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a b s t r a c t
The retro-aldol reaction is one of the key steps involved in the oxidative conversion of lignin to aromatic aldehydes and acids. In principle, the retro-aldol reaction can proceed in the absence of oxygen. In this work, a
new approach based on the inﬂuence of oxygen on the oxidation of lignin was investigated. In this approach,
the duration of oxygen charged during the reaction was optimized to, for the ﬁrst time, improve the yield of aromatic aldehydes and acids. The effect of reaction chemistry, time, temperature, and lignin feedstock plays a key
role on the yield of aromatic aldehydes and acids. At 140 °C, oxidation of softwood Lignoboost kraft lignin for
40 min results in combined maximum yield of 5.17% w/w of vanillin and vanillic acid. In comparison, using the
new approach in which oxygen was charged for only 20 min during the 40 min reaction improved this yield considerably to 6.95%. Further, yield improvement was obtained when applying this approach to different lignin
feedstocks. Oxidation also increased the carboxyl content in lignin from 0.49 mmol/g to 1.41 mmol/g which represents a marked improvement. The current study provides new evidence showing that the oxidation reaction is
a crucial pathway for lignin valorization.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction
Lignin is the most abundant natural biopolymer after cellulose and
accounts for about 30% of non-fossil carbon on earth [1,2]. The distinct
aromatic nuclei representing p-hydroxyphenyl (H), guaiacyl (G), and
syringyl nuclei (S) in the lignin structure arise from the monomers phydroxycoumaryl alcohol, coniferyl alcohol, and sinapyl alcohol respectively [3,4]. The ratio of these monomers inﬂuences the degree of
branching and the reactivity of lignin [5]. During pulping processes,
deligniﬁcation of the wood matrix takes place by chemically degrading
the lignin to liberate cellulose. The lignin obtained from technical processes has different structural characteristics based on the origin of
wood species, deligniﬁcation type and recovery process of lignin from
pulping liquors [6,7]. The structural details of one fragment of technical
kraft lignin are highlighted in Fig. 1.
In an integrated approach, the oxidative conversion of lignin to aromatic aldehydes and acids such as vanillin and vanillic acid is widely
proposed [9–12]. Currently, only lignosulfonates are used for the industrial production of vanillin due to higher yields ranging from 5 to 7% in
the presence of transition metal catalysts. However, lignosulfonates
represent less than 10% of total lignins extracted [13,14]. Kraft lignin
represents the majority of lignin produced worldwide and accounts
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for 85% of all the lignin produced, corresponding to around 45 million
metric tons/year. However, lignin which is an abundant aromatic biopolymer, is underutilized and is considered as a non-valorized waste
[15]. Currently, it is mainly used as a source of low grade fuel in the
pulping operation and only about 100,000 tons of kraft lignins available
are valorized per year [16,17]. Therefore, valorization of kraft lignin into
high value-added products is an important goal.
Pine kraft lignin has been commercially available as ‘Indulin’ from
Mead-Westvaco since the 1950s. Indulin represented the main source
of commercial kraft lignin for a long time. However, the conventional
process of lignin precipitation and separation from kraft black liquors
causes serious problems related to complete or partial plugging of the
ﬁlter cake and of the ﬁlter medium. In 2013, the Domtar Plymouth
Mill in North Carolina (USA) installed the ‘Lignoboost’ process to address the problems associated with traditional processes of lignin separation from kraft black liquors. In the following year, West Fraser
Company installed the ‘Lignoforce’ process at the Hinton Pulp Mill in Alberta, Canada. Due to the differences in the process of lignin precipitation and separation from kraft black liquors, these three kraft lignins
have quite different properties [18,19].
The oxidation of lignin produces vanillin (4-hydroxy-3methoxybenzaldehyde, C8H8O3), which is a high value product having
applications in a variety of industries. It is useful due to its aromatic nature and reactive functional groups, methoxy, aldehyde and phenol. It is
the highest volume aromatic aldehyde produced worldwide [13]. It has
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Fig. 1. Structure of kraft lignin [8] (reproduced with permission from Elsevier).

formation of a quinone methide from the phenoxyl radical (Step 2a &
2b), and nucleophilic attack of a hydroxyl ion at γ position which is
under thermodynamic control (Step 3). The hydroxyl group at the γ position is oxidized to a γ-carbonyl group (coniferaldehyde type structure) (Step 4). The retro-aldol reaction proceeds by alkaline hydrolysis
of this structure to form an α-hydroxy-γ-carbonyl structure (Step 5).
Further, alkaline dissociation of this α-hydroxy-γ-carbonyl structure
takes place at Cβ position (Step 6) followed by retro-aldol cleavage to
form vanillin as shown in (Step 7). Under kinetic control, nucleophilic
attack of hydroxyl ion takes place at the α-position. Subsequent oxidation and eventual retro-aldol reaction of the resulting α-oxo-β-unsaturated structure results in acetovanillone.
In principle, the retro-aldol reaction (Steps 5, 6 and 7) proceeds in
the absence of oxygen. Also, the degradation of vanillin and vanillic
acid occurs at severe oxidation conditions if oxygen is charged beyond
this ﬁnal phase of product formation [6,14,32]. To conﬁrm the role of
the retro-aldol reaction, a model compound study was performed
using vanillidenacetone (α-β-unsaturated-γ-carbonyl type structure)
in the literature [30]. In this study, the model compound was formed
by the aldol condensation of vanillin and acetone as shown in Fig. 3.
It was observed that under an argon atmosphere, vanillidenacetone
is hydrolyzed with the formation of vanillin at pH 10 and 160 °C for
30–50 min, with vanillin selectivity of about 90%. In the presence of
oxygen and a catalyst, vanillidenacetone is consumed faster and the
vanillin yield decreases by a factor of 3–5. Therefore, the rate of the
retro-aldol reaction decreases with the introduction of oxygen which
decreased vanillin yield substantially at pH 10. However, increasing
the pH to 11, increased the rate of the retro-aldol reaction, since it is directly proportional to the concentration of hydroxide ion. In this case,
vanillin yield does not decrease under the action of oxygen prior to
reaching its maximum. A decrease in vanillin yield after reaching its
maximum is likely due to its subsequent oxidation. Therefore, this
study conﬁrms the occurrence of the retro-aldol reaction in the formation of vanillin from the oxidation of lignin model compounds. It can
also be deduced from this study that the retro-aldol reaction can proceed in the absence of oxygen and the introduction of oxygen in this
phase is likely to contribute negatively to vanillin yield due to its subsequent oxidation after reaching its peak yield.
In another study, vanillin, vanillic acid and traces of acetovanillone
were formed from sodium lignosulfonate in the absence of oxygen
solely by the hydrolysis reaction [14]. In this study, hydrolysis was observed at much lower temperatures (120 °C) compared to the previous
study in which it was carried out at 160 °C. The formation of vanillic acid
in this case also suggests that it is not a product of only the oxidation of

various applications in food, cosmetic, chemical and pharmaceuticals
industries. The importance of vanillin is also growing because of its
antioxidant and anti-cancer properties and also its involvement in
bacterial cell to cell signaling [20,21]. Other applications of vanillin are
as a ripening agent to increase the sucrose content in sugar cane or in
the preparation of sunscreen [22]. Vanillic acid (4-hydroxy-3methoxybenzoic acid) is another value added product generated in
the process of lignin oxidation which is used as a ﬂavoring agent. Recently, vanillic acid has received considerable attention due to its role
in preventing human diseases. It is of importance due to its antibacterial,
antimicrobial and chemo-preventive properties [23]. Vanillin and
vanillic acid have both been obtained as major products from the alkaline oxidation of softwood and hardwood lignin [24,25].
The oxidative conversion of lignin to vanillin and vanillic acid in an
alkaline medium using oxygen has been widely discussed in the literature [14,26–31]. Oxygen is the preferred oxidizing agent due to its environmental friendliness, high atom economy and low price. However,
due to the lower yields obtained in this process, catalysts in combination with oxygen are required to improve the yields by a factor of
1.5–2. To produce vanillin and vanillic acid in the kraft pulping process,
it is crucial to avoid the use of catalysts to allow for downstream processing of kraft liquor in evaporators and recovery boilers. The high consumption of oxygen – over 10 mol per mol of vanillin obtained is also an
unresolved problem [12]. Another limitation of this process is the use of
large amount of acids, organic solvents and energy which have environmental consequences [13]. Therefore, the development of technologies
which are sustainable and easily integrable in the current pulp and
paper industrial processes are needed. The work reported here is focused on addressing this problem in the oxidative conversion of lignin
to vanillin and vanillic acid using a sustainable approach. In this approach, more lignocellulosic biomass can be converted to value-added
products with lower consumption of oxygen improving the overall economic and environmental viability of this process.
The formation of vanillin and vanillic acid from the oxidation of lignin using oxygen under alkaline conditions depends on reaction chemistry, time, temperature, oxygen partial pressure, lignin concentration,
and feedstock. Among the various oxidation pathways proposed in the
literature, the retro-aldol reaction is the most promising pathway for
explaining the production of vanillin and acetovanillone. In alkaline
conditions, the reaction begins with dehydration of the Cα-Cβ bond
proceeded by electron abstraction from the phenoxyl anion. The oxygen
oxidation then results in single-electron abstraction from phenoxyl
anion resulting in the formation of the superoxide anion radical and
phenoxyl radical (Step 1) (Fig. 2). The major steps that follow are the
1506
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Step 1: Dehydration followed by initiation of phenoxyl anion

vanillin. It was also observed in this study that the increase in oxygen
partial pressure led to an increase in the vanillin oxidation rate after
the maximum vanillin concentration was reached. This study supports
the presence of the retro-aldol reaction and the role of oxygen in the oxidative conversion of lignins to aromatic aldehydes and acids. Therefore,
yields may be improved in this ﬁnal phase of the reaction sequence and
degradation of high-value added products can be inhibited by controlling the amount of oxygen charged in the reaction after reaching the
peak yields from oxidation. The objective of this work is to analyze the
effect of controlling the amount of oxygen charged during the reaction
on the yield of vanillin and vanillic acid. Since the recently commercialized Lignoboost technology is gaining momentum in the kraft lignin
market, softwood kraft lignin from this process was selected as a feedstock for analysis. Also, it contains lower levels of impurities which is advantageous in further chemical processing of this lignin. The optimum
conditions based on time and temperature were established and then
optimization based on the effect of oxygen addition was performed.
Further, based on these experiments for Lignoboost kraft lignin, different lignin feedstocks were then analyzed to determine if similar yield
improvements can be observed.

Step 2a: Disproportionation of phenoxyl radical to form quinone methide

Step 2b: Oxidation of phenoxyl radical preceded by proton detachment

2. Materials and methods
2.1. Chemicals
Step 3: Nucleophilic addition of hydroxide ion to form coniferyl alcohol structure

Step 4: Oxidation of coniferyl alcohol structure to

Oxygen and nitrogen of ultra-high purity were supplied by Airgas,
USA. Sodium hydroxide beads (purity ≥97%), sulfuric acid and hydrochloric acid (1.0 N laboratory reagent grade), HPLC grade acetonitrile
(assay ≥99.95%) were purchased from VWR Chemicals, USA. Sodium
chloride (assay ≥99%) was supplied by Fisher Chemical™, USA. Vanillin
and vanillic acid, both with a purity higher than 99% were supplied by
Sigma-Aldrich, USA.
2.2. Raw materials

carbonyl group

In this work, four different lignins were used to study the effect of
their different processing conditions. They are the following:
1) LignoBoost softwood from Valmet AB LBoostS; 2) Indulin AT from
Sigma-Aldrich LInAT 3) H-lignin (enzymatic hydrolysis lignin) from
FPInnovations 4) Marasperse AG from Borregaard Lignotech LMarAG.
All lignins were analyzed for moisture content and used without further
puriﬁcation. The structural features of the lignins have been characterized in the literature [18,33] and shown in Table 1 as follows:

Step 5: Alkaline hydrolysis of -carbonyl coniferyl structure

2.3. Oxidation of lignin

Step 6: Alkaline dissociation of

Oxidation experiments were carried out in a Parr reactor with a capacity of 1 L (Series 4520). The heating and temperature were controlled with a Parr 4848 reactor controller. Temperature and total
pressure inside the reactor were measured using a Type J (iron-constantan) thermocouple and a pressure gauge respectively. The agitator
speed was kept constant at 400 RPM for all runs. The procedure for oxidation of lignin using oxygen was carried in accordance with literature
[3]. 20 g of lignin were dissolved in 200 mL of alkaline solution containing 26.67 g of NaOH. After complete dissolution, the resulting mixture
was diluted to a ﬁnal volume of 333 mL. This concentration of lignin
(20 g in 333 mL of solution) was kept constant for all experiments performed. The resulting solution was introduced into the reactor and initially pressurized to 30 psi using nitrogen. The reactor was then heated
until the temperature set point was reached. After the temperature set
point was reached, oxygen was introduced to the reactor and the reaction time was monitored from the point of admission of oxygen. The reactor was pressurized with 50 psi of oxygen for all experiments based
on optimized conditions for oxygen pressure in the literature [3]. The
solubility of oxygen in the reaction medium is dependent on the oxygen
partial pressure (PO2), temperature of the reaction (T) and the ionic

hydroxy- -carbonyl structure

Step 7: Retro-aldol cleavage of Cα-Cβ bond to form vanillin

Fig. 2. Mechanism of alkaline oxidation of lignin using oxygen [31].
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Fig. 3. Aldol condensation of vanillin and acetone resulting in vanillidenacetone* according to the literature [30]. *Note – The term ‘vanillidenacetone’ used here to be consistent with the
literature and it refers to the compound ‘dehydrozingerone’ (4-(4-hydroxy-3-methoxyphenyl)-3-buten-2-one).

against a new proposed strategy (oxygen introduction = 20 min out
of 40 min).

strength of the liquid medium (I). The concentration of dissolved oxygen [Oliq
2 ] can be obtained with the following empirical correlation
which is valid for temperatures ≤150 °C and oxygen partial pressures
≤5 MPa [14,32,34]:

2.4. Quantiﬁcation of yield using high-performance liquid chromatography

h i
Oliq
¼ 3:559−6:659  10−3  T−5:606  P O2 þ 1:594  10−5
2

 

PO
 P O2  T 2 þ 1:498  103  2  10−0:144I  10−3
T

ð

The low molecular weight aromatic aldehydes and acids produced
by lignin oxidation with oxygen were quantiﬁed by high performance
liquid chromatography (HPLC). The details on the extraction procedure
and HPLC conditions were in accordance with the literature [34]. Quantiﬁcation of all compounds was done based on calibration curves prepared from standard solutions in the required concentration range.
The HPLC system was equipped with an Alcott 708 auto-sampler, an online degasser, a Lab Alliance Series III pump and a Waters 2487 Dual λ
Absorbance Detector. The detection wavelength was set to 280 nm
and the injection volume was 10 μL. Chromatograms were acquired at
60 °C with a ﬂow rate of 0.6 mL/min using a mobile phase composed
of two eluents (A) 5 mM sulfuric acid and (B) acetonitrile with a ratio
of 4:1 by weight respectively [36]. The analytical column was Aminex
HPX 87H ion exclusion column with column size 300 mm × 7.8 mm,
and a particle size of 9 μm.

Þ

where PO2 is in bar, I and [Oliq
2 ] is in mol per liter, and T is in Kelvin.
The water partial pressure above the NaOH solution, PNaOH (bar) can
be calculated as follows:
logP NaOH ¼ a þ b logp0
the parameters a and b depend only on the concentration of NaOH
(M) and p0 (bar) represents the equilibrium partial pressure of water
vapor over pure water as a function of temperature
a ¼ −0:010986M−1:461  10−3 M2 þ 2:03528  10−5 M3
b ¼ 1−1:34141  10−3 M þ 7:07241  10−4 M2 −9:5362  10−6 M3

2.5. Carboxyl content determination using conductometric titration

3343:93
−10:9 logT þ 0:0041645T
and logp ¼ 35:4462−
T
0

The carboxyl content of the precipitated lignin from the oxidation
reactions and untreated lignin was determined using the conductometric titration method [37]. After the oxidation treatment, an aliquot of lignin solution was adjusted to pH below 2 by addition of 1 N HCl in the
ratio of 1:3 v/v (lignin solution: 1 N HCl). This caused the lignin present
in the solution to precipitate out. The precipitated lignin was then recovered by centrifugation and then freeze dried to obtain dry lignin
powder with moisture content ≤10% by weight. Further, freeze-dried
samples of precipitated lignin equivalent to 1.5 g oven dry were added
to 300 mL of 0.10 N HCl and stirred for 1 h. The lignin was then ﬁltered
and washed with de-ionized water until the conductivity of the efﬂuent
water was less than 5 μScm−1. The washed lignin was then dispersed in
0.001 N NaCl (250 mL) with further addition of 0.10 N HCl solution (1.5
mL), stirred and titrated with 0.05 N NaOH under continuous bubbling
of nitrogen. A Metrohm Autotitrator was used for titration, with an
856 Conductivity module connected to the main module (888 Titrando)
coupled with Tiamo™ 2.5 software. The conductivity was plotted
against the volume of NaOH resulting in parabolic curve composed of
three distinguishable regimes. The ﬁrst regime shows a decrease in conductivity, which is the neutralization of added HCl. The second regime is
a horizontal zone corresponding to the neutralization of weak acid
groups, i.e. carboxylic acid groups. Finally, the third regime is associated
with the conductivity increase after reaching the equivalence point, due

where T is in Kelvin [14,35].
Since the reaction is exothermic, the reaction was monitored using
the initial temperature (Ti). The effect of temperature on the yield of
vanillin and vanillic acid and the carboxyl content of lignin was studied
at 120 °C, 130 °C, 140 °C, 150 °C and 160 °C at a constant reaction time of
40 min. The effect of time at 0, 20, 40 and 60 min was studied by keeping
the temperature of the reactor constant at 140 °C. The effect of controlling the amount of oxygen charged during the reaction was studied by
introducing oxygen for 0, 5, 20 and 30 min out of the 40 min reaction
time at 140 °C. LBoostS, LInAT, H-lignin and LMarAG were then used to
compare the conventional strategy (oxygen introduction = 40 min)

Table 1
Structural characterization of different lignins.
Lignin properties

Lignoboost Indulin AT

Molecular weight, g/mol
Mw: 6772 Mw: 6549
Carboxylic OH, mmol/g
0.35
0.40
Aliphatic OH, mmol/g
2.02
2.19
Total phenolic OH*, mmol/g
4.28
3.43

H-lignin

Marasperse AG

Mw: 5840–7580
0.10–0.15
4.8–6.3
0.62–0.92

Mn: 534.5
n.d
n.d
1.42

Note*-includes condensed and uncondensed phenolic OH groups, n.d: not detected.
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to the introduction of excess NaOH to the suspension. The carboxyl content of the samples was then determined based on the intersection of
the three trend lines drawn for each of these regimes.
2.6. Comparing results for statistical signiﬁcance using Tukey test
The yield changes due to optimization of the proposed strategy were
analyzed by performing Tukey's honest signiﬁcance test using Minitab®
19 software.
3. Results and discussion
The production of vanillin and vanillic acid from kraft lignin is carried out at highly alkaline conditions (pH ~ 14) and at elevated temperature (between 100 and 200 °C). Under such conditions it has been
established in the literature that oxidation of lignin to vanillin and
vanillic acid is linked to reaction chemistry, temperature, oxygen pressure, pH, reaction time and lignin concentration. The investigation of
all these parameters on oxidation of lignin is beyond the scope of this
work since the present work is mainly focused on studying the effect
of controlling the amount of oxygen charged during the reaction on
the yield of vanillin and vanillic acid. In principle, the mechanism of lignin oxidation to vanillin shown in Fig. 2 unites the lignin chemistry principles about phenoxyl radicals and quinone methide intermediates with
the concept of the retro-aldol reaction as the ﬁnal process step. It explains the necessity of using strongly alkaline media for the process
and the formation of aceto derivatives as by-products.
It is evident from these studies that the retro-aldol reaction plays a
key role in the formation of vanillin and vanillic acid. The amount of oxygen charged during this reaction phase may increase the yield of these
compounds. This approach has not been examined in optimizing the
yield of vanillin and vanillic acid in literature [3,12,30]. For the ﬁrst
time, such an attempt to understand this effect has been made and results are discussed in the following sections. The experiments in
Sections 3.1, 3.2 and 3.3 were carried out based on conventional oxidation strategy whereas the Sections 3.4 and 3.5 were focused on understanding the effect of controlling the amount of oxygen charged
during the reaction.

Fig. 4. Effect of temperature on the yield of vanillin and vanillic acid.

is higher compared to vanillin. Therefore, vanillic acid is more reactive
and susceptible to degradation which is in accordance with recent literature [32].
3.2. Effect of temperature on carboxyl content of lignin
In an effort to provide additional insights on the structural modiﬁcation of lignin, the oxidized LBoostS sample was isolated and analyzed as
a function of temperature. The presence of carboxylic acid groups in lignin is thought to improve lignin solubilization [39–42]. In general, the
carboxyl groups can occur in monomeric compounds and in end groups
of the lignin macromolecule. The monomeric carboxylic acid derivatives
are formed by ring opening reactions of phenolic compounds. Side chain
elimination results in the formation of phenolic compounds such as
vanillin as described earlier. However, in this study the analysis of carboxyl content was based on the changes in the structure of lignin
macromolecule.
The carboxylic acid group formation on the end groups of the lignin
macromolecule can arise from electrophilic attack at lignin centers of
high electron density causing the formation of a four membered cyclic
peroxide intermediate called ‘dioxetane’ [41,43–45]. This reactive intermediate can further rearrange to induce cleavage of carbon-carbon
bonds. The effect of oxidation on carboxyl content formation in LBoostS
is shown in Fig. 5. The carboxyl content of untreated LBoostS increased
considerably from 0.49 mmol/g to 1.41 mmol/g after oxidation. In the
temperature range studied, two distinguishing regimes can be observed. The rate of carboxyl content increases up to 130 °C. It is likely
that temperatures lower than 120 °C will result to even lower carboxyl
content in lignin. This is because lower temperatures will result only in
minor oxidative changes which is also evidenced by lower yields of

3.1. Effect of temperature on vanillin and vanillic acid yield
In the oxidation of lignin using oxygen, the reaction begins with dehydration (Fig. 2, Step 1) of the Cα-Cβ bond followed by electron abstraction from the phenoxyl anion. The oxidation is then initiated by
single electron transfer from activated phenoxyl anion species with
the formation of a superoxide anion radical and a phenoxyl radical.
The formation of phenoxyl radical in this step happens at elevated temperatures. Also, the dissociation constants of phenolic compounds of the
type present in the lignin depend on the temperature of the system. The
dissociation constant decreases as the temperature increases due to an
increase in the formation of a quinone methide intermediate [38]. The
effect of temperature on the yield of vanillin and vanillic acid from oxidation of LBoostS is shown in Fig. 4. Oxidation of LBoostS was carried out
by keeping the oxygen pressure at 50 psi, lignin concentration at 60 g/L
of solution, pH of 14 and a reaction time of 40 min based on the optimized conditions found in literature in which oxygen was introduced
throughout the reaction time [3]. The combined yield of vanillin and
vanillic acid shows an increasing trend from 120 °C to 140 °C. The
yield increase can be attributed to an equilibrium of depolymerization
favoring vanillin under thermodynamic control. The side reaction of
phenoxyl radical dimerization is also suppressed with increasing temperature. The maximum yield corresponding to 140 °C was 3.10 g/L
(5.17% w/w) comprised of 1.75 g/L (2.92% w/w) vanillin and 1.35 g/L
(2.25% w/w) vanillic acid. The results also show that increasing the temperature to 160 °C increased the degradation of vanillin and vanillic
acid. It can be observed that the relative rate of vanillic acid degradation

Fig. 5. Effect of temperature on carboxyl content of LBoostS.
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vanillin and vanillic acid (Fig. 4). The carboxyl content obtained at the
peak yield of these compounds was 1.36 mmol/g which is slightly
lower compared to the maximum. However, increasing the temperature further to 160 °C decreased the carboxyl content to 1.12 mmol/g.
It can be observed that in this temperature range, increasing the reaction severity does not increase the carboxyl content correspondingly.
3.3. Effect of time
The effect of time on the yield of vanillin and vanillic acid is interrelated to the severity of the other processing parameters. In general,
a higher severity of reaction due to higher initial temperatures and oxygen pressures can lead to higher vanillin and vanillic acid yields in a
shorter reaction time; however, the degradation of vanillin and vanillic
acid is also higher [3,6]. The yield proﬁle of these compounds usually
follows an increasing trend until the peak yield is obtained at a given
time followed by a decreasing trend. Hence, the reaction should be carried out for a certain period of time which optimizes the peak yields.
Based on Figs. 4 and 6, it is evident that the yield patterns of vanillin
and vanillic acid follow increasing and decreasing regimes. The optimum time for which the reaction equilibrium favors the products was
obtained at 40 min.
Under the inﬂuence of oxygen, the rate of retro-aldol reaction is
lower compared to the rate of oxidation of α–unsaturated
coniferaldehyde [30]. Therefore, the introduction of oxygen in the reaction media after the peak yield of vanillin and vanillic acid is reached,
should negatively affect the yield of these compounds. Based on this understanding, the experiments in Section 3.4 were carried out to analyze
the effect of controlling the amount of oxygen charged during the reaction on the yield of vanillin and vanillic acid.

Fig. 7. Effect of controlling the amount of oxygen charged during the reaction on the yield
of vanillin and vanillic acid.

(2.03% w/w) and 1.01 g/L (1.69% w/w) respectively. The peak yields of
vanillin and vanillic acid were obtained when oxidation and hydrolysis
were each allowed to proceed for 20 min out of 40 min of reaction.
When oxygen was charged for 30 min out of 40 min, the reaction is
mainly governed by the oxidation reaction and the hydrolysis is minimized which explains the decreasing trend. The introduction of oxygen
into the reactor for 20 out of 40 min of total reaction time resulted in
2.25 g/L (3.75% w/w) vanillin, 1.92 g/L (3.20% w/w) vanillic acid and
combined yield of 4.17 g/L (6.95% w/w). Therefore, the contribution
from oxidation and hydrolysis on peak yield is likely to be balanced
with this duration of oxygen charge. Hence, the proposed strategy is a
viable alternative to the conventional strategy for valorization of lignin.
The statistical signiﬁcance of the yields obtained from this strategy was
compared to the conventional strategy (in Section 3.3) using the Tukey
test. The p-value of 0.008 (p < 0.05) was obtained representing signiﬁcant yield improvement compared to the conventional strategy.
It has been hypothesized that vanillic acid is the product of vanillin
oxidation [34], however, from Figs. 4, 6 and 7 one can observe that the
reduction in vanillin yield after reaching the maximum does not increase the vanillic acid yield correspondingly, which is consistent with
the literature [3,6,14]. Hence, the formation of vanillic acid in lignin oxidation may be a result of a different pathway not solely linked to
vanillin.
From the chemistry of the retro-aldol reaction, it is clear that the γcarbon plays an important role in vanillin formation. In a recent study, it
has been found that in the absence of a γ-carbon, the oxidation of lignin
model compounds through Pathway C favors vanillic acid formation as
shown in Fig. 8. In the presence of a γ-carbon, Pathway A favored vanillin formation which is in accordance with retro-aldol chemistry. This
might explain why the vanillic acid formation is not necessarily linked
to vanillin [46].

3.4. Effect of controlling the amount of oxygen charged
In the formation of vanillin and vanillic acid, the rate of the retroaldol reaction can be improved by controlling the amount of oxygen
charged in the reaction. In the conventional oxidation strategy, the oxygen is charged throughout the reaction. In the proposed strategy, the
initial tmax* represents the amount of oxygen charged to favor oxidation
reaction, while during the remaining time t − tmax* the introduction of
oxygen into the reactor is stopped to promote the retro-aldol reaction.
In Fig. 7, the increasing trend corresponds to the reaction phase in
which there is a scope to improve yield from oxidation reaction.
When oxygen was charged for 5 min out of 40 min of reaction, the reaction is principally governed by the hydrolysis reaction (Fig. 2, Step
5) and partially proceeds through the oxidation reaction. Therefore, in
this phase sufﬁcient time is available for hydrolysis reaction, however
due to minor oxidative changes the peak yields are not obtained. Due
to this effect, the yields of vanillin and vanillic acid were 1.22 g/L

3.5. Effect of controlling the amount of oxygen charged during the reaction
on different lignin feedstocks
The structure of lignin is inﬂuenced by the wood species, the wood
pulping process and the method used for its recovery from pulping liquors [3,25,39,47–52]. In this part of the study, the effect of controlling
the amount of oxygen charged during the reaction was analyzed based
on different lignin feedstocks. The yields of vanillin and vanillic acid for
LBoostS were already optimized based on the parameters discussed in
earlier sections. These conditions were then used to analyze other lignin
feedstocks. However, it should be noted that the optimized conditions
based on different parameters for LBoostS cannot be directly used to represent peak yields from other lignin feedstocks. However, the optimization based on the proposed strategy should be universal to other lignin
feedstocks and therefore, this section mainly investigates improvements in yields due to this approach. To compare different feedstocks

Fig. 6. Effect of time on the yield of vanillin and vanillic acid.
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Fig. 8. Proposed pathway of formation of vanillin, vanillic acid and guaiacol [46] (reproduced from an open access article published by Royal Society of Chemistry).

pulp whereas LBoostS is obtained from black liquor from bleachable
grade pulp production. Compared to LInAT, LBoostS is produced with
higher chemical charges and double the cooking time. Therefore,
LBoostS contains more phenolic OH groups than LInAT [18]. Another
major advantage of LBoostS compared to other lignin feedstocks is the
lower content of ash, carbohydrates and other impurities which are
beneﬁcial for further chemical processing.
From Fig. 9, it can be observed that the yield of vanillin from LBoostS
before optimization is higher compared to other lignin feedstocks. However, it should be noted that this yield was previously optimized based
on time and temperature. Based on the proposed strategy, considerable
improvement in this yield was obtained due to the role played by hydrolysis (Fig. 2, Step 5) in enhancing this yield when oxygen introduction was optimized. The yield improvements observed for H-lignin,
LInAT and LMarAG post optimization based on the proposed strategy
were also statistically signiﬁcant as evident by the Tukey test results
shown in Table 3. In comparison, higher increments in yield for all lignin
feedstocks were obtained for vanillic acid post optimization as observed
in Fig. 9. As discussed earlier, vanillic acid is the compound more susceptible to degradation due to its higher reactivity. Hence, it is likely that
the proposed strategy is able to avoid further degradation and promotion of the yield in the absence of oxygen during the hydrolysis phase.
The combined yield of vanillin and vanillic acid from LBoostS and LInAT
was higher than LMarAG likely due to the lower phenolic OH of lignosulfonates compared to kraft lignins [54]. It can also be observed that in the
absence of catalysts the yield of vanillin and vanillic acid from lignosulfonates is lower compared to kraft lignin [3,14].
H-lignin, which is similar to native lignin resulted in a 3.98% yield before optimization which increased 7.30% post optimization with the
major contributions coming from an increase in yield from vanillic
acid. Similarly, a signiﬁcant improvement in the yield of vanillic acid

Table 2
Ash and carbohydrate content of different lignin feedstocks.
Lignin

a. LBoostS
b. LInAT
c. LMarAG
d. H-lignin

Actual lignin content
(% w/w)

Ash
(%
w/w)

Carbohydrate
(%
w/w)

Literature
source

96.92
78.20
75.04
58.80

0.78
16.20
24.96
**

2.30
5.60
*
22.90

[3]
[33]

*Carbohydrate content is negligible, **Free sugars and insolubles in water in H-lignin account for 18.3% w/w.

for analysis, it is also critical to understand the amount of other impurities such as ash, carbohydrate, free sugars and water insolubles.
LBoostS and LInAT both contain ash and carbohydrates. However,
due to the isolation procedure, LBoostS contains lower levels of these
impurities compared to LInAT. The ash content of LMarAG is higher compared to LBoostS and LInAT. Usually, the purity of lignosulfonates is
lower compared to technical kraft lignins [53]. H-lignin contained the
lowest percentage by weight of lignin due to the presence of free sugars,
carbohydrates and water insolubles. Table 2 highlights the properties of
the technical lignins used in this study.
In the kraft process, signiﬁcant cleavage of β-O-4 and α-O-4 linkages
in native lignin takes place. As a result, the kraft lignin that is isolated
from this process contains a signiﬁcant amount of phenolic OH groups.
The structural characteristics of lignins obtained from the same kraft
process can be different depending upon the chemical charge and extent of cooking. For example, LBoostS and LInAT both obtained from
the kraft process have signiﬁcantly different properties. LInAT is usually
isolated from kraft black liquor from the production of linerboard grade

Table 3
Statistical signiﬁcance of yield improvements using Tukey honest signiﬁcance test.
Compound

Lignin feedstock

Vanillin

LBoostS
H-lignin
LInAT
LMarAG
LBoostS
H-lignin
LInAT
LMarAG
LBoostS
H-lignin
LInAT
LMarAG

Vanillic acid

Combined yield

Reaction time
40 min
(unoptimized)

Standard deviation P
(40 min trial)

Reaction time
20 min
(optimized)

Standard deviation P
(20 min trial)

p-Value

2.92
1.99
1.55
1.49
2.25
1.99
0.41
0.24
5.17
3.98
1.96
1.73

0.04
0.05
0.02
0.02
0.05
0.07
0.01
0.02
0.09
0.03
0.03
0.04

3.75
2.62
1.66
1.79
3.20
4.68
1.78
0.78
6.95
7.30
3.44
2.57

0.01
0.02
0.01
0.02
0.14
0.01
0.03
0.002
0.14
0.01
0.04
0.02

0.002
0.007
0.039
0.009
0.024
0.001
0.001
0.001
0.008
0.000
0.001
0.003
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was obtained post optimization for LInAT, LMarAG and LBoostS with the
highest signiﬁcant improvement obtained from LInAT. The H-lignin used
in this study, contains 93.19% klason lignin content which has not
shown to result in signiﬁcantly higher vanillin yields, in accordance
with literature [12,55]. However, it is evident that the yield of vanillin
and vanillic acid can be improved signiﬁcantly by using the proposed
strategy as shown in Table 3. The statistical signiﬁcance of the proposed
strategy compared to conventional strategy showed p-values less than
0.05 for all vanillin and vanillic acid yields obtained from different lignin
feedstocks. Table 3 compares the yields of vanillin and vanillic acid obtained before and post-optimization using Tukey's honest signiﬁcance
test.
4. Conclusion
The study of the effect of controlling the amount of oxygen charged
during the reaction on the yield of vanillin and vanillic acid was the
main objective of this work. Based on the results obtained, it was demonstrated for the ﬁrst time that the efﬁciency of the retro-aldol reaction
can be improved by controlling the amount of oxygen charged, as
shown from the yields of vanillin and vanillic acid. This also reduces further degradation of these compounds. The yield improvement using the
proposed strategy was validated for different lignin feedstocks, implying a certain level of similarity in the lignin reaction pathways favoring
vanillin and vanillic acid. However, in this case, the changes in reaction
chemistry due to the presence of reactive sites cannot be eliminated.
The results also indicate the degradation of vanillin does not increase
the yield of vanillic acid proportionately, supporting the recent reports
showing that during oxidation, vanillic acid can be formed from different pathways not solely linked to vanillin. In this regard, the formation
of vanillin is linked to the presence of the γ carbon, however in its absence, the preferred product can be vanillic acid. The higher relative
degradation rate obtained for vanillic acid can be linked to the reactivity
of this compound. Oxidation of lignin also induced the formation of carboxylic acids in the form of functional groups attached at the end of side
of lignin macromolecule. The improvement in the amount carboxylic
acid groups allows for new utilization strategies for residual lignin
after reaction. In conclusion, oxidation strategy can be a crucial pathway
to valorize lignin into high value products.
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