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Abstract

Vanillin is one of the industrially important compounds that can be produced from lignin. This study presents production of
vanillin and vanillic acid (oxidized form of vanillin) through aerobic oxidation of Japanese cedar (Cryptomeria japonica) at
120 °C for 72 h in aqueous alkali solutions with several Bu4NJr and OH™ concentrations (1.25, 2.50, and 3.75 mol/L), where
Bu,N* is an enhancer of the vanillin formation reported in our previous study. The concentrations of Bu,N* and OH™ were
adjusted by the additions of Bu,NCl and solid NaOH into the base medium Bu,NOH-30H,0, which forms 1.25 mol/L aque-
ous solution of Bu,NOH at the elevated temperature. Vanillin and vanillic acid were produced with the maximum yields of
21.0 and 1.7 wt% (lignin-base), respectively, at the 1.25 mol/L Bu,N* and 3.75 mol/L OH~ concentrations. This vanillin
yield is close to that obtained by the alkaline nitrobenzene oxidation (26.5 wt%), indicating significantly high selectivity
of our lignin degradation with Bu,N* toward vanillin formation. We also proposed a novel Bu,NOH-30H,0-free reaction
medium, where Bu,NOH-30H,O as the base medium were substituted with an aqueous solution of Bu,NCI and NaOH to
avoid using expensive Bu,NOH-30H,0. The treatment of the Japanese cedar with this alternative medium exhibited the
moderately decreased vanillin yield of 14.6 wt%, which is, however, much higher than the vanillin yield obtained with a
simple 1.25 mol/L NaOH solution.
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Introduction

Chemical conversion of lignin, an aromatic polymer con-
sisting 20-35% of lignocellulose, into industrially valuable
compounds is one of the hottest topics in the research field
of biorefinery. Among various candidate products to be pro-
duced from lignin, vanillin is a highly promising compound
because of versatility in its uses not only as a fragrance but
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also as a starting material of pharmaceuticals and synthetic
polymers [1-3]. Vanillin is almost ubiquitous in the product
mixture from various biomass conversion processes [4—14],
which suggests that vanillin is located at one of the major
minima on the potential energy map of lignin degradation.
This idea also justifies vanillin production from lignin and
related raw materials.

Industrial vanillin production from lignin has been car-
ried out since the 1950s by aerobic oxidation of sodium
lignosulfonate (waste from sulfite pulping) in the presence
of NaOH [15, 16]. Until the 1990s this method was the most
dominant for worldwide vanillin production. However, in
spite that the lignin-based process efficiently utilizes renew-
able wastes [17, 18], most of the present industrial vanillin
production relies on petrol-derived chemicals, mostly guai-
acol produced from phenol [19].

This ironical switching of the raw materials in vanillin
production is attributed to complicated wastewater man-
agement required for the lignin-based process and tedi-
ous purification procedure originated essentially from low
yield of vanillin from lignosulfonate, usually ~5% [16, 20].
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Considering the alternatives, if the above problems are
fixed by further improvement of the process—for instance,
if the yield of vanillin is improved to compensate the dis-
advantages—it is still possible that the lignin-based method
recapture the dominant position for the world vanillin sup-
ply. Needless to mention, in view of the current global envi-
ronmental issues, the vanillin production from renewable
resource is much more favorable than those relying on fossil
resources.

Alkaline nitrobenzene oxidation (AN oxidation) is cur-
rently the most selective method to convert lignin into vanil-
lin and its related compounds [21, 22]. However, considering
the toxic nature of nitrobenzene and its reduced products, it
is not realistic to put this method into industrial application,
although the yield obtained with AN oxidation can be a good
reference to measure the performance of a newly developed
lignin conversion method. To this end, we have been devel-
oping a nitrobenzene-free method for vanillin production
that gives the target compound with higher yield than the
current NaOH-based process.

Our previous study have revealed that various lignin
samples produce low molecular weight (MW) compounds,
mainly vanillin and vanillic acid, with high selectivity
through aerobic oxidation at 120 °C in the 1.25 mol/L aque-
ous solution of tetrabutylammonium hydroxide (Bu,NOH),
which is formed through melting of solid Bu,NOH-30H,0
at the elevated temperature [23]. As the aqueous solution
of NaOH with the same OH™ concentration as that of the
Bu,NOH aq shows only much lower selectivity toward the
low MW compounds, it is most likely that the Bu4NJr cat-
ion enhance their formation through the aerobic oxidation.
Unlike the AN oxidation, the active oxidant in our reaction
system is gaseous O,, which is of course not toxic and does
not leave any harmful compounds after its consumption.

According to the above information, it is easy to expect
that the selectivity toward the low MW compounds is
greatly influenced by the Bu,N* and OH™ concentrations.
It is especially important to clarify what improvement will
be made when their concentrations are increased to more
than 1.25 mol/L. However, control of the concentrations
is not trivial since intensive removal of crystal water from
Bu,NOH-30H,0 results in degradation of Bu,N*. This
consideration led us to the idea that the concentrations of
Bu,N* and OH™ are increased by the addition of a Bu,N salt
(Buy,NX) and NaOH to Bu,NOH-30H,0. With such addi-
tion, the Bu,NOH-30H,O-based reaction solution is destined
to contain the salt NaX as an artifact. The first part of this
study investigates the effects of the NaX with C1~, Br~, and
S0,2" being selected as the anionic part. We will then dis-
cuss our major results on the effects of the concentrations of
Bu,N* and OH™ with Bu,NClI being selected as the Bu,N*
source. The final part of this study propose a new reac-
tion medium composed only of Buy,NCI and NaOH, which

medium exhibits high performance for the lignin conversion
without an expensive reagent Bu,NOH-30H,0.

Experimental
Materials

Bu,NOH-30H,0 (>98%) was purchased from Sigma-
Aldrich Co. Buy,NCl, NaOH (solid), NaCl, NaBr, and
Na,SO, were provided from Wako pure chemical Co. Milled
wood lignin was prepared according to the literature [24].
The particle size of the Japanese cedar (Cryptomeria japon-
ica) wood flour was 90-180 um.

Preparation of reaction media

Solid Bu,NOH-30H,0 was first liquefied at 30 °C to give
a 1.25 M aqueous solution of BuyNOH. To the BuyNOH
solution were put additives [NaCl (145 mg, 2.5 mmol),
NaBr (257.5 mg, 2.5 mmol), Na,SO, (355 mg, 2.5 mmol),
Bu,NClI (693.8-1387.5 mg, 2.5-5.0 mmol), and NaOH
(100-200 mg, 2.5-5.0 mmol)]. The resulting mixture was
then stirred for 4 h to form a homogeneous solution, which
was directly used as the reaction medium for lignin degra-
dation. In case only Bu,NCI and NaOH were used as the
reaction medium, 100-300 mg (2.5-7.5 mmol) of NaOH
was added to a 1.25-3.75 M aqueous solution of Bu,NCI
and the solution was stirred for 4 h in the same manner as
that presented above.

Degradation of lignin samples and analysis
of the reaction mixture

Lignin sample (14 mg) and 2.0 mL of a reaction medium
prepared from the above method were put in a 25 mL glass
tube. After the tube was tightly sealed, the reaction solution
was heated up to 120 °C in an oil bath and stirred for 72 h.
After the tube was cooled with cold water, 800 uL. of the
2.0 g/L 1,5-dihydroxy-1,2,3,4-tetrahydronaphthalene/etha-
nol solution was added as an internal standard. 100 pL of
the resulting reaction mixture was taken and put into 900 pL.
of acetonitrile containing 1.5% acetic acid. The solution was
filtrated and used as a sample for HPLC analysis.

The HPLC analysis was carried out with HPLC system
(Shimadzu, Ltd., Kyoto, Japan) equipped with pump (LC-
10AD), column oven (CTO-10A), and ultraviolet—visible
detector (SPD-10A) set at 280 nm. Analytical conditions
were a Cadenza CD-C18 (Imtakt, Co., Kyoto, Japan) col-
umn, a flow rate of 0.8 mL/min, a 1.5% acetic acid ag/ace-
tonitrile eluent (90/10 — 45/55 0-30 min, 45/55 — 0/100
30-35 min, 0/100 35-40 min, 0/100 —90/10 40—45 min,
90/10 45-60 min) after passing through the degasser
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(DGU-14A, Shimadzu, Ltd., Kyoto, Japan), and a column
temperature of 30 °C.

Results and discussion
Effects of inorganic salt

The major purpose of this paper is to carry out degrada-
tion of lignin with increased concentrations of Buy,N* and
OH™ by adding Bu,NX and NaOH to the 1.25 M aqueous
solution of BuyNOH, namely Bu,NOH-30H,O in liquid
form. As mentioned above, NaX destined to exist in the
Bu,NX-NaOH-added system may affect the degradation of
lignin and decrease the product yields. To this end, we first
investigated the effects of NaCl, NaBr and Na,SO, on the
degradation of the milled wood lignin prepared from Japa-
nese cedar (Cryptomeria japonica). The milled wood lignin
is a lignin sample supposedly retaining the original lignin
structure in the wood.

A control experiment without the addition of the sodium
salts was carried out at 120 °C for 72 h under air, for which
conditions were proposed as the optimum ones in our previ-
ous report [23]. As presented in the HPLC chromatogram in
Fig. 1 the mixture obtained after degradation contained van-
illin, vanillic acid, acetoguaiacone, p-hydroxybenzaldehyde,
and guaiacol with several minor unidentified compounds,
which is in accordance with the results in our previous study.
Further quantification showed that the yields of vanillin,
vanillic acid, acetoguaiacone, and p-hydroxybenzaldehyde
were 10.5, 2.5, 0.49 and 0.38 wt%, respectively, indicating

IS * % *
e ™ Vanillic acid
~~~~~~~~~~~~~~~~~~ p~Hydroxybenzaldehyde
~~~~~ Vanillin
_____________ Acetoguaiacone
,,,, Guaiacol
. : . ! ) . .

Retention time(min)

Fig.1 HPLC chromatogram of the reaction mixture obtained from
the degradation of the milled wood lignin in the 1.25 mol/L Bu,NOH
aq at 120 °C for 72 h. IS: Internal standard (1,5-dihydroxy-1,2,3,4-tet-
rahydronaphthalene). Unidentified peaks are shown with an asterisk
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that the low molecular weight products are composed most
of vanillin and vanillic acid. We will thus focus on these two
compounds, vanillin and vanillic acid, hereafter.

We then degraded the milled wood lignin with the addi-
tion of NaCl, NaBr, and Na,SO,. The concentration of the
salt was taken to be the same as that of Bu4N+, 1.25 mol/L.
As shown in Fig. 2, in the NaCl-added system, the yield of
vanillin decreased to 9.2 wt% from 10.5 wt% with a slight
increase in the yield of vanillic acid (2.5 wt% — 2.6 wt%).
The total yield of vanillin and vanillic acid was accordingly
decreased by 1.1 wt% by the NaCl addition. In the NaBr-
added system, although the total yield (11.8 wt%) of vanillin
and vanillic acid was similar to that of the NaCl-added sys-
tem, the formation of vanillin became more dominant over
that of vanillic acid. In general, halide anions have reducibil-
ity and its ability becomes stronger in heavier anions. Thus,
this trading-off behavior observed between vanillic acid and
vanillin is explained by relatively strong reducibility of Br™.
In the Na,SO,-added system, the yields of both vanillin and
vanillic acid decreased from 10.5 and 2.5% to 10.1 and 1.2%,
resulting in the 1.7% decrease in their total yield, which
decrease was the largest of the three salt-added systems.

The above results indicate that the yields of vanillin and
vanillic acid are decreased by the addition of the sodium
salts, but the decrease is more moderate in NaCl and NaBr
than in Na,SO,. As NaBr changes the ratio of vanillin and
vanillic acid (see above)—although the detailed mechanisms
for the influence of these sodium salts are not clear at pre-
sent—it can be said that NaCl has the smallest influence
on the lignin degradation. From these considerations, we
concluded that CI™ should be adapted as the anionic part
of the Bu,N salt to increase the Bu,N* concentration of the
1.25 M Bu,NOH aq. In the next section, we make concrete
discussion on the influence of the Bu,NCI and NaOH addi-
tions on the lignin degradation.

14 -~ p—Hydroxy benzaldehyde
12 k= Guaiacol

__10

<

El .

s Vanillic acid

g6

> - Vanillin

Control NaCl NaBr

Na,SO,

Fig.2 Yield of major products from the milled wood lignin after the
degradation in the 1.25 mol/L Bu,NOH aq at 120 °C for 72 h with
NaCl, NaBr, and Na,SO,. The concentrations of the CI~, Br~, and
SO,*~ were taken to be the same as that of Bu,N* (1.25 mol/L). See
Table S1 in Supporting information for detailed yields of the identi-
fied compounds
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Bu,NCI- and NaOH-added systems

Degradation of lignin was carried out under the additions
Bu,NCI and NaOH to the 1.25 M Bu,NOH solution. In this
case, we employed the wood flour as a potential raw mate-
rial. Figure 3a summarizes the yields of vanillin and vanillic
acid in the systems in which solid NaOH was added to the
1.25 M Bu,NOH solution to increase the OH™ concentra-
tion. The yields of vanillin and vanillic acid considerably
increased along with the addition of NaOH and reached
7.2 and 0.6 wt%, respectively, at the OH™ concentration of
3.75 mol/L. Note that the increase in the yield of vanillin was
much more remarkable than that of vanillic acid: the yield
of vanillin increased from 3.9 to 7.2% upon going from the
OH™ concentration of 1.25-3.75 mol/L, whereas the yield
of vanillic acid remained relatively stable (0.5-0.6%). This
suggests that vanillic acid is produced by a reaction path-
way different from that of vanillin and the vanillin-forming
pathway is more sensitive to the OH™ concentration, but
further investigation is required for details. It is also noted
that treatment of vanillin in the 1.25 M Bu,NOH solution
at 120 °C for 72 h under air resulted in almost quantitative
recovery of vanillin, which suggests that vanillin is consider-
ably stable under the conditions employed and not likely to
be a precursor of vanillic acid.

As shown in Fig. 3a—c, when the Bu4N’r concentration
was increased from 1.25 to 3.75 mol/ L by adding Bu,NClI
with the OH™ concentration being fixed at 1.25 mol/L, the
total yield of vanillin and vanillic acid increased from 4.4
to 5.8 wt%. This increase in the yield was less remarkable
than that caused by the increase in the OH™ concentration.
There are three possible explanations for this result, as far
as we think of. The first is that the increase in the Cl™ con-
centration by the addition of Bu,NCI suppressed the forma-
tion of vanillin and vanillic acid. In the previous section, we
have shown that the addition of NaCl moderately reduces

Fig.3 Yields of vanillin and a
vanillic acid after the degrada-

[Bu,N*]=1.25 mol/L

the yield of vanillin, which also supports this possibility.
The second is that the effect of the viscosity of the reac-
tion solution increased by the Bu,NCI addition. Aqueous
solutions of Bu,NOH exhibit viscosity much higher than
that of water [25] and the Bu,NCI addition is expected to
further increase the viscosity of the reaction solutions. Our
previous report has shown that oxygen supply to the reaction
solution is indispensable for the production of vanillin and
vanillic acid (Yamamoto et al., 2016 [23]). The increased
viscosity of the reaction solution should inhibit the stirring
of the reaction solution, resulting in oxygen deprivation of
the reaction system. The last possibility is that the increase
in the Bu,N" concentration is not as effective as that in the
OH™ concentration from the view point of fundamental
mechanisms of the lignin degradation in the present reaction
system, although the detailed mechanisms has not been clear
yet. Further investigation to elucidate the molecular role of
Bu,N* will provide clearer views for these three hypotheses.

When the OH™ concentration was increased with the
Bu,N™* concentration being fixed at 2.50 mol/L (Fig. 3b),
the significant increase in the yields of vanillin and vanil-
lic acid was not observed unlike the case with the Bu,N*
concentration of 1.25 mol/L (Fig. 3a). Furthermore, when
the Bu,N™ concentration was 3.75 mol/L, the increase in
the OH™ concentration resulted in a decrease in the yields
of vanillin and vanillic acid (Fig. 3c). We would be able
to explain these results in similar ways to those presented
above. That is, the increased CI™ concentration causes the
decrease in the yields; the increase in the OH™ concentra-
tion becomes ineffective for improving the yields in higher
Bu,N* concentrations due to presently unknown mechanistic
reasons.

From the above results it was revealed that the forma-
tion of vanillin and vanillic acid proceeds most efficiently
when the concentrations of OH™ and Bu,N* were set to be
3.75 and 1.25 mol/L, respectively, although the detailed

b c
[Bu,N*]=2.50 mol/L? [Bu,N*]=3.75 mol/L?

tion in several Bu,NOH-based 10
reaction media at 120 °C for
72 h. a) The concentrations of

Bu,N* and OH™ were changed 8
by the addition of Bu,NCl

and NaOH, respectively. See N
Table S2 in Supporting infor- X
mation for detailed yields of the %
vanillin and vanillic acid g

0
[OH"]
(mol/L)

1.25 2502

3.759

_~ Vanillic acid

T Vanillin

125 2502 3.75% 125 2509 3759
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mechanisms underlying this phenomena are unknown at the
moment. Under these ion concentrations, the yields of vanil-
lin and vanillic acid were 7.2 and 0.6%, respectively. As the
Klason lignin content of the wood was 34.3%, the yields of
vanillin and vanillic acid were 21.0 and 1.7%, based on the
lignin amount in the wood, which indicates high selectiv-
ity of the lignin conversion in our Bu,NOH-NaOH system.
It is also noted that the yields of vanillin and vanillic acid
achieved in our reaction system is close to those reported
for the alkaline nitrobenzene oxidation (vanillin: 9.1 wt%
and vanillic acid: 0.4 wt%) [23], which is currently the most
highly selective lignin degradation method.

Bu,NCI-NaOH (Bu,NOH-free) systems

The Bu,NOH-based solutions used so far have excellent per-
formance for selective lignin degradation, as a result of the
positive effects exhibited by the Bu,N* cation under alkaline
conditions. This led us to the idea that Bu,NCI may be used
as a source of Bu,N™ instead of Bu,NOH-30H,0, which is
a relatively expensive reagent. In this section, we propose a
new reaction system employing an aqueous solution com-
posed of only Bu,NCl and NaOH without Bu,NOH-30H,0.
The Bu,N* concentration of this Bu,NCI-NaOH system
alternative for the Bu,NOH one was set to be 1.25 mol/L, in
which the total maximum yield of vanillin and vanillic acid
was achieved in the previous section (Fig. 3a).

Figure 4 shows the yields of vanillin and vanil-
lic acid obtained in the Bu,NCI-NaOH system. In the
Bu,NCI-NaOH system with the different OH™ concentra-
tions of 1.25 and 3.75 mol/L, the total yields of vanillin
and vanillic acid were 3.7 wt% (vanillin: 3.2 wt%, vanil-
lic acid:0.5 wt%) and 5.2 wt% (vanillin: 5.1 wt%, vanillic
acid:0.1 wt%), respectively. These yields were lower than
those in the case of the corresponding Bu,NOH-based sys-
tem with the same Bu,N* and OH™ concentrations (Fig. 2).
One of the possible causes of this decrease in the yield is
that, as already presented above, C1~ masked the positive
effect of Bu,N*, by which the yields of the compounds were
decreased.

Our previous study showed that, when the wood flour was
degraded in a simple alkaline solution, 1.25 mol/L NaOH
aq, vanillin and vanillic acid were produced with the yields
of 1.1 and 0.83 wt%, as shown in Fig. 4. In the alternative
Bu,NCI-NaOH system—although the yields were lower
than those in the Bu,NOH-based system (see above)—they
are still much higher than those in the NaOH system. These
results suggest that, considering Bu,NCl is much less expen-
sive than Bu,NOH-30H,O0, the aqueous solutions consisting
only of Bu,NCl and NaOH have significant ability for selec-
tive lignin conversion, although further efforts to improve
the yields are necessary to employ this system as a substitute
for Buy,NOH:- 30H,0-based system.

@ Springer

Bu,NCl+NaOH 1.25 mol/L
[Bu,N*]=1.25 mol/L NaOH
10
8
:f 6
2
k)
[}
> 4
9 | Vanillic acid
""" Vanillin
0
[OH]
(mol/L) 1.25 3.75 1.25

Fig.4 Yields of vanillin and vanillic acid after the degradation of
the wood flour in the aqueous solutions of Bu,NCI (1.25 mol/L)
and NaOH (1.25 and 3.75 mol/L) at 120 °C for 72 h, as compared
with those after the degradation in the 1.25 mol/L NaOH aq under
the same conditions [23]. See Table S2 in Supporting information for
detailed yields of the vanillin and vanillic acid

Conclusions

Our preliminary investigation on the effects of the sodium
salts on the degradation behavior of the milled wood lignin
suggested that NaCl have the smallest influence on the
lignin degradation in the Bu,NOH aq. We thus selected
Bu,NCl as the additive for the Buy,NOH aq to increase the
concentration of Bu,N*. The experiments with various
concentrations of Bu,N* and OH™ indicated that vanillin
and vanillic acid were obtained with the maximum yields
(7.2 and 0.6 wt%, respectively) at the [Bu4N+] =1.25 mol/L
and [OH]1=3.75 mol/L. These yields are similar to those
exhibited by the alkaline nitrobenzene oxidation, which is
the most selective method for vanillin formation from lignin
at present and frequently employed as an analytical method
for chemical properties of lignin. This indicates excellent
selectivity achieved in our lignin degradation method with
the Bu,NOH aq and the additives. In addition, it was shown
that the aqueous solutions of Bu,NCI and NaOH can be sub-
stituted for Buy,NOH-30H,0 which is an expensive reaction
medium.
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