both from oxidation of lignin and (hemi-)cellulose.

Ymonophenol (%) = Wmonophenol - (Wpine X 23%) X 100% (1)
Ysmall molecule (%) = Wsmall molecule ~ Wpine x 100% (2)
Sv (%) = Wv - W(total monophenols) X 100% (3)
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Ytheorelical (%) =P (C_O_C) X P (C_O—C) (4)
W,

monophenol:  the weight of monophenol; Wp;,.: the weight of pine wood;
Y,

small molecule: the weight of small molecule; W,: the weight of vanillin; W,
monophenols): the weight of total monophenols. P (C-O-C): C-0O-0 linkages (includ-
ing p-0O-4, a-O-4, 4-0O-5) occurrence probability in lignin structure. According to
Refs. [13, 25], C—O-0 linkages occurrence probability softwood lignin are: 43-50%
(B-0-4), 6-8% (a-O-4), 4% (4-O-5). Thus, highest P (C—O-C) is up to 62% in total,
O Yiheoretical Of SOftwood can reach 38%.

For the alkaline oxidation of vanillin, the vanillin conversion (C,), mole yields
of products (¥oqu) and carbon balance (CB) were calculated by Egs. (5)—(7),
respectively.

C, (%) =W, +W,x100% (3)
Y product (MO1%) = 1ppogye X X + 81, X 100 mol% (6)
CB (m0l%) = Y Yproauer + (Wyy = W,) X 100 mol% 7)

m

weight of remained vanillin; n,,q,.: the moles of product; X: carbon numbers of

product formula; n,: the moles of initial vanillin.

Y monophenot: the weight of monophenol; W,: the weight of initial vanillin. W,,: the

3 Results and Discussion
3.1 Alkaline Oxidation of Pine Lignin

In order to study the evolution of real vanillin under lignin alkaline oxidation condi-
tions, a set of experiments of oxidative depolymerization of pine wood under dif-
ferent reaction temperatures and times were conducted. According to the GC-MS
spectrum (Figure S1), oxidation products involve monophenols, carboxylic acids,
alcohols, and hydroxyl acid, while small molecules such as formic acid, acetic acid,
methanol, and ethanol were removed by the vacuum distillation and can be detected
by HPLC. Monophenols include vanillin, p-hydroxybenzaldehyde, p-hydroxyace-
tophenone, vanillin acid, acetovanillone, ferulic acid, benzyl alcohol, and 4-eth-
ylphenol. Vanillin is the major monophenol (selectivity >70%) owing to lignin in
softwood (pine) mainly consisting of guaiacyl unit (type-G lignin), which can be
converted into vanillin by a well-recognized mechanism of retro-aldol condensation
[21, 31, 32].

As shown in Table 1, when the reaction time is 1 h, yields of vanillin and other
monophenols increased from 120 to 160 °C and then decreased over 160 °C.
The highest yield of vanillin (21%) was obtained at 160 °C, which was twice the
yield of 120 °C; however, yields of small molecule compounds increased from
120 to 160 °C (Table 1, entries 1-5). At 160 °C, vanillin yield reached 12.9%
in 10 min and increased to 21.1% when reaction time prolonged to 1 h, then
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Table 1 The yield of product from pine alkaline oxidation

Entry Condi- Yield (%) Vanillin
tion — - - - selectivity
Vanillin Other Formic Acetic Oxalic MeOH EtOH (%)

monophe-  acid acid acid
nols

1 120 °C 8.6 33 14 33 0.6 1.2 0.0 72.6

2 150 °C 15.1 4.9 1.6 3.8 34 2.3 0.0 75.6

3 160 °C 21.1 8.3 3.5 6.1 4.5 3.2 0.2 71.8

4 170 °C 16.0 6.0 3.8 6.5 53 3.5 0.5 73.1

5 200 °C 15.1 6.5 4.5 6.6 5.8 3.6 0.8 70.0

6 10 min 12.9 4.2 2.1 34 1.2 0.6 0.0 75.5

7 30 min 15.2 5.8 2.6 4.1 2.0 1.2 0.1 72.6

8 90 min 17.9 5.6 4.3 6.3 4.5 3.6 1.2 76.1

9 180 min  15.5 5.9 4.9 7.5 5.5 3.7 1.5 72.5

Conditions: (entries 1-5) 1 g pine, 7.5 wt% NaOH, 1 MPa O,, 400 rpm, 1 h; (entries 6-9) 1 g pine,
7.5 wt% NaOH, 1 MPa O,, 400 rpm, 160 °C

reduced to 15.5% after reaction for 180 min. Meanwhile, the increase of reaction
time led to an increase of yields of small molecule products (Table 1, entries 3,
7-9).

Type-G lignin-rich softwood (pine) was used as a raw material in alkaline oxi-
dation experiments, but vanillin yield obtained (21%) was much lower than the
theoretical value (38%, calculated on basis of ester linkages content [3]). Clarify
side reactions and byproducts are of great importance for answering the question
of why vanillin yield is low. Here, in addition to monophenols, by-products are
small molecules, long-chain aliphatic alcohol, as well as large molecular weight
lignin fragments (not listed in the table). Given that oxidation of cellulose and
hemicellulose also give carboxylic acid and alcohols, analysis is very difficult in
the real biomass system. Therefore, degradation of pure vanillin under alkaline
oxidation conditions will be discussed below.

3.2 Alkaline Oxidation of Vanillin

According to a previous study, reaction temperature and time greatly affect van-
illin yield. In order to figure out the effect of reaction temperature and time, what
happened to vanillin during lignin valorization need to be clear. GC-MS analy-
sis showed that oxidation products of vanillin are similar to the by-products of
real lignin system, i.e., monophenols, carboxylic acids, alcohols, and hydroxyl
acids (Figure S2). Vanillin is unstable under alkaline aerobic conditions and it
will be oxidative depolymerized and re-polymerized. The conversion of vanillin
and distribution of products is greatly influenced by reaction conditions. Here,
degradation of vanillin under different reaction conditions will be discussed in
detail.
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3.2.1 Temperature

Under aerobic alkaline condition (7.5 wt% NaOH, 1 MPa O,, 400 rpm, 30 min),
an increase of temperature from 50 to 160 °C resulted in vanillin conversion
increased from 11.0 to 73.9% (Table 2, entries 1-3). The molar yield of acid
products was higher than that of alcohols because alcohols can be further oxi-
dized to carboxylic acids. A small amount of formic acids (1.1 mol%) and acetic
acid (3.6 mol%) can be generated at 50 °C (Table 2, entry 1). Oxidative cleav-
age of the methoxyl group on vanillin resulted in the formation of formic acid
and p-hydroxybenzaldehyde, while the benzene ring-opening reaction was attrib-
uted to the generation of both formic acid and acetic acid [29]. As the reaction
temperature increased to 100 °C, trace vanillic acid (0.1 mol%) was detected
(Table 2, entry 2). The formation of vanillic acid resulted from the selectivity
oxidation of vanillin under high pH conditions [16]. A small amount of oxalic
acid (0.7 mol%) and methanol (1.9 mol%) were formed, except formic and ace-
tic acid. Oxalic acid may be derivatives from ring-opening of vanillin or vanillic
acid [27, 29]. Vanillin decomposed significantly when the reaction temperature
increased to 160 °C, with high vanillin conversion (73.9%) and total yields of
identified products increased to 38.2 mol% (Table 2, entry 3). In addition, van-
illic acid yield was only slightly increased because a portion of vanillic acid is
prone to degrade into small molecule acids and alcohols and other substances
at high temperatures (Table 2, entry 3). In Figure S2, a large number of methyl
2-hydroxy-2-(4-hydroxy-3-methoxyphenyl)acetate (16.96 min) accompanied
by some trace monophenols with carbon number over 8 (14.46, 14.79, 18.05,
19.60, 23.37, 24.52 min) and hydroxybenzaldehyde (11.67 min) were generated.
p-Hydroxybenzaldehyde probably resulted from methoxylation of vanillin, while
other monophenols might be the products of reaction between vanillin and small
acids or alcohols. Especially, acetovanillone, p-hydroxybenzaldehyde, and feru-
lic acid generated in the vanillin oxidation system can also be observed in the
alkaline oxidation of lignin (Figure S1), which means the production of these
chemicals in lignin oxidation may come from both lignin itself and vanillin fur-
ther oxidation. The formation of these monophenols implies that vanillin in the
lignin oxidation system might convert to other monophenols and thus leaded to a
decrease of vanillin selectivity. In addition, further degradation of monophenols
by ring-opening cause the appearance of trace long-chain acids and esters.

Moreover, oxidation of vanillic acid was carried out to confirm whether small
molecule products were generated from vanillic acid. All small molecule prod-
ucts were produced and acetic acid was the main product, indicating that partial
degradation of vanillin resulted in the formation of vanillic acid and followed by
decomposition of vanillic acid. It is noteworthy that oxidation of vanillic acid
gave similar long-chain acids and esters with oxidation of vanillin (Figure S3).
This finding leads us to conclude that vanillic acid is a crucial intermediate.

Obviously, most of the vanillin decomposed at 160 °C in only 30 min; never-
theless, alkaline oxidation of lignin to vanillin gave highest yield after reaction
for 1 h, the loss of vanillin could be considerable.
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3.2.2 Time

In order to study the effects of reaction time on vanillin degradation, several experi-
ments were conducted under temperature of 160 °C with reaction time differed from
10 min to 5 h (7.5 wt% NaOH, 1 MPa O,, 400 rpm) (Table 2, entries 3—6). Vanil-
lin conversion was 63.6 and 20.3% of vanillin was converted to small molecules of
acids and alcohols in only 10 min (Table 2, entry 4), indicating that vanillin was very
unstable and ring-opening reaction of vanillin could occur under high temperature
[29]. After 30 min, yields of small molecule products increased to 37.7 mol%; oxalic
acid yield was tripled compared to that of initial amount (2.9 mol%) (Table 2, entry
3). As the reaction time prolonged to 5 h, vanillin was almost completely degraded,
long-chain acids and esters remained in the system (Figure S4); total yield of small
molecule products significantly increased to 63.1 mol%, especially for formic acid
and acetic acid, while yields of oxalic acid and methanol barely changed (Table 2,
entries 5-6). Above results implying that vanillin is very unstable at relatively harsh
condition, which could be totally converted with extend of reaction time.

3.2.3 Stirring Speed, O, Pressure, and Alkali Concentration

Except for temperature and time, stirring speed, O, pressure, and alkali concen-
tration can also affect the conversion of vanillin. Reaction conditions of 7.5 wt%
NaOH, 1 MPa O,, 400 rpm, 160 °C, and 30 min was chosen as contrast reac-
tion (Table 2, entry 3). When increasing the stirring speed to 1100 rpm, conver-
sion of vanillin was decreased from 73.9 to 42.4%; however, yields of vanillic acid
and small molecule products had no noteworthy change (Table 2, entries 3 and 7).
Higher O, pressure (2 MPa) resulted in slightly increased vanillin conversion but
achieved different product distribution, i.e., more formic acid and acetic acid while
less oxalic acid (Table 2, entries 3 and 8). The sharp decrease of oxalic acid yield
may be caused by the excessive oxidative degradation of oxalic acid by excess O,.
Meanwhile, vanillic acid yield dropped to zero, probably due to the fact that vanillic
acid is more unstable under harsh reaction conditions, and degraded into more stable
small molecule acids and alcohols. When changing the alkali concentration from
7.5 to 15 wt%, vanillin conversion significantly decreased to 38.3% and was accom-
panied by an increase in vanillic acid yield (from 0.5 to 1.4 mol%), mainly due to
the fact that high alkali concentrations can protect the vanillin from decomposed
to small molecules but accelerate the oxidation of vanillin to vanillic acid [16, 29,
33-37].

3.2.4 Catalyst

To obtain higher vanillin, metal oxide catalysts are widely used to selective oxida-
tion of lignin to vanillin [5, 15, 24, 38]. Thus, stability of vanillin under aerobic
alkaline conditions in the presence of catalyst is also investigated. The employment
of CuO led to a significant increase of oxalic acid and methanol yields. It is likely
that the presence of CuO accelerated the ring-opening reaction of vanillin and inhib-
ited the degradation of oxalic acid (Table 2, entry 10). Extending the reaction time
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to 10 h, yields of formic acid and methanol increased while the yields of acetic acid
and oxalic acid decreased; ultimately yields of the four products were considerable
(Table 2, entry 11). More long-chain acids and esters were generated (Figure S5).

3.3 Analysis of Unknown Products

Under severe reaction conditions, vanillin degradation not only included oxidation
and ring-opening reactions in the alkali oxidation system, but also involved a com-
plex polymerization reaction that generated large molecular weight products. Struc-
tural information of these unknown products needs to be confirmed. According to
Table 2, vanillin mainly degraded to small acids and alcohols along with a small
amount of vanillic acid. Vanillin was almost converted after 5 h, but mole carbon
balance was only 64.1 mol%, the other 35.9 mol% was still unclear (Table 2, entry
6). Similarly, more or less unknown products existed in other reactions (Table 2).
Yield of the known product was less than the conversion of the starting material,
probably due to that the small molecule products in the system degraded to CO, and
water or formed macromolecular products that are difficult to detect. CO, was not
detected in the waste gas because CO, molecules generated under alkaline condi-
tions were fixed in the solution in the form of CO32_, which cannot enter the gas
phase. To verify the formation of macromolecules, GPC analysis of heavy products
was performed and the results are presented in Fig. 1.

No large molecular weight products were generated at a low temperature of
50 °C, while the remaining conditions gave large molecular weight products (Fig. 1,
Table 3). In a short reaction time of 30 min, condensation aggravated with the
increase of reaction temperature was not obvious (Fig. 1a). Condensation was accel-
erated as stirring speed, alkali concentration, or O, pressure increased, accompanied
by a widening of distribution of large molecular weight products (Fig. 1c; Table 3,
entries 7-9). On the contrary, condensation became more obvious with the increase
of reaction time at 160 °C. The M,, of macromolecules increased from 194 to 364
when the reaction time was extended from 30 min to 5 h (Fig. 1b). Furthermore, the
addition of CuO resulted in M, of macromolecules dramatically increased from 200
to 260 at 30 min, and reached 469 after 10-h reaction (Fig. 1d; Table 3, entries 10
and 11). In addition, vanillic acid is less stable than vanillin under the same alkaline
oxidation conditions and suffered faster degradation (Table 2, entry 12) and severe
condensation to give high M, of 452 (Fig. 1d; Table 3, entry 12), which can help
explain the low vanillic acid yield during vanillin oxidation (Table 2).

To shed light on the evolution of vanillin degradation in the alkali oxidation
system and obtain more accurate condensation products information, LC-MS and
HSQC analysis on the heavy products of reaction 3 was performed, and the results
are shown in Figs. 2 and 3.

As can be seen in Fig. 2, all condensation products contained structure blocks
of vanillin (m/z=151.0405) or vanillic acid (m/z=167.0350). The molecular
weights of the products were m/z=191.0714, 235.1368, 248.9611, and 264.9662,
respectively. Correlation with structural information from HSQC NMR spectrum,
seven monomers of [-VII were obtained, all of them were monophenols. Among
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Fig. 1 Molecular weight distribution of heavy products. Conditions: (entries 1-3) 0.2 g vanillin, 7.5 wt%
NaOH, 1 MPa O,, 400 rpm, 30 min. (Entries 4-6) 0.2 g vanillin, 7.5 wt% NaOH, 1 MPa O,, 160 °C,
400 rpm. (Entries 7) 0.2 g vanillin, 7.5 wt% NaOH, 1 MPa O,, 160 °C, 30 min. (Entry 8) 0.2 g vanillin,
50 ml 7.5 wt% NaOH, 400 rpm, 160 °C, 30 min. (Entries 9) 0.2 g vanillin, 1 MPa O,, 160 °C, 400 rpm,
30 min. (Entries 10 and 11) 0.2 g vanillin, 7.5 wt% NaOH, 1 MPa O,, 160 °C, 400 rpm. (Entry 12) 0.2 g
vanillic acid, 50 ml 7.5 wt% NaOH, 1 MPa O,, 160 ° C, 400 rpm, 30 min

them, III was vanillin and IV was vanillic acid, the rest of the products could be
the products of ring-opening addition of vanillin.

From the HSQC NMR spectrum of heavy products, 'C-'H cor-
relations exhibited three main regions, including aliphatic
(6c/03=0-50/0-2.5 ppm), side-chain (6-/6y=50-95/2.5-6.0 ppm), and aro-
matic region (6-/6y=5.0-8.0/100-135 ppm). In addition, strong signals at
0c/oy=191.27/9.27-10.24 ppm beyond these three regions were caused by alde-
hyde groups of aromatic aldehydes.
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Table 3 GPC analysis of heavy products

Entry Condition M, M, PD Entry Condition M, M, PD
1 50°C 186 188 1.0 7 1100 rpm 199 239 1.2
2 120 °C 191 212 1.1 8 2 MPa O, 213 338 1.6
3 160 °C 189 200 1.1 9 15 wt% NaOH 204 255 1.3
4 10 min 189 194 1.0 10 0.1 gCu0O,30min 220 260 12
5 1h 216 331 1.5 11 0.1 gCuO, 10h 276 469 1.7
6 5h 289 364 1.3 12 Vanillic acid 300 452 1.5

PD =M,/M,. Conditions: (entries 1-3) 0.2 g vanillin, 7.5 wt% NaOH, 1 MPa O,, 400 rpm, 30 min.
(Entries 4-6) 0.2 g vanillin, 7.5 wt% NaOH, 1 MPa O,, 160 °C, 400 rpm. (Entries 7) 0.2 g vanillin,
7.5 wt% NaOH, 1 MPa O,, 160 °C, 30 min. (Entry 8) 0.2 g vanillin, 50 ml 7.5 wt% NaOH, 400 rpm,
160 °C, 30 min. (Entries 9) 0.2 g vanillin, 1 MPa O,, 160 °C, 400 rpm, 30 min. (Entries 10 and 11)
0.2 g vanillin, 7.5 wt% NaOH, 1 MPa O,, 160 °C, 400 rpm. (Entry 12) 0.2 g vanillic acid, 50 ml 7.5 wt%
NaOH, 1 MPa O,, 160 ° C, 400 rpm, 30 min
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Fig.2 LC-MS analysis of heavy products from vanillin oxidation. Conditions: 0.2 g vanillin, 7.5 wt%
NaOH, 1 MPa O,, 400 rpm, 30 min

In the side-chain region, three strong signals all resulted from methoxyl
groups, the signal at §-/6;; =56.02/3.85 ppm attributed to methoxyl groups linked
to aromatic ring is clearly shown in the spectrum (Fig. 3) [39, 40], while the other

@ Springer



29 Page140f19 Topics in Current Chemistry (2018) 376:29

— -
h: anillin dation @ 10
0
3| *9 g{? 96 -
8: % C DMSO  -cH2- in 50
— PN © Z N NG Y .- e . iarylmethane
SO T o s
A I MW=192 - O 2N
E [ Y g 90 ~
o) e N L =
: ! 3 =)
=l s = . 0 ® el 130 =
I MW=152 IV MW=168 & Mw=266 1150
2 NP
i) 5 @ 170
— - - @9&}/\6)”'2%‘/\ & i 190
oH oH r
VI MW=236 v MW=2|50 210

11.5 105 95 85 75 65 55 45 35 25 15 05
2 (ppm)

Fig.3 HSQC NMR spectrum of heavy products of vanillin oxidation. Conditions: 0.2 g vanillin, 7.5 wt%
NaOH, 1 MPa O,, 400 rpm, 30 min

two correlation signals at §-/6;=256.02/3.45 ppm and 6./0;=59.75/3.92 ppm
were caused by methoxyl groups on the Cj; of side chain on the aromatic-
ring of product V and VII, respectively. Meanwhile, the strong signal at
0c/dy=166.09/4.05 ppm was signed to —CH,— in butyl group of product I, and
the signal at §-/6;;=71.81/4.48 ppm was attributed to —CH,— in butenyl groups
of product II. In the aromatic region, strong signals of guaiacyl (G) units clearly
appeared, including correlations for C,-H, (6o/6y=112/7.39 ppm), Cs—H;
(6c/6y=115.54/7.00 ppm), and Cc—Hg (6-/0y=126.75/7.44 ppm), respectively
[39-41]. Signals at 6-/6y;=129.98/5.31 ppm and 6-/6y;=134.46/6.64 ppm were
signed to vinyl group of product II and product VII, respectively. In the aliphatic
region, signals were caused by methyl or methylene in the side chain of aromatic
ring. It is worth mentioning that strong signals of methylene in the diarylmeth-
ane structure (6-/6;=29.67/1.25 ppm) were found in the spectrum [42]. Diaryl-
methane structure is chromophoric group, which can well explain the colorless of
solution become orange-yellow after reaction (Fig. 3).

During the alkaline oxidation of vanillin, the formation of monophenols I, I, V,
VI, and VII might be attributable to substitution of Cs and methoxyl groups in ben-
zene of vanillin by another vanillin subsequently ring-opening reaction, or by frag-
ments (aliphatic alcohols and acids, Figure S2) from degradation of vanillin. Moreo-
ver, the presence of diarylmethane structure in heavy products leads us to conclude
that more complex condensation happened between two vanillin molecules or other
monophenols and formed dimer.
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To further confirm product evolution during alkaline oxidation of lignin, HSQC
analysis of heavy product of lignin (from pine) alkaline oxidation under the same
condition was performed. All products (I-VII) can be clearly found in the HSQC
spectrum, which means that vanillin underwent the same degradation and condensa-
tion process (Fig. 4). From the results, we have obtained that instability of monophe-
nols is a key factor of limited monophenols yield from lignin.

3.4 Presumable Mechanism of Vanillin Degradation

Correlation the structural information of the small molecule products and con-
densed products, a possible mechanism for vanillin degradation was deduced, as
shown in Scheme 1. Vanillin degradation may occur through three routes. One
route is form vanillic acid after direct oxidation and vanillic acid further degraded
via ring-opening to form small molecules such as oxalic acid, acetic acid, for-
mic acid, ethanol, methanol, and other fragments undetected (Route 1). In addi-
tion, the other two routes both start from condensation and end by ring opening.
In Route 2, fragments re-condensed with vanillin to produce monophenols, such
as I, II, V, VI, VII, and X (Figure S2, 16.96 min). For Route 3, vanillin mol-
ecules and/or other monophenols condense into dimers like VIII and IX. Subse-
quently, dimers decomposed to complex monophenols of II, V, VI, and VI. Then,
all monophenols obtained by three routes will further degrade to long-chain acids
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Scheme 1 Presumable mechanism of vanillin degradation

and esters via ring opening, and subsequently decomposed to small molecules.
These small molecules will be completely oxidized to CO, and water.

4 Conclusions

In summary, vanillin is unstable under alkaline aerobic conditions, especially
under high temperature. Under a temperature of 160 °C for 30 min, 73.9% van-
illin was transformed into small acids, alcohols, and other monophenols, even
dimers. LC-MS and HSQC were used to study the structural features of heavy
products, which confirmed that vanillin condensed in the presence of NaOH
and O,. Moreover, the degradation of pure vanillin was similar to those vanil-
lin generated during the alkaline oxidation of lignin. In addition, a presumable
mechanism for the vanillin degradation was provided. These results revealed that
degradation of vanillin is a crucial limiting factor of low vanillin yield by lignin
alkaline oxidation. Therefore, in practical application, mild reaction conditions
and in situ extraction of monophenols can be a useful strategy to avoid unneces-
sary condensation and decomposing, and thus increase vanillin yield.
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