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Abstract

Fenton processes are a promising approach toward high-value chemical production from waste lignin. In this study, heteroge-
neous Fenton oxidation was employed to convert alkaline lignin into vanillin. The effects of Feo, Fez+, Fe3+, and H,O, concen-
trations, temperature (25-50 °C), and reaction time (15-60 min) on vanillin production from lignin was investigated using
response surface methodology under a three-level factorial design. The study reveals that the concentrations of Fe®, Fe?*,
Fe**, and H,0, had an important effect on vanillin yield, whereas reaction temperature and time had positive effects on the
process of vanillin production. Based on the numerical optimization and desirability function, the optimum conditions were
38.05 mg/L Fe, 49.45 mg/L Fe**, 71.35 mg/L Fe**, and 1884.4 ppm H,0, at 41.404 °C for 60 min at pH 3. Under these
conditions, the vanillin yield obtained was 0.690%, which was increased by 2.59-fold from lignin. The experimental results
agreed with the predicted values. We show that heterogeneous Fenton oxidation has the potential to convert lignin into high-value

aromatic compounds when carried out under optimum conditions.

Keywords Lignin - Fenton oxidation - Vanillin - Response surface methodology

1 Introduction

Lignocellulosic biomass typically refers to the dry matter of
plants from various sources such as forestry and crops [2]. It is
made up largely of secondary cell walls mainly composed of
cellulose microfibrils, hemicellulose molecules, and lignin in
varying proportions in different species [15, 22, 28].
However, only cellulose and hemicellulose fractions have
been successfully exploited, whereas lignin is a waste product
and burned as low-value fuel for power generation [11]. For
this reason, lignin conversion to valuable chemicals is an
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approach to improve the economic feasibility of the
biorefinery process and has received increased attention in
modern biorefinery [1, 23].

Lignin is a complex phenolic polymer composed of three
different monomers, p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) units [16]. Many approaches have been devel-
oped for lignin depolymerization. Nevertheless, only aqueous
alkaline oxidation has been applied on a commercial scale to
convert lignin into chemicals, mainly vanillin (4-hydroxy-3-
methoxybenzaldehyde) [9]. Considerably, this process is op-
erated under severe conditions, with high capital and operat-
ing costs. To reduce the operational costs, Fenton processes
are promising [17]:

Fe’* + H,0,—Fe’" + OH™ + OH’ (1)
Fe’* + H,0,—Fe?* + HOO + H' (2)
Fe’ + 2H' —Fe’* + H, (3)
2Fe*t + Fe' —»3Fe?" (4)
Fe’ + H,0, + 2H" —Fe?™ + 2H,0 (5)

For the heterogeneous Fenton system, reactions between
H,0, and iron species generate the reactive oxygen species
at ambient temperature and pressure [10]. Following Egs. (1)
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to (5), hydroxyl radicals (OH) are generated at significantly
larger amounts than other reactive oxygen species and play a
major role in the decomposition of lignin into desired
chemicals if the process conditions are well controlled [21].
There are a few previous reports that applied the heteroge-
neous Fenton processes to oxidize lignin model compounds
into aromatic compounds [3, 17]. However, there are almost
no studies on the conditions of Fenton oxidation to produce
phenolic compounds from lignin. Additionally, it should be
noted that the results from model lignin compounds may not
be appropriate for real lignin.

In our previous study [24], we presented the optimal con-
centration of synergistic catalysts (Fe’, Fe**, and Fe’*) and
H,0, to achieve the highest lignin removal efficiencies of
98.45%. However, lignin-derived products as well as the effect
of the process conditions were not investigated. Therefore, this
study aimed to optimize the Fenton oxidation process condi-
tions for the conversion of lignin into chemicals with antioxi-
dant properties, using the response surface methodology via a
three-level factorial design. Fenton oxidation process condi-
tions included the concentration of synergistic catalysts, tem-
perature at ambient pressure, and reaction time. Mathematical
models were built to investigate the effects of various parame-
ters on vanillin formation and antioxidant activities.

2 Material and methods
2.1 Experimental design

A three-level factorial design was used in this study. The main
and interaction effects between operational parameters in lignin
depolymerization using a synergistic catalyst Fenton reaction
were investigated. The parameters coded as A (concentration of
synergistic catalysts), B (temperature), and C (reaction time)
were designed as indicated by selected factors. Parameters A,
B, and C were investigated at three levels: low (— 1), middle (0),
and high (+ 1), as shown in Table 1. This factorial design

Table 1  Experimental ranges and levels of independent variables for
the three-level factorial design
Levels

Factor -1 0 +1 Previous study [24]
A Fe’,mg/L 38.1 1142 1903 7.61

Fe?*mg/L 49.5 1484 2473 9.89

Fe**,mg/L 714 2141 3568 1427

H,0,, mg/L 1884.4 56532 9422.0 376.88
B Temperature (°C) 25 37.5 50 -

C Reaction time (min) 15 37.5 60 —
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resulted in 32 experimental runs with all possible combinations
of A, B, and C. Design and analysis of factorial experiments
were carried out using the Design-Expert software (Trial ver-
sion 11.0.5.0, Stat Ease Inc., Minneapolis, MN, USA). Finally,
numerical optimization was carried out to optimize the process
conditions and to maximize vanillin yield.

2.2 Reagents

Alkaline lignin was purchased from TCI chemicals, Tokyo,
Japan. The methoxy group content and ignition residue of al-
kaline lignin were 10.0-12.0% and 20.0-29.0%, respectively.
The 50% hydrogen peroxide (H,O,) was purchased from Thai
Peroxide Company Limited (TPL), and sulfuric acid (H,SO.)
was purchased from Merck (Darmstadt, Germany). High-purity
iron powder, iron (I) sulfate heptahydrate (FeSO47H,0), and
anhydrous iron (III) chloride (FeCl;) were purchased from
Fisher Scientific (Leicestershire, UK). Folin—Ciocalteu’s phe-
nol reagents were purchased from Loba (India), and 2,4,6-
tripyridyl-s-triazine, gallic acid, Trolox, vanillin, 2,2-diphenyl-
1-picrylhydrazyl, and azinobis-(3-ethylbenozthiazoline-6-sul-
fonic acid) were purchased from Sigma-Aldrich. All the solu-
tions were prepared by dissolving in deionized water.

2.3 Reaction’s configurations

A 50-g/L stock solution of lignin was prepared by dissolving
in deionized water, and the pH was adjusted from 8.2 = 0.20 to
7.00£0.05 using 2 M H,SO4. The volume of the reaction
mixture in each 250-mL Erlenmeyer flask was 100 mL.
First, 50 mL of the lignin stock solution was placed in a flask.
Subsequently, FeSO4 7H,O and FeCl; were weighted and
dissolved in an appropriate volume of deionized water to ob-
tain a Fe?*/Fe* solution. After this, a Fe?*/Fe>* solution and
an amount of iron powder were added and mixed with the
lignin solution in a flask. Afterward, the pH of the mixture
was adjusted to 3.00+£0.05 using 2 M H,SO,4. The mixture
was incubated in a shaking incubator at 250 rpm with temper-
ature control for 5 min. Subsequently, a volume of 50% H,0,
was added to initiate the reaction.

The Fenton reactions at the designed reaction time were
stopped instantaneously by the addition of 7.5 M NaOH to
elevate the pH level to 7.0 [19]. The samples were centrifuged
at 10,000 rpm for 10 min to remove the chemical precipitate
before analysis.

2.4 Analytical method

2.4.1 Determination of aromatic compounds by UV
absorbance spectroscopy

Concentrations of aromatic compounds were estimated by
measuring sample absorbance (Genesys 20 UV-Vis
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spectrophotometer, Thermo Scientific, Waltham, MA, USA)
at 280 nm [12]. Briefly, a 50-g/L stock solution of lignin was
prepared, and the pH of the solution was adjusted to 7 +0.05
using 2 M H,SO,. Subsequently, it was diluted 50-fold with
deionized water to obtain a concentration of 0.1 g/L.
Absorbance at 280 nm was measured using quartz cuvettes.
A calibration curve was obtained by plotting the absorbance
values at 280 nm versus the lignin concentration and was
linear with respect to concentration in the range 0.005—
0.050 g/L (Y=20.389X, R”>=0.9993).

The content of aromatic substances in samples could be
obtained through a calibration curve equation and was
expressed as lignin equivalents (LEs) in grams per gram of
initial lignin.

2.4.2 Determination of total phenolic content
by Folin-Ciocalteu reagent

The total phenolic content in samples was determined with the
Folin—Ciocalteu phenol reagent based on the method de-
scribed by Dewanto et al. [8]. Briefly, 50 uL of sample was
added to 200 pL of distilled water, and the solution was mixed
with 50 pL of 2 N Folin—Ciocalteu’s phenol reagent and in-
cubated in the dark for 6 min at 25 °C. Subsequently, 500 uL
of a 7% (w/v) sodium carbonate solution and 400 pL of dis-
tilled water were added. The mixture was incubated in the
dark for 90 min at 25 °C, and absorbance was measured at
760 nm. The total phenolic content was expressed as micro-
grams gallic acid equivalent per gram of initial lignin.

2.4.3 Determination of the antioxidant capacity

The ferric-reducing antioxidant power (FRAP) of samples
was determined using the method proposed by Benzie and
Strain [4]. Briefly, FRAP reagent was prepared by mixing
25 mL of 300 mM acetate buffer at pH 3.6, 2.5 ml of
10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mM HCl
and 2.5 mL of 20 mM Ferric chloride (FeCls) and incubating
this mixture at 37 °C for 30 min before use. Subsequently,
150 pL of the sample were mixed with 1 mL of distilled water
and 1 mL of FRAP reagent. The mixture was incubated in the
dark for 30 min at 25 °C, and absorbance was measured at
593 nm. A standard curve was prepared using different con-
centrations of Trolox. The results were reported as milligrams
Trolox equivalent (TE) per milligram of initial lignin.

The reducing ability of samples toward the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical or the free radical-scavenging
capacity was measured according to the method described by
Williams et al. [5]. Briefly, a 0.15 mM DPPH solution was
prepared by dissolving 5.9 mg 2,2-diphenyl-1-picrylhydrazyl
in 100 mL methanol and incubated in the dark for 90 min at
25 °C before use; 50 puL of the sample was mixed with 950 pL.
of DPPH solution. The mixture was incubated in the dark for

30 min at 25 °C, followed by measurement of absorbance at
517 nm using Trolox as the standard. The results were
expressed in terms of micrograms Trolox equivalent (TE)
per milligram of initial lignin.

The Trolox equivalent antioxidant capacity (TEAC) or the
capacity of the antioxidant to scavenge the azinobis-(3-ethyl-
benzothiazoline-6-sulfonic acid)(ABTS) radical cation was
measured following the method described by Re et al. [20].
Briefly, the stock solutions of 7.4 mM ABTS in 20 mM ace-
tate buffer at pH 4.5 and 2.6 mM potassium persulfate were
prepared. The ABTS radical solution was prepared by mixing
two stock solutions in a volume ratio of 1:1 and incubated at
25 °C for 12 h. Subsequently, the solution was diluted with
distilled water to obtain absorbance of 0.700+0.050 at
734 nm before use; 50 puL of the sample was mixed with
950 uL of ABTS radical solution. The mixture was incubated
in the dark for 6 min at 25 °C, and absorbance was measured
at 734 nm using Trolox as the standard. The activities were
expressed in terms of micrograms Trolox equivalent (TE) per
milligram of initial lignin.

2.4.4 Simple chemical analysis of lignin-derived products
by gas chromatography

After a single extraction of the sample with an equal volume
of ethyl acetate, the upper phase of the organic phase was
corrected for analysis by gas chromatography with flame ion-
ization detection, following the method described by Wu et al.
[25]. Analyses were carried out by GC-FID (Agilent 7890B)
and analytical columns of HP-5 (30 m length x 320 um L.D. x

0.25 um film thickness). Helium as the carrier gas was set at a
rate of 1.2 mL/min. The oven temperature was ramped from
50 to 280 °C at a ramp rate of 10 °C/min and kept at the initial
and final temperature for 1 min. The sample (I pL) was
injected in splitless mode, and the injector and detector were
set at 250 and 280 °C, respectively. A linear calibration curve
of vanillin was obtained by plotting the peak area versus the
concentration range of 40—1000 pg/mL of vanillin. Gas
chromatography-mass spectrometry (GC-MS) was carried
out using the same conditions and applying the database of
the National Institute Standard and Technique (NIST). The
spectrum of the lignin-derived compounds was compared
with the spectra of identified components stored in the NIST
mass spectral library.

3 Results and discussion

The results for all responses are summarized in Table 2, and
the effects of the three independent variables catalyst concen-
tration, temperature, and time were analyzed by the yield of
vanillin and antioxidant activities, using the response surface
method of the Design-Expert software (Fig. 1).
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3.1 Effects of condition parameters on vanillin
production

Regarding the effects of the concentration levels of synergistic
catalysts at 50 °C for 15 min, vanillin yields of 0.61, 0.48, and
0.35% were obtained at low, medium, and high concentrations
of synergistic catalysts. Vanillin yields of 0.49, 0.56, and
0.61% were obtained when the reaction temperature was 25,
37.5, and 50 °C, respectively. Additionally, vanillin yields of
0.49, 0.62, and 0.73% were obtained at low concentrations of
synergistic catalysts at 50 °C for 15, 37.5, and 60 min, respec-
tively. The highest vanillin yield obtained was 0.73% in stan-
dard run 25 (38.1 mg/L of Fe, 49.5 mg/L of Fe**, 71.4 mg/L
of Fe**, and 1884.4 mg/L of H,O, at 50 °C for 60 min), and
the lowest vanillin yield was 0.33% in standard run 3
(190.3 mg/L of Fe°, 247.3 mg/L of Fe**, 356.8 mg/L of
Fe**, and 9422.0 mg/L of H,O, at 25 °C for 15 min). These
results show that the three independent parameters governed

%Yield of Vanillin (g Vanillin/g lignin)

B: Temperature ('C)
25 25

)
[
2
2
£
T‘;
>
=]
£
TE“
>
k]
et
2
g
q
& 60
40 o C: Time (min)

B: Temperature ('C) 50 15

Fig. 1 Response surface for vanillin production in lignin
depolymerization by synergistic catalytic Fenton oxidation, elucidating
the effects of synergistic catalysts and temperature at 60 min of reaction

vanillin production from lignin via heterogeneous Fenton
oxidation.

Vanillin yield was subjected to ANOVA to assess the
goodness of fit (Table 3); the p values for the three factors
were less than 0.05. Therefore, the concentration of synergis-
tic catalysts and the temperature, as well as the reaction time,
significantly influenced vanillin production. However, the in-
teraction between two factor variables was not significant
(p>0.05). For a model equation based on Eq. (1), the high
values of R* of 0.9464—close to 1—together with the predict-
ed R? 0f0.9127 are in reasonable agreement with the adjusted
R? of 0.9335, with a difference of less than 0.2. These fit
statistics prove that the model equation in Eq. (1) is suitable
to describe the responses of the experiment for vanillin pro-
duction in lignin depolymerization via synergistic catalytic
Fenton oxidation. Moreover, the lack of fit for Eq. (1) was
not significant, which suggests that the experimental data of
the vanillin yield sufficiently fit the model.

%Yield of Vanillin (g Vanillin/g lignin)

C: Time (min)

A: Synergistic catalysts (Times) 25 15
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07 L
[5) |
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3 ./
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04 .
- L}
n
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03 04 0.5 0.6 0.7 08
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time (a), the effects of synergistic catalysts and reaction time at 50 °C (b),
the effect of reaction time and temperature at 5 times the synergistic
catalysts (c), actual and predicted plots of vanillin yield (%)
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Table 3 Analysis of variance (ANOVA) of the models and coefficient estimates for response parameters

Adjusted R* Predicted R* Adequate precision Coefficient of variance

Lack of Fit F-value R>

Responses Final equation in term of actual factors

4.90%

31.8423

0.9127

0.9464 0.9335

1.89

0.5791-0.1025A + 0.0167B + 0.0724C — 0.0220A% — 0.0269B% — 0.0216C> < 0.0001

Eq. (1)

Vanillin

4.86%
14.42%
3.68%
4.06%
4.74%

24.5401

0.8647
0.6738
0.6118

0.9159 0.8957
0.7795 0.7371

<0.0001 31.28

<0.0001
<0.0001

128.69 —21.26A —4.20B — 8.14C — 5.79 BC + 7.49B - 7.04C? Eq. (2)
18.07 - 5.70A — 1.04B —2.32C +2.36A% + 3.56C> Eq. (3)

876.93 —53.53A —23.40B — 24.58C Eq. (4)
475.71 —22.78A - 14.83B—7.70C Eq. (5)

FRAP
DPPH
ABTS
TPC

14.4764
17.8017
13.2735

0.5151
8.53

0.7128 0.6820
0.5791 0.5340

0.2602 0.1809

0.4623
0.0332

<0.0001 16.87

6.7177

1.17

0.0354

0.8642 4+ 0.0251A +0.0093B + 0.0143C Egq. (6)

Aromatic

For a model equation based on Eq. (1), the term of concen-
tration of the synergistic catalyst had a negative coefficient in
the equation of vanillin yield. This indicates that the vanillin
yield obtained was increased with a decrease in the initial
concentration of the synergistic catalyst. On other hand, the
terms reaction temperature and time showed positive coeffi-
cients in the equation, implying that the vanillin yield depends
on temperature and reaction time. However, this study did not
investigate the rate of vanillin formation from lignin depoly-
merization. Thus, the relationship between temperature and
the rate of vanillin production is not discussed here.
Nevertheless, temperature is an important factor in vanillin
production. This could be explained based on the collision
theory, where increasing the temperature increases the force
of molecular collisions until the bonds in lignin are broken,
leading to the liberation of lignin-derived molecules which
react continuously to form vanillin and other components by
multistage reactions. Complex multistage reactions take a
long time under mild conditions.

Lignin depolymerization by synergistic catalytic Fenton
oxidation is presented in Fig. 2. Hydroxyl radicals have a redox
potential of +2.33 V, which is higher than that of H,O,
(+ 1.36 V). Hydroxyl radicals generated from Fenton reaction
can effectively oxidize and cleave carbon—carbon and ether
bonds, leading to the depolymerization of lignin. Furthermore,
lignin is not only depolymerized, but repolymerization between
lignin moieties is also prevented [26]. Therefore, Fenton reac-
tions have proved that the hydroxyl radicals generated have the
potential to depolymerize lignin under mild conditions.

Apart from the depolymerization technique used depend-
ing on both the source of lignin and the isolation process,
lignin macromolecules contain more guaiacyl than syringyl
subunits, which were isolated chemically, leading to higher
amounts of more recalcitrant carbon—carbon linkages such as
(-5" and (-3’ linkages [14]. The alkaline lignin (TCI) used in
this study contains more guaiacyl than syringyl units, as
discussed below. Therefore, the depolymerization of alkaline
lignin (TCI) should obtain guaiacyl-derived compounds as the
main products [21]. Fortunately, vanillin is a guaiacyl-derived
compound and was the desired product in this study; it was the
major component in the mixture of ethyl acetate-soluble com-
pounds after reaction.

3.2 Effects of condition parameters on antioxidant
activity

The antioxidant activities of lignin-derived substances in the
aqueous phase from the 32 experiments are shown in Table 2.

3.2.1 Ferric-reducing antioxidant power

The results show that the highest FRAP of 165.66 g TE/g
initial lignin was obtained in the standard run 10 (38.1 mg/L
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Fig. 2 Schematic representation of lignin depolymerization by
synergistic catalytic Fenton oxidation. The reactions between H,0, and
iron species generate hydroxyl radicals (OH'). Hydroxyl radicals with

of Fe’, 49.5 mg/L of Fe?*, 71.4 mg/L of Fe’*, and 1884.4 mg/
L of H,O, at 25 °C for 37.5 min). However, high levels of
synergistic catalyst concentration (190.3 mg/L of Fe’,
2473 mg/L of Fe**, 356.8 mg/L of Fe**, and 9422.0 mg/L
of H,O,) at 37.5 °C for 60 min gave the lowest FRAP at
88.97+£0.35 mg TE/g initial lignin in standard run 24.
Accordingly, with the result of vanillin obtained, the general
trend was that the obtained FRAP was also favored at a low
concentration level of synergistic catalysts.

However, temperature and reaction time for the highest
FRAP at 25 °C for 37.5 min were lower than those at which
the maximum vanillin yield was obtained (50 °C, 60 min). In
addition, the effect of the reaction time depends on the tem-
perature. For example, at low levels of synergistic catalysts at
50 °C, the FRAP values of 161.45, 151.16, and 125.48 mg
TE/g initial lignin were achieved within 15, 37.5, and 60 min
in standard runs 7, 16, and 25, respectively. At the lower
temperature of 25 °C, the FRAP values of 160.20, 165.66,
and 151.79 mg TE/g initial lignin were achieved within 15,
37.5, and 60 min in standard runs 1, 10, and 19, respectively.

The result of the ANOVA for the Quadratic Model of
FRAP indicates that synergistic catalysts, temperature, and

8 91011 1213 1415

GC-MS Chromatogram

16 17 18 19 20 21 22 23 24 25

high oxidation potential can oxidize and depolymerize lignin into low-
molecular-weight lignin-derived compounds under optimal conditions

reaction time significantly influence the ferric-reducing anti-
oxidant power. Moreover, the significant term of a two-way
interaction between temperature (B) and reaction time (C)
confirms that the effect of reaction time depends on the values
of temperature: the reaction time adversely affects the FRAP
obtained, especially at high temperature. Based on Eq. (2), the
high value of R? of 0.9159, together with the predicted R? of
0.8647, are in reasonable agreement with the adjusted R? of
0.8957, indicating the efficacy of the model.

3.2.2 DPPH radical-scavenging activity

The highest DPPH result of 35.47 pug TE/ g initial lignin
occurred in standard run 1 (38.1 mg/L of Fe’, 49.5 mg/L of
Fe®*, 71.4 mg/L of Fe**, and 1884.4 mg/L of H,0, at 25 °C
for 37.5 min at 25 °C for 15 min). This concentration level of
synergistic catalysts of five times was similar to the FRAP
result. However, when the synergistic catalyst concentration,
along with the reaction time, was increased, the lowest DPPH
result was achieved, in standard run 24 (18.80 ng TE/g initial
lignin). In addition, temperature did not obviously influence
this response.
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The result of the ANOVA of DPPH indicates that only the
concentration of synergistic catalyst and the reaction time are
statistically significant. The model in Eq. (3) is acceptable (F-
value of model <0.0001, R>= 0.7795) and significant. There
is only a 0.01% chance that the model F-value could occur due
to noise. The significant lack of fit for Eq. (3) suggests that the
experimental data sufficiently fit the model.

3.2.3 Trolox equivalent antioxidant capacity values

The highest ABTS result of 971.60 pug TE/g initial lignin
occurred in standard run 11 (114.2 mg/L of Fe’, 148.4 mg/L
of Fe**, 214.1 mg/L of Fe**, and 5653.2 mg/L of H,0, at
25 °C for 37.5 min). With a reaction time of 37.5 min and a
temperature of 25 °C, this is similar to the FRAP result.
However, a high level of the three factors showed the lowest
DPPH result, in standard run 27 (705.60 pg TE/g initial
lignin).

The result of the ANOVA of ABTS indicated that the con-
centration of synergistic catalysts and the reaction time, as
well as temperature, significantly influenced the ABTS result.
The model in Eq. (4) is acceptable (F-value of model <
0.0001, R*=0.7128) and significant. There is only a 0.01%
chance that the model F-value could occur due to noise.

Based on the antioxidant activity results, the values obtain-
ed from FRAP, ABTS, and DPPH assays, with an identical
standard of Trolox, are different. The FRAP values are much
higher than those of ABTS and DPPH because FRAP is relat-
ed to the number of hydroxyl groups on the aromatic rings and
the presence of a conjugated system on an aromatic ring, as
well as a side chain, on the lignin-derived compounds. In
contrast, ABTS and DPPH values are related to the number
of hydroxyl groups on the aromatic rings [6]. For this reason,
the FRAP values were considerably higher than those of
ABTS and DPPH.

Moreover, at the operative condition of maximum FRAP
and vanillin, i.e., low levels of catalyst concentration, we
found that FRAP was favored at 25 °C for 37.5 min in stan-
dard run 10, and vanillin formation was favored at 50 °C for
60 min in standard run 25. This result indicates that lignin
depolymerization by synergistic catalytic Fenton oxidation,
to generate low-molecular-weight lignin-derived compounds,
could be achieved at 25 °C for 37.5 min following vanillin
formation by side-chain oxidation or bond cleavage of dimer
molecules, which takes a long time and is favored at elevated
temperatures.

3.3 Effects of condition parameters on total phenolic
and aromatic contents

The result of the ANOVA of TPC shows that only the con-

centration of synergistic catalysts and the temperature signif-
icantly influenced total phenolic content. For a model

@ Springer

equation based on Eq. (5), the low values of R? of 0.5791,
together with the predicted R* of 0.4623 as well as the adjusted
R? of 0.5340, indicate that the model equation in Eq. (5) is
poor.

Similarly, the result of the ANOVA of aromatic content
shows that the concentration of synergistic catalysts signifi-
cantly influenced total phenolic content, whereas temperature
and time were not significant. For a model equation based on
Eq. (6), the low values of R? of 0.2602, together with the
predicted R* of 0.0332 as well as the adjusted R* of 0.1809,
indicate poor model equation.

Therefore, Egs. (5) and (6) are not suitable to describe
the responses of the experiment for total phenolic content
and aromatic content, respectively. This result could be
explained by the hydroxyl radicals from the Fenton reac-
tion, which react with phenolic moieties via electrophilic
attack to generate aromatic intermediates; however, the
ring-opening reaction of aromatic intermediates by hy-
droxyl radicals is relatively low when the temperature
of the Fenton reaction is below 140 °C [7]. For this
reason, reaction temperature and time within the range
of the experiment had no effects on aromatic content in
lignin oxidation via the Fenton process.

3.4 Optimization and validation of the experimental
model of vanillin yield

Numerical optimization was used to determine the opti-
mal conditions of the operating parameters in the Fenton
process for the conversion of lignin into vanillin. The
goal for each parameter and a response were selected
from the menu. The three independent parameters cata-
lyst concentration, temperature, and time were main-
tained within the design range, and the maximum was
selected for the response variable vanillin yield. The op-
timal process conditions for vanillin production from lig-
nin through the heterogeneous Fenton oxidation were
predicted by the regression model.

Based on the response surface and desirability by the
Design-Expert software, three solutions were selected, and
the confirmation experiment was conducted at selected solu-
tions to compare the actual responses with the optimal predict-
ed values. Table 4 shows the comparison between the predict-
ed and actual values. Under these conditions, the maximum
vanillin yield obtained was 0.713% at 38.05 mg/L Fe°,
49.45 mg/L Fe**, 71.35 mg/L Fe’*, and 1884.4 ppm H,O,
at 41.404 °C for 60 min at pH 3. Differences between predict-
ed and experimental values were less than 5%. The optimum
vanillin yield obtained was 0.690% at 38.05 mg/L Fe,
49.45 mg/L Fe**, 71.35 mg/L Fe’*, and 1884.4 ppm H,O,
at 41.404 °C for 60 min at pH 3. This indicates the suitability
and applicability of the designed models.
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Table 4  Optimal conditions and model validation of vanillin production from numerical optimization

No. Optimal conditions Yield (g vanillin /g lignin)
Catalyst concentration, mg/L Temperature Time Predicted Experimented
Fe’ Fe?* Fe’* H,0, °C min

1 38.1 49.5 71.4 1884.4 41.404 60 0.713 0.690

2 38.1 49.5 71.4 1884.4 41.040 60 0.713 0.737

3 38.1 49.5 71.4 1884.4 42.171 60 0.713 0.690

Lignin 0 0 0 - - - - 0.192

3.5 Low-molecular-weight lignin-derived products

The low-molecular-weight lignin-derived compounds from
alkaline lignin depolymerization via synergistic catalytic
Fenton oxidation are shown in Fig. 3 and Table 5; 2.5% alka-
line lignin was depolymerized by synergistic catalytic Fenton
oxidation with optimized conditions, including 38.05 mg/L
Fe’, 49.45 mg/L Fe**, 71.35 mg/L Fe**, and 1884.4 ppm
H,0, at 41.404 °C for 60 min at pH 3. The reaction was
terminated by adjusting the pH to 7 prior to the extraction with
ethyl acetate for GC-MS analysis [25]. A mixture of aromatic
aldehydes, ketones, and esters in ethyl acetate was identified;
for example, peaks at retention times of 12.16 and 13.12 min
were identified as vanillin and acetovanillone, respectively.

Fig. 3 GC-MS chromatogram of

low-molecular-weight com- 9900000
pounds from lignin depolymeri-
zation using synergistic catalytic 8900000
Fenton oxidation under optimized
reaction conditions 7900000
6900000
5900000
g
2 4900000
3900000
2900000
1900000
900000

Fortunately, vanillin, which is aldehydic, showed the largest
area (71.40%) of the chromatogram peaks. In addition,
vanillin-derived esters, such as ethyl vanillate (retention time
of 14.24 min) and methyl homovanillate (retention time of
15.02 min), were also identified. These aromatic compounds
are derived from the guaiacyl subunit of lignin. On the other
hand, syringyl-derived compounds represented peaks with a
small area in the chromatogram and included aldehyde types
(syringaldehyde, retention time of 15.13 min) and ketone
types (acetosyringone, retention time of 15.96 min).

This implies that the alkaline lignin used as a raw
material in this study might contain more guaiacyl than
syringyl units [21]. As a result of GC-MS analysis, the
existence of the aromatic compounds in the aqueous
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Table 5
scores obtained by searching the NIST02 database

Identification of the major lignin-derived products in the ethyl acetate-soluble portion and their retention time (RT), formula, and matching

No. RT  Area CAS IUPAC name Other names Chemical Matching scores
min % number formula (NISTO2 database)
1 320 1.70 107-89-1 3-hydroxybutanal Acetaldol C4Hg0, 72%
2 374 1.89 123-86-4  butyl acetate Acetic acid n-butyl ester C¢H 5,0, 86%
3 7.50 133 90-05-1 2-methoxyphenol Guaiacol C;Hg0, 95%
4 11.74 1.71 123-08-0  4-hydroxybenzaldehyde 4-Hydroxybenzaldehyde C;HgO, 96%
5 12.16 71.40 121-33-5  4-hydroxy-3-methoxybenzaldehyde Vanillin CgHgO5 98%
6  13.12 11.33 498-02-2 1-(4-hydroxy-3-methoxyphenyl)ethanone Acetovanillone CoH ;o053 95%
7 1424 0.64 617-05-0  ethyl 4-hydroxy-3-methoxybenzoate Ethyl vanillate CioH1204  50%
8 15.02 0.70 306-08-1 2-(4-hydroxy-3-methoxyphenyl)acetic acid ~ Homovanillic acid CoH¢Oy4 58%
9 1513 093 134-96-3  4-hydroxy-3,5-dimethoxybenzaldehyde Syringaldehyde CoH o0y 94%
10 1538 1.70 18256-48-9 2-hydroxy-1-(4-hydroxy-3-methoxyphenyl)  2,4’-Dihydroxy-3’ CoH 004 97%
ethanone methoxyacetophenone
11 1596 0.54 2478-38-8  1-(4-hydroxy-3,5-dimethoxyphenyl)ethanone Acetosyringone CioH;204  86%

phase indicated that synergistic catalytic Fenton oxida-
tion under optimized conditions is a potential approach
toward lignin valorization to produce mainly vanillin,
using technical lignin as raw material.

Comparing with other studies, both homogeneous and
heterogeneous catalytic Fenton oxidations were applied
for the depolymerization of lignin to generate chemicals.
However, it has been reported that dicarboxylic acids are
the main components of lignin-derived compounds after
lignin depolymerization by Fenton oxidation with ferrous
iron [13, 27] and chalcopyrite [18] as catalysts. These
dicarboxylic acids are byproducts of aromatic ring cleav-
age of lignin monomers.

In the present study, optimized synergistic catalyst concen-
tration, temperature, and reaction time achieved lignin depo-
lymerization. Furthermore, with mild conditions at tempera-
tures lower than 60 °C, at ambient pressure, and within
60 min, vanillin is the main component of the lignin-derived
products, not dicarboxylic acid. This indicates that the tech-
nique described in the present study could control the oxida-
tion process in lignin depolymerization to minimize aromatic
ring cleavage, avoiding dicarboxylic acid formation and
achieving a high aromatic aldehyde content in the product
mixture.

4 Conclusions

In the current study, the three independent variables of the
heterogencous Fenton oxidation of lignin, including Feo,
Fe?*, Fe**, and H,0, concentration, temperature (25—
50 °C), and reaction time (15-60 min), were investigated to
optimize the process condition of the Fenton oxidation for the
conversion of technical lignin into vanillin. Response surface
methodology using a three-level factorial design was
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employed to evaluate the effects of factors on the response
and to provide a regression model for the prediction of the
response. The result shows that the concentration of the syn-
ergistic catalyst had a negative effect on vanillin yield, where-
as reaction temperature and time had positive effects.
However, the three factors had effects on antioxidant activi-
ties, although they did not differ from that on vanillin yield.
Numerical optimization and desirability function were carried
out using the Design-Expert software. The optimum condi-
tions for the conversion of lignin into vanillin through
Fenton oxidation were 38.05 ppm Fe°, 49.45 ppm Fe**, and
71.35 ppm Fe®*, incorporating 1884.4 ppm H,0, at 41.80 °C
for 60 min and pH 3 at a stirring speed of 250 rpm. Under
optimum conditions, vanillin yield was 0.690%, which was
increased by 259.38% from the starting material. The GC-MS
result of the ethyl acetate fraction from treated lignin under
optimum conditions confirmed that the major component is
vanillin, followed by acetovanillone and small quantities of
methyl homovanillate and ethyl vanillate. We show that the
heterogeneous Fenton oxidation is an effective approach to
convert lignin into vanillin. However, vanillin yield needs to
be improved. Further studies are therefore needed to investi-
gate the effects of process parameters, such as ratio of lignin
and hydrogen peroxide and sequential addition of hydrogen
peroxide, to overcome the negative effects of high reactant
concentrations on the formation of products.
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