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More than 90 % of global lignin production comes from Kraft pulp mills but due to shortage of economical viable
methods to valorise lignin, it is commonly burned for energy. Therefore, ﬁnding new routes to utilize Kraft lignin
(KL) as a renewable raw material for the chemical industry is of signiﬁcant economic and environmental importance. Herein we report a novel, two-step procedure for facile synthesis of vanillin from technical KL by
combining solvent fractionation and catalytic oxidation reaction. From the studied green solvents, 1-propanol
was the most attractive for one-step, single solvent fractionation as it aﬀorded uniform, low molecular weight
lignin fractions (Mw=1300 g·mol−1, Mn=580 g·mol−1) with yield of 46 wt%. Using this homogeneous lignin as
a raw material, CuSO4 catalyzed oxidation reaction proceeds smoothly, and under optimized conditions a high
vanillin yield of 10.9 wt% was achieved. The method reported herein is promising as it facilitates straightforward and high yield vanillin synthesis from commercially available technical KL.

1. Introduction
Lignin is a renewable resource of organic sp2-hybridized carbon,
and it is, therefore, a highly attractive raw material for the manufacturing of sustainable fuels and aromatic chemicals (Rahimi et al.,
2014; Upton and Kasko, 2016; Xu et al., 2014). Kraft lignin (KL), a
byproduct from the pulp or paper industry, represents the majority of
global lignin production and is commercially available in vast quantities (Chakar and Ragauskas, 2004; Gellerstedt, 2015). Despite of its
great abundance and potential, KL is severely underutilized as a raw
material for the chemical industry and instead simply burned for energy
production. Only a small fraction of KL is employed for other applications, such as adhesives, ﬁllers or dispersants, binders or coatings
(Bajwa et al., 2019; Behling et al., 2016; Passoni et al., 2016; Ragauskas
et al., 2014). Therefore, ﬁnding new routes to utilize Kraft lignin (KL) as
a renewable raw material for the chemical industry is of signiﬁcant
economic and environmental importance (Azadi et al., 2013; Sun et al.,
2018).
The main challenges to convert lignin to added-value chemicals or
materials are related to the inherent heterogeneity of lignin itself and its
high degree of condensation during the Kraft pulping process (Chakar
and Ragauskas, 2004; Crestini et al., 2017; Vázquez et al., 1997). For
example, highly reactive benzylic carbocations are prone to attack
electron-rich aromatic rings in lignin to form stable carbon-carbon
bonds (Shuai et al., 2016). Also the fragmentation of aryl-alkyl ether

linkages alters the original structures and their composition is depending on variations in pulping process (Cui et al., 2014). Currently
solvent fractionation is one of the widely studied approaches to reduce
the heterogeneity of lignin and oﬀer uniform lignin fractions. Various
organic solvents and co-solvent systems are introduced and studies including the impact of solvent fractionation on the antioxidant activity,
heating values, and thermal and adsorption properties are reported (Ho
Seo et al., 2019; Jääskeläinen et al., 2017; Passoni et al., 2016;
Sadeghifar and Argyropoulos, 2015; Sadeghifar et al., 2016; Saito et al.,
2014; Wang et al., 2011; Wang et al., 2018a; Yuan et al., 2009).
Successive fractionation of KL by solvents with diﬀerent polarities
has attracted focus. As an example, a continuum of narrow fractions can
be isolated from softwood KL by the incremental addition of a nonpolar
solvent (hexane) in a polar (acetone) solution (Cui et al., 2014). Also
sequential fractionating with acetone – methanol or THF – methanol
cosolvent systems and hexane as an antisolvent is possible. As a result,
KL fractions determined by the content of hemicellulose, the molecular
weight of lignin itself and the type and content of OH groups can be
isolated (Wang et al., 2018a). As noteworthy, sequential extraction of
KL with series of solvents, like hexane, diethyl ether, methylene
chloride, methanol, and dioxane (Wang et al., 2010), or ethyl acetate,
ethanol, methanol, and acetone (Tagami et al., 2019) yield various
lignin fractions which distinguish themselves with diﬀerent chemical
composition and molecular weight distribution.
However, the successive extractions processes are costly in large
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2.4. GPC measurements

scale, where separation and recycling of solvents is essential (Passoni
et al., 2016). Thus, the use of a single solvent could be beneﬁcial as it
also simpliﬁes the treatment procedures. In addition, the applied solvents should be green and not cause health and safety issues as well as
detrimental environmental impact (Gillet et al., 2017). Therefore, in
terms of greenness and sustainability, bio-based solvents (de Jong et al.,
2012) such as ethanol, 1-propanol and 1-butanol were preferred in our
study and we focused on one-step single solvent fractionation of KL.
Vanillin is currently one of the only molecular phenolic compounds
manufactured on an industrial scale from lignosulfonates. On the other
hand, lignosulfonates accounts only less than 10 % of global lignin
extracted, while kraft pulp mills contributes over 90 %. Thus, the
availability of KL makes it as a very attractive starting material for
producing chemicals, including vanillin. However, based on previous
reports, the success in vanillin synthesis seems to be largely depending
on the source of lignin. The reported vanillin yields from KL are relatively low, presumably because the high degree of condensation, and
thus KL is considered as an inappropriate starting material (Araújo
et al., 2010; Fache et al., 2015; Silva et al., 2009; Tarabanko et al.,
1995a, 1995b; Villar et al., 1997; Wang et al., 2018b). Surprisingly,
studies on synthesis of high value-added vanillin form solvent fractionated KL are rare to our knowledge. Having this in mind, we report
herein a novel, two-step procedure for high yield vanillin synthesis
from technical KL by combining single solvent fractionation and an
eﬀective catalytic oxidation system based on CuSO4 as a catalyst and
H2O2 as an oxidant.

GPC (Gel permeation chromatography) measurements were performed on 1260 Inﬁnity HPLC (Agilent) with Acquity APC XT 200 2.5
and 45 1.7 μm columns (Waters) at 40 °C. Calibration was performed
using polystyrene standards (Scientiﬁc Polymer Products and Fluka
Analytical). UV-detector (280 nm) was employed for monitoring, while
THF was used as an eluent with a ﬂow rate of 0.8 mL/min. Before
measurement, all samples were acetylated by acetic anhydride and
pyridine at 50 °C for 24 h based on the reference (Hu et al., 2012).
Residual reagents were removed by evaporation with ethanol, toluene
and ﬁnally chloroform. The samples were dissolved in THF with a
concentration of 1 mg/mL and ﬁltered prior to injection.

2.5. NMR analysis
NMR (Nuclear magnetic resonance) spectra was acquired on a
Bruker Avance Ш 500-MHz spectrometer with a BBFO broad band
probe. For each run, 120 mg of lignin samples were dissolved in 0.7 mL
of DMSO-d6. Heteronuclear single quantum coherence (HSQC) were
carried out with the following parameters: acquired from 12 to 0 ppm
in F2 (1H) with 1024 data points (acquisition time 85.2 ms), 215 to 0
ppm in F1 (13C) with 256 data points (acquisition time 4.7 ms), a 1.4 s
delay. The DMSO-d6 solvent peak (δC/δH at 39.5/2.49) was used for
chemical shift calibration. The volume integration of contours in HSQC
plots were conducted by using Bruker’s TopSpin 4.0.3 (Microsoft version) software. The cross-signals were identiﬁed and the regions of interest were integrated based on a saved template to minimise the introduction of errors. The integrals were then normalised to get the
relative content.
31
P NMR spectra was acquired with a 90° pulse ﬂip angle, 1.6 s
acquisition time, 5 s relaxation time and 85,000 Hz spectral width in
collecting 200 scans on Bruker Avance Ш 500-MHz spectrometer.
About 40 mg samples were weighted precisely and added into NMR
tube with the addition of 0.6 mL of 1.6:1 pyridine:CDCl3 solvent, 0.2
mL of internal standard (N-hydroxy-5-norbornene-2,3-dicarbocylic acid
imide, 9.27 mg/mL) and 50 μL of relaxation agent Cr(AcAc)3 (5.6 mg/
mL), followed by 0.15 mL of phosphitylation reagent 2-chloro-4,4,5,5
tetramethyl-1,3,2-dixoaphospholane (TMDP) just right before the
measurement. Phosphitylation product (δ 132.2 ppm) was set as reference peak. The integration of 31P NMR spectra was carried out by
Bruker’s TopSpin 4.0.3 and based on a saved template referred from a
published method (Pu et al., 2011). The integration regions were as
follows: 151.100–151.850 ppm (internal standard), 149.006-145.000
ppm (aliphatic−OH), 145.000-140.396 ppm (condensed phenolic−OH, con. Ph−OH), 140.396-137.203 ppm (noncondensed phenolic−OH, nonc. Ph−OH) and 135.995-133.897 ppm (carboxylic acids,
−COOH).

2. Material and methods
2.1. Materials
Kraft lignin Indulin AT (KL, softwood, Meadwestvaco, US) was obtained commercially and used as received. Solvents and chemicals were
obtained from commercial retailers and were used as received.
2.2. Fractionation of KL
In a typical experiment, desired amount of KL was added into a
round bottom ﬂask with certain amount of a speciﬁc alcohol (lignin/
alcohol =1 g/60 mL). The mixture was stirred (600 rpm/min) and
reﬂuxed for 4 h. After reaction, the mixture was cooled to room temperature, then soluble fraction and solid fraction were separated by
vacuum ﬁltration. Solid fraction was dried in oven at 105 °C for 24 h to
determine the dry mass of the residual and conversion of KL. Solvents in
soluble fraction were evaporated to obtain the diﬀerent lignin fractions.
2.3. Catalytic oxidation of lignin
About 40 mg of KL and all fractions were added in glass vials and
dissolved in 10 mL 2 M NaOH. Subsequently, CuSO4·5H2O was added
followed by the addition of H2O2 (33 wt% in H2O). The vials were
sealed with a Teﬂon cap, placed in an oil bath and stirred at the desired
temperature for the respective reaction time. Upon completion, the
reaction mixture was cooled to room temperature and ﬁltered, then
quenched with an aqueous H2SO4 solution (c = 2 M, 8 mL). Remaining
solid lignin materials were ﬁltered out and dried at 105 °C for further
analysis. The aqueous phase was extracted with ethyl acetate (5 × 8
mL) and the organic phase was dried over anhydrous Na2SO4 and after
dilution subsequently measured by an Agilent 5973−6890 N gas
chromatography mass spectrometer equipped with a HP-5 MS UI
column (30 m ×0.250 mm ×0.25 μm). Acetophenone was employed as
an internal standard and He was used as a carrier gas at a ﬂow rate of
1.1 mL/min. The initial oven temperature 60 °C was held for 0.5 min
and then increased to 90 °C at a rate of 10 °C /min followed by the
temperature ramp of 20 °C/min to 300 °C, and in the end the oven was
held at 300 °C for 6 min. The detector temperature was 250 °C.

2.6. Elemental analysis
Elemental
analysis
was
conducted
on
an
Elementar
Analysensysteme (HANAU, Germany) model vario MICRO cube, operated in CHNS mode. Sulfanilamide was used as a standard.

2.7. IR
IR (Infrared Spectroscopy) spectra were recorded on a Bruker
Alpha-P Fourier transform infrared spectrometer in the range of
4000−400 cm−1 with a resolution of 4 cm−1 and 32 scans.
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those signals belonging to α-L-(1→4) arabinosyl units (ara) and β-D-(1→
4) xylosyl units (xyl) that are covalently attached to lignin to form
xylan-enriched lignin carbohydrate complexes (Wang et al., 2018a).
The poor solubility of carbohydrates in alcohols is consistent with the
literature observations (Duval et al., 2016). Accordingly, it is clear that
the alcohol extractions described above are a straightforward method to
markedly reduce carbohydrates content of lignin.
Four general interunit linkages, arylglycerol-β-aryl ethers (β-O-4),
phenyl coumaran (β-5), pinoresinols (β-β), and secoisolariciresinols (E)
were investigated (Table 2). All lignin fractions derived from the alcohol extractions contained lower ratio of β-O-4, β-5 and β-β linkages
compared with original KL. All of them were decreased in similar relative ratios, while β-O-4 is the most abundant and its reduction was the
highest in absolute values among the linkages. As it is very unlikely that
β-O-4, β-5 and β-β structures are broken under applied reaction conditions, presumably a part of lignin is removed together with alcohol
insoluble carbohydrate fractions and high molecular weight fractions in
KL. Meanwhile, secoisolariciresinol substructures (E) are present in
increased concentrations in low molecular weight lignin fractions.
These results are in accord with previous reports on lignin fractionation
(Gioia et al., 2018; Jiang et al., 2016a). For the three alcohols employed
in this study, 1-propanol gave lignin fractions with the highest content
of E structures, along with the lowest content of β-β and β-5 linkages
and the lowest molecular weight.
Signals of KL and all fractions presented in IR spectra are basically
the same, expect for those belong to characteristic vibrations of
guaiacyl unit (1150 cm−1 and 1121 cm−1, aromatic C–H in-plane deformation). They are clearly presented in soluble fractions, thus indicating concentrated G units. ῡ =1591 cm−1 represent CC]
stretching vibrations in benzene ring of lignin. Signals at 1511 cm−1
and 1425 cm−1 are assigned to aromatic ring vibration of the phenylpropane groups plus C−C bounds and C–H in-plane deformation with
aromatic ring stretching. A semiquantitative method was employed to
determine the relative content of aliphatic−OH and phenolic−OH. The
intensity of signal at 1511 cm−1 was set as reference. Peak at 1365
cm−1 is originated from the O−H in plane deformation vibration
(phenolic OH), while peaks at 1080 and 1030 cm−1 are assigned to
aliphatic secondary and primary hydroxyl group (Passoni et al., 2016).
As listed in Table 3, all fractions contained more phenolic−OH and less
aliphatic−OH compared with initial KL.
31
P NMR was employed to determine the accurate content of
functional groups. The amount of aliphatic−OH in KL (2.44 mmol/g)
decreased after extraction while the content of phenolic−OH and
−COOH increased (Table 2). This is in line with the 2D HSQC study, as
removal of carbohydrates should reduce the amount of aliphatic−OH.
Moreover, the amount of aliphatic−OH groups decreased with the
decreasing of molecular weight, as the reduction of sidechain structures. Similar phenomena have been previously reported (Brodin et al.,
2009; Cui et al., 2014; Mörck et al., 1988). The increase in phenolic−OH indicating the augment of end groups, which correlates with
the decrease of molecular weight after the fractionation. The results
also accorded with the previous report where solvent extractable fractions were composed of lower molecular weight polyphenolic fragments (Crestini et al., 2017). The augment of phenolic−OH groups in
the lignin extracts also conﬁrmed the increased concentrations of aromatic-containing structures. Importantly, the lignin fraction from 1propanol has lower amount of condensed phenolic−OH groups than
original KL, which would favor the further use of the extract as a
starting material for various chemical transformations.

Table 1
Yields and molecular weight data of the extracted lignin fractions.

KL
Ethanol
1- Propanol
1- Butanol

Yields (wt%)

Mw (g·mol−1)

Mn (g·mol−1)

PD

–
48.1
46.4
47.3

6095
1900
1299
1457

1466
1027
557
762

4.16
1.85
2.33
1.91

3. Results and discussion
3.1. Fractionation of KL
3.1.1. Fractionation yields and molecular weight distributions of fractions
Under reﬂuxing conditions, ethanol, 1-propanol and 1-butanol dissolved KL signiﬁcantly and gave soluble fractions with yields around 47
wt% (Table 1). Mw and Mn values of extracted lignin are markedly
lower in comparison to the initial KL, or in other words, high molecular
weight fraction (Mw > 5000 g·mol−1) of lignin is eﬀectively removed
by the solvent extractions. From the series of solvents, ethanol gave
lignin fraction with Mw ∼ 1900 g·mol−1 while 1-propanol oﬀered a
lignin fraction with Mw ∼ 1300 g·mol−1, which is slightly lower than
values with 1-butanol (Mw ∼ 1460 g·mol−1). Improved homogeneity
of the extracted lignin fractions in comparison to the initial KL is also
reﬂecting in the polydispersity (PD) values, which are around 2 for the
extracted lignin oligomers.
When the high molecular weight fraction is removed, the medium
molecular weight (1000−5000 g·mol−1) fraction constitutes nearly
half of the extracted lignin (Fig. 1). Intriguingly, depending on the
applied solvent, distribution of the low molecular weight oligomers is
markedly diﬀerent in the extracts; lignin oligomers with Mw < 600
g·mol−1 accounts for 16–33 % of the material and are particularly
enriched in the 1-propanol extract. Presumably hydrophobic and hydrophilic properties of 1-propanol (M. Hansen, 2012; Thielemans and
Wool, 2005) are matching those of the lignin oligomers, which makes it
remarkable in the series of studied solvents. The increasing ratio of
oligomers with Mw < 600 g·mol−1 is actually seen in slightly increasing PD value in lignin extracts in the order of ethanol, 1-butanol
and 1-propanol. After all, the low molecular weight lignin fractions,
Mw ∼ 600−1000 g·mol−1 and < 600 g·mol−1, represent together
39–51 % of the extracted lignin and this property makes them attractive
starting materials for further transformations.
3.1.2. Structure and functional groups of KL and fractions
KL and all fractions were characterized by 2D HSQC, IR and 31P
NMR and the main signals were assigned based on previous works
(Constant et al., 2016; Hu et al., 2016; Wang et al., 2018a; Yao et al.,
2018). In comparison to KL, obvious decrease of the carbohydrate
signals was observed after the alcohol extractions (Fig. 2), particularly

3.1.3. Elemental analysis
The content of C, H, N and S of lignin was measured and oxygen
content and H/Ceﬀ ; ratio was calculated accordingly. High H/Ceﬀ ; ratio
implies high intrinsic hydrogen content in the biomass-derived feedstocks, which is prerequisite for high yield of aromatic hydrocarbons
and oleﬁns (Jiang et al., 2016b). After the fractionation, all the lignin

Fig. 1. Molecular weight (Mw) distributions of KL and fractions after extractions with alcohols (From GPC results in THF using polystyrene standards).
3
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Fig. 2. 2D HSQC spectra of a) KL, b) Ethanol extracted KL, c) 1- Propanol extracted KL, d) 1- Butanol extracted KL and e) Oxidation residue from 1- Propanol
extracted KL. Arylglycerol-β-aryl ethers (β-O-4) (A), phenyl coumaran (β-5) (B), pinoresinols (β-β) (C), secoisolariciresinols (E) and coniferyl alcohol structures (I).
Table 2
Content of interunit linkages, functional groups and vanillin yield of fractions.

KL
Ethanol
1-Propanol
1-Butanol
a
b
c

Aαa

Bαa

Cαa

Eβa

Aliphatic-OHb

Con. Ph-OHb

Nonc. Ph-OHb

Total Ph-OHb

-COOHb

Vanillin Yield (wt%)c

47.5
41.8
39.9
39.2

11.9
11.0
10.2
10.7

19.2
17.5
16.6
17.8

21.4
29.7
33.3
32.3

2.44
2.05
1.71
1.98

1.52
1.61
1.51
1.59

2.16
2.77
2.80
2.90

3.68
4.38
4.31
4.49

0.44
0.52
0.48
0.51

6.7
7.8
9.4
8.7

Relative content from integrate results (%).
Quantitative results from 31P NMR (mmol/g).
Oxidation reaction conditions: 120 °C, 2 M NaOH, 10 wt% CuSO4·5H2O, 270 μL 33 wt% H2O2, 60 min.

KL (Jiang et al., 2016a). In general, fractionation provided lignin extracts with increased H/Ceﬀ ; ratio and from those 1-propanol extracted
fractions showed the highest H/Ceﬀ ; ratio and lowest amount of
oxygen.

extracts were higher with carbon and hydrogen and lower with nitrogen, sulfur and oxygen content than KL (Table 4). Whereas the reduction in oxygen content is related to removal of carbohydrates, the
decrease of sulfur content is mainly attributed to the inorganic part in
4
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Table 3
Relative content of phenolic−OH and aliphatic−OH groups.

KL
Ethanol
1-Propanol
1-Butanol

Table 5
Eﬀect of reaction temperature and time on vanillin yield.

ῡ =1365 cm−1
phenoliceOH

ῡ =1080 cm−1
aliphatic secondary OH

ῡ =1030 cm−1
aliphatic primary OH

9.5
10.8
9.9
10.9

15.1
13.4
10.5
11.8

86.5
70.1
66.9
67.3

Table 4
Elemental analysis of KL and fractions.

KL
Ethanol
1- Propanol
1- Butanol
a

C

H

N

S

O

H/Ceﬀa

62.6
65.1
68.1
66.4

5.7
6.1
6.3
5.9

0.7
0.4
0.4
0.4

1.6
1.1
1.1
1.2

29.35
27.28
24.08
26.08

0.40
0.49
0.58
0.48

Entry

Temperature (oC)

Time (min)

Vanillin Yield (wt%)

1
2
3
4
5
6
7
8
9a
10a

70
100
110
120
130
140
130
130
130
130

60
60
60
60
60
60
30
45
90
120

7.4
8.5
9.4
9.4
10.7
10.9
7.4
8.7
9.4
9.4

Reaction conditions: lignin fractions from 1-propanol extracted, 2 M NaOH, 10
wt% CuSO4·5H2O, 270 μL 33 wt% H2O2.
a
Increased reaction time caused vanillin overoxidation to acids, thus decreased the yield.
Table 6
Eﬀect of individual reaction component on vanillin yield.

H/Ceﬀ ; = (mol of H − 2 × mol of O)/mol of C.

3.2. Vanillin synthesis

Entry
a

1
2b
3
4
5
6
7
8
9
10c

3.2.1. Catalytic oxidation
Catalytic oxidation reactions were investigated for vanillin synthesis
using the lignin extracts as starting material. We focused on copper
(Ⅱ)-based catalysts to enhance the oxidation reaction, as they are fairly
well-studied catalytic systems, known to be eﬃcient in alkaline water
solutions (Korpi et al., 2007; Ninomiya et al., 2018) and compatible
with lignocellulosic biomass (Hakola et al., 2010; Kallioinen et al.,
2013). Based on initial experiments, Cu(Ⅱ)/H2O2 system aﬀorded a
simple reaction setup and gave higher vanillin yield than reactions with
pressurized O2 (5 bar). The use of H2O2 overcame the low concentration
and low mass transfer rate of O2 to the alkaline water solution. Accordingly, we selected Cu(Ⅱ)/H2O2 catalytic system for further studies.
Catalytic oxidations were conducted by using original KL and three KL
fractions with diﬀerent molecular weight, interunit linkages and hydroxy groups content (Table 2). To our surprise, the obtained vanillin
yields are remarkably high in comparison to other reports with KL
(Silva et al., 2009; Villar et al., 2001; Voitl and Rohr, 2010). This implied the success of our catalytic oxidation system.
In general, vanillin yields are largely inﬂuenced by the source of
lignin (Araújo et al., 2010; Tarabanko et al., 1995a, 1995b; Wang et al.,
2018b). As showed in Table 2, fractionated KL gave vanillin yield
higher than untreated KL. Notably, the fraction from 1-propanol
treatment, enriched with the lignin oligomers, aﬀorded vanillin with
the highest yield of 9.4 wt%, which is 40 % higher in comparison to the
yield from the original KL (6.7 wt%). To improve vanillin yields, we
conducted further experiments with the 1-propanol extracted lignin and
investigated the eﬀect of reaction temperature and time. It was worth
mentioning that the yield of vanillin was up to 7.4 wt% already at 70 °C,
and by increasing the temperature the vanillin yield increased; at 130
°C the recorded yield was 10.7 wt% and at 140 °C was 10.9 wt% after
60 min reaction (Table 5). The later value is up to 73 % from the reference maximum, which is achieved by nitrobenzene oxidation of Indulin AT KL at 170 °C (Hu et al., 2016). Accordingly, the herein developed two-step procedure combining single solvent fractionation and
catalytic oxidation oﬀers a straightforward, high yield synthesis of vanillin.
To gain an insight to the oxidation reaction, eﬀect of each individual
reaction component at 130 °C in 60 min reaction time were investigated. At ﬁrst, the reaction does not take place without NaOH
(Table 6, entry 1). Alkaline reaction conditions are most likely needed
for eﬃcient substrate deprotonation (Korpi et al., 2007; Tarabanko
et al., 1995a, 1995b; Tarabanko et al., 2004) and to enhance vanillin
synthesis. As shown earlier the phenoxy anion reacts further to a

Cu(Ⅱ) (wt%)

H2O2 (μL)

Vanillin Yield (wt%)

10
0
0
5
10
10
10
10
10
10

270
0
270
270
270
0
135
405
504
270

–
1.8
3.4
10.2
10.7
6.1
8.9
8.6
7.6
8.4

Reaction conditions: lignin fractions from 1-propanol extracted, 130 °C, 2 M
NaOH, 270 μL 33 wt% H2O2, 60 min.
a
Without NaOH.
b
Without CuSO4·5H2O and H2O2.
c
Using recycled CuO.

phenoxyl radical through an electron detachment and this is the ratedetermining step in the overall reaction (Wu and Heitz, 1995). The
resulting phenoxyl radical is further converted to quinonemethide, for
which the nucleophilic addition of hydroxide ion at γ-carbon position
occurs. The formed coniferaldehyde undergoes a retroaldol cleavage to
give vanillin.
The oxidation reaction gave only low yields of vanillin (3.4 wt%) if
CuSO4·5H2O was removed (Table 6, entry 3), while addition of 5 wt%
CuSO4·5H2O increased the yield signiﬁcantly (10.2 wt%). Further increase of the CuSO4·5H2O loading did not improve the yield markedly,
e.g. 10 wt% CuSO4 loading gave 10.7 wt% vanillin (Table 6, entry 5). It
is likely that the role of Cu2+ herein is to be an electron acceptor (Wu
and Heitz, 1995), which takes part in the rate limiting step and facilitates conversion of phenolate anion to phenoxyl radical, thus catalyzing the production of vanillin. While assisting vanillin synthesis,
Cu2+ as an electron acceptor reduces to Cu+. On the other hand, the
formed Cu+ are readily oxidized back to Cu2+ in the presence of H2O2
(supported by the fact that in the absence of H2O2, the vanillin yield
obtained was only 6.1 wt% in entry 6), thus completing the catalytic
redox cycle (Chen et al., 2014; Figiel et al., 2007; Korpi et al., 2007).
Under alkaline conditions Cu2+ species are likely to form Cu(OH)2
which reacts further and forms CuO. We also conﬁrmed the existence of
CuO as a black precipitation after the reaction by XRD. Whereas CuO is
linked to the deactivation of catalytic species in aerobic oxidation, here
with H2O2 it can eﬃciently catalyze vanillin synthesis (Table 6, entry
10). This is an intriguing observation as solid CuO is a robust material
and its removal by ﬁltration makes the catalyst recycling straightforward.
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3.2.2. Eﬀect of structure and molecular weight of extracted fraction on
vanillin yield
To get an insight to the eﬀect of lignin structure on vanillin synthesis, a lignin residue after the oxidation was characterized by 2D HSQC
(Fig. 2). Clearly, β-5 and secoisolariciresinol substructures E were entirely degraded along with Cγ-Hγ in coniferyl alcohol end groups (Iγ).
The intensity of β-O-4 linkages reduced sharply, while β-β in pinoresinol almost remain unchanged. Considering the structure of above
mentioned, signals that disappeared or decreased all contain aliphatic
hydroxyl groups. Dabral et al. (Dabral et al., 2015) found aliphatic−OH
had a strong eﬀect on the decomposition of lignin model compounds
under basic conditions, while other studies demonstrated that β-β pinoresinol structures were resistant to oxidation (Villar et al., 1997).
Herein, the high vanillin yield is mainly related to the low molecular
weight of fractions and particularly the cleavage of β-O-4, β-5, E and
coniferyl substructures. In this respect, 1-propanol was the most interesting solvent for fractionation as it gave lignin fractions with the
lowest molecular weight, the highest content of E structures and the
lowest content of β-β linkages, thus aﬀorded the highest yield of vanillin from the studied extracts.
Puriﬁcation of vanillin from the alkaline reaction mixture is often
complicated due to remaining unreacted lignin and impurities like
carbohydrates and other side products. In this respect, high yield
pathway with uniform fractionated lignin should be beneﬁcial in vanillin isolation. The recent review by Fache et al. (2015) is important as
it summarized publications and patents related to vanillin separation
technics (Fache et al., 2015). In addition to that, a highly eﬀective
methods include vanillin recovering using consecutive membrane, ionexchange and crystallization processes is reported by Silva et al. (Silva
et al., 2009).

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.indcrop.2020.112095.
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