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Abstract: The catalytic oxidation of phenethoxybenzene as a lignin model compound with a β-O-4
bond was conducted using the Keggin-type polyoxometalate nanocatalyst (TBA)5[PMo10V2O40].
The optimization of the process’s operational conditions was carried out using response surface
methodology. The statistically significant variables in the process were determined using a fractional
factorial design. Based on this selection, a central circumscribed composite experimental design
was used to maximize the phenethoxybenzene conversion, varying temperature, reaction time, and
catalyst load. The optimal conditions that maximized the phenethoxybenzene conversion were 137 ◦C,
3.5 h, and 200 mg of catalyst. In addition, under the optimized conditions, the Kraft lignin catalytic
depolymerization was carried out to validate the effectiveness of the process. The depolymerization
degree was assessed by gel permeation chromatography from which a significant decrease in the
molar mass distribution Mw from 7.34 kDa to 1.97 kDa and a reduction in the polydispersity index
PDI from 6 to 3 were observed. Furthermore, the successful cleavage of the β-O-4 bond in the Kraft
lignin was verified by gas chromatography–mass spectrometry analysis of the reaction products.
These results offer a sustainable alternative to efficiently converting lignin into valuable products.

Keywords: polyoxometalate nanocatalyst; Keggin-type; lignin model compound; β-O-4 bond;
heterogeneous catalysis; green chemistry

1. Introduction

Lignocellulosic biomass is a readily available, renewable, and biodegradable resource
that has attracted increasing interest with regard to producing clean energy and value-
added chemicals [1]. This biomass is composed mainly of cellulose, hemicellulose, and
lignin. Cellulose is a linear polymer of glucose molecules with ether linkages, whereas hemi-
cellulose contains heteropolymers composed primarily of xylose and mannose monomers.
Lignin is a complex three-dimensional polymer formed by the disordered polymerization of
phenylpropane monomers with hydroxyl or methoxyl substituents [2]. Cellulose and hemi-
cellulose are common feedstocks used in the production of paper, sugars, and biofuels [3,4].
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Nevertheless, lignin, a major byproduct of these industrial activities, has not been efficiently
used for chemical production, being mainly employed for bioenergy generation.

Because lignin is a complex macromolecule with a large variability of bond types,
designing a specific catalyst to transform it is a complex task. Therefore, it is necessary
to use model compounds to study the catalytic systems, particularly in the elucidation of
lignin reaction pathways. These model compounds are especially useful, and they mainly
consist of monomeric and oligomeric (mostly dimeric) phenylpropane structures [3,5,6]. In
lignin, about 60–75% of the bonds between structural units correspond to ether bonds [7]
and, within those, the β-O-4 ether bond, significantly weaker than the rest, corresponds to
45–62% of all types of bonds. Therefore, most studies on the mechanisms of the catalytic de-
polymerization of lignin focus on the cleavage of the β-O-4 bond [3]. Thus, we can establish
that the lignin macromolecule is susceptible to a wide range of chemical transformations,
and its fragmentation reactions can be divided into catalytic cracking, hydrolysis, reduction,
and oxidation [8,9]. Recent research has established that the development of robust and
selective catalytic processes specifically designed for efficient lignin conversion will be key
in a lignin valorization program; this should be a central effort, such as in the petrochemical
industry [10–12]. Among the technologies nowadays available, selective catalytic oxidation
is proposed for obtaining oxidized lignin monomers such as syringaldehyde, vanillin, and
vanillic acid [13]. The selective catalytic oxidation process has been studied in vapor and
liquid phase systems; liquid-phase systems are more favorable since they are carried out
under mild conditions of pressure and temperature in comparison with the gas-phase
ones [14].

In liquid-phase oxidation, the choice of the oxidant determines the feasibility and
efficiency of the catalytic system. According to the literature, the aerobic system (O2) is the
ideal one and, therefore, the most widely used for lignin catalytic oxidation [15]. Molecular
oxygen O2 has been considered the most environmentally friendly oxidant because it is
cheap, easy to handle, and efficient, with water being the only by-product [16,17]. In recent
years, many catalysts have been studied for this purpose; among them, polyoxometalates
(POM) have attracted attention and have shown high catalytic activity in the oxidation of
various target molecules [14]. Several studies have shown that the redox catalytic activity
of Keggin-type polyoxometalates can be improved with Mo atom substitution by V in
their primary structure [18]. This effect can be explained by considering the increases
in the oxidation potential due to the substitution of Mo6+ by V5+ in the POM structure,
owing to the higher reducibility of vanadium [19,20]. It has been determined that in the
catalytic cycle, the substrate is firstly oxidized, and the V5+ of POM is reduced to V4+,
then, the cycle is completed by the reoxidation of vanadium by O2 [21]. Additionally,
the similar diameter of phenylpropanoid units in lignin (~1.1 nm) [22] to the POMs pore
diameter is an extra feature. For instance, Liu et al. [23] successfully used Keggin-type
tungstophosphoric acid (H3PW12O40 or 12–TPA) to oxidize lignin alkali and concluded that
the unique characteristics of TPA, functioning as an acid catalyst and as a redox catalyst,
favored the lignin oxidation reaction. On the other hand, its nanometric dimension allows
a better interaction with the substrate and good dispersion in the reaction media. As
reported in our previous work, the disubstituted V5+ POM showed interesting properties,
such as higher crystallinity than the former precursor and thermal stability evidenced in
the TGA characterization. Moreover, the V5+ modification produced a better dispersion
of particles, generating a higher specific surface area, which is beneficial for the catalytic
conversion of the substrate [24].

The main goal of this study was to carry out the catalytic oxidation of phenethoxy-
benzene as a dimeric model to study the selective oxidation of the β-O-4 bond in the
lignin. Additionally, the optimization of the operational conditions of the process using the
TBA5[PMo10V2O40] nanocatalyst was carried out. The optimization model was validated
in triplicate and, after that, Kraft lignin was used as a substrate to prove the effectiveness of
the process in real conditions. The results of this study offer a new strategy for developing
efficient and cost-effective catalytic systems for lignin valorization.
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2. Results and Discussion
Statistical Analysis

The model for the screening design was significant at the 95% confidence level, and the
coefficient of determination R2 was 0.984 (Table S1). The significance of the coefficients (β)
is related to the significance of the variable (X) for the response (conversion %). The results
(Table 1) showed that only the time and temperature variables (X1 and X2) had a significant
effect on the conversion % (p < 0.05), whereas the O2 pressure and the catalyst load did not
affect the conversion. These results agree with those obtained in similar studies that used
polyoxometalates in the catalytic valorization of biomass, in which time and temperature
were the main factors in the process [25,26].

Table 1. Regression analysis results of first-order polynomial model for the fractional
factorial screening.

Term Coefficient (β) Standard Deviation p-Value

Constant 80.8 1.5 <0.05
X1 −0.0272 0.0042 <0.05 *
X2 −2.96 0.23 <0.05 *
X3 −0.115 0.084 0.24
X4 −0.0047 0.0046 0.36

* Significant at 95% confidence level.

The slightly negative coefficients of the model are possibly due to the proximity to
the zero point of the design to a maximum of the model, such that when it was increased
in absolute value, the effect of the variable decreases. This observation is supported by
a previous study by Reichert et al. [27] involving the aerobic catalytic oxidation of model
lignocellulosic biomass substrates with H8[PVXMo12-XO40] type heteropolyacids, where
it was found that neither the variation of O2 reaction pressure nor the stirring rate had
a significant influence on the reaction.

The simultaneous optimization of the reaction’s time (X1), temperature (X2), and
catalyst load (X3) was performed using a CCC-circumscribed central composite design,
and the results are depicted in Table 2. In the previous screening study, it was determined
that temperature and time were statistically significant variables. To these variables, the
catalyst load (which is one of the non-significant variables) was added in this study to
optimize this variable interaction with X1 and X2. Also, it is possible that the X3 variable
was not significant because the maximum value was close to the central point (0) in the
screening. According to the preliminary screening study, the oxidant (O2) pressure was set
at 5 bar for optimization. The analysis of variance (ANOVA) for the second-order model is
shown in Table S2. The lack of fit was found to be not significant (p > 0.05), indicating that
the fitted model adequately represents the data. The regression was significant at a 95%
confidence level, with an R2 value of 0.948.

Table 2. Circumscribed central composite (CCC) optimization design and obtained response.

Run
Variable Levels Conversion

X1
T [◦C]

X2
t [h]

X3
Mcat [mg] [%]

1 140 3.8 150 68.1
2 150 3.8 150 71.4
3 140 4.7 150 67.4



Molecules 2023, 28, 6368 4 of 14

Table 2. Cont.

Run
Variable Levels Conversion

X1
T [◦C]

X2
t [h]

X3
Mcat [mg] [%]

4 150 4.7 150 67.6
5 140 3.8 250 69.7
6 150 3.8 250 68.4
7 140 4.7 250 67.9
8 150 4.7 250 69.7
9 137 4.3 200 60.4
10 153 4.3 200 58.5
11 145 3.5 200 62.7
12 145 5.1 200 66.0
13 145 4.3 116 60.1
14 145 4.3 284 61.8
15 145 4.3 200 70.9
16 145 4.3 200 68.1
17 145 4.3 200 69.4

The experimental data were fitted to a second-order polynomial equation using
the polynomial model for phenethoxybenzene conversion that can be written as follows
(Equation (1)):

Conversion (%) = β0 + ∑k
i=1βiXi + ∑k

i=1βiiX
2
i + ∑i∑

k
i<j=2βijXiXj + ei (1)

where β (0 = intercept, i = linear, ii = quadratic, and ij = interaction) and Xi, Xj (i = 1, 3;
j = 1, 3; and i 6= j represents the coded independent variables) are the coefficients of the
model. With the fitted quadratic polynomial equation, contour plots were developed to
analyze the interaction between the terms and their effects on the phenethoxybenzene
conversion performance.

Figure S1A displays the residuals versus the predicted values, which indicate a random
distribution of residuals. Figure S1B shows a normal probability plot of the residuals,
revealing a straight line that indicates that the residuals were normally distributed. These
results demonstrate that the model accurately fits the data. Table 3 shows the estimated
coefficients for the second-order model. The p-values obtained for the coefficients of the
regression analysis indicate that the quadratic terms X12, X22, and X32 were significant at
the 95% level.

Table 3. Analysis of second-order polynomial regression model coefficients.

Term Coefficient (β) Standard Deviation p-Value

Constant 69.47 0.93 <0.05 *
X1 0.06 0.43 0.898
X2 −0.62 0.57 0.321
X3 0.30 0.43 0.525

X1X1 −3.54 0.52 <0.05 *
X2X2 5.86 0.85 <0.05 *
X3X3 −3.01 0.52 <0.05 *
X1X2 0.00 0.57 1.000
X1X3 −0.38 0.57 0.538
X2X3 0.50 0.42 0.419

* Significant at 95% confidence level.
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The final equation of the response model in terms of the factors (variables) can be
expressed as shown in Equation (2), based on the values obtained for the statistically
significant coefficients:

Conversion (%) = 69.47 + 0.06 · X1 − 0.62 · X2 + 0.30 · X3 − 3.54 · X2
1 + 5.86 · X2

2 − 3.01 · X2
3 (2)

The negative quadratic coefficients obtained are consistent with the results obtained by
Shatalov et al. [28] in a system similar to ours. In their study, the authors used polyoxo-
molybdovanadate catalysts for the catalytic oxidation of hemicelluloses and found that the
quadratic terms of temperature (−), time (+), and catalyst load (−) were significant. The
presence of significant quadratic terms indicates that the response surface has a maximum,
which corresponds to the optimal value of the surface.

The negative value of the temperature coefficient can be attributed to the possibility
of the over-oxidation of the substrate and/or its products. This effect was analyzed by
Li et al. [29] in an oxidation reaction of lignocellulose with ionic liquids (IL) polyoxomet-
alates ([MIMPS]2H4P2Mo18O62). Their work showed that since the oxidation process of
these substrates is slightly exothermic, it is necessary to work at low temperatures to avoid
slowing down the reaction rate and inhibiting it. The positive coefficient of the reaction
time indicates that increasing the reaction time leads to higher substrate conversion (%).

The negative coefficient of the catalyst load can be explained by the presence of side
reactions that generate by-products, which could limit the maximum conversion of the
reaction to 75.8%, as observed in the present study. The optimum reaction conditions were
determined by maximizing the conversion (%) of phenethoxybenzene using the regression
model (Equation (1)), and the resulting conditions were 136.6 ◦C, 3.5 h, and 200 mg of
nanocatalyst, which generated 75.8% of phenethoxybenzene conversion.

Based on the model, the quadratic terms of temperature (X12), time (X22), and catalyst
load (X32) were found to be the main factors affecting the conversion of phenethoxybenzene,
whereas the linear terms and interactions were not significant. The response surface shown
in Figure 1A and contour plots in Figure 1B were generated to illustrate the optimal
combination of factors that produce the highest conversions of phenethoxybenzene.
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Figure 1. (A) Response surface for the catalytic conversion (%) of phenethoxybenzene as a function
of time (h) and temperature (◦C). (B) Contour plots of the conversion (%) of phenethoxybenzene
predicted from the model (each contour level is equivalent to 1% of conversion). Both plots are
presented at a constant catalyst load (Mcat) of 200 mg.
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It is noteworthy that the maximum conversion of the response surface is at the edge
of the response surface (Figure 2a). A local maximum could not be found in the studied
interval of time, however, according to the response surface graph, it is plausible that a high
conversion could still be attained in a shorter time. To validate the mathematical model
obtained, an experiment was conducted under the optimum operating conditions predicted
by the response surface methodology (RSM). The conditions and results obtained from
the experiment are presented in Table 4. A phenethoxybenzene conversion of 76.7% was
observed under the predicted conditions by the RSM. This value is slightly higher than that
predicted by the model (75.8%), but it is within the accepted tolerance range of 73.2% to
78.4%. Thus, we can conclude that the model is appropriate to describe the experimental
data with a 95% confidence interval.

Molecules 2023, 28, x FOR PEER REVIEW  6  of  14 
 

 

76.7% was observed under  the predicted conditions by  the RSM. This value  is slightly 

higher than that predicted by the model (75.8%), but it is within the accepted tolerance 

range of 73.2% to 78.4%. Thus, we can conclude that the model is appropriate to describe 

the experimental data with a 95% confidence interval. 

Table 4. Obtained values from the optimization with the RSM. 

Independent Variables 
Codified 

Variables 
Optimal Value 

Conversion [%] 

Predicted  Experimental ± SD 

Temperature    [°C]  X1  137 

75.8 ± 2.6 *  76.7 ± 0.2 ** Time  [h]  X2  3.5 

Catalyst load  [mg]  X3  200 

* From 5 d.f. of residuals and two-tailed t-distribution with 95% confidence; ** n = 3. 

Under the optimized conditions, a GC–MS analysis was carried out to identify the 

products from the phenethoxybenzene conversion. In Figure 2, a scheme with the reaction 

process (a) and the proposed oxidation pathway (b) are depicted. As can be seen, all prod-

ucts come from the breaking at β-O-4 and α positions yielding monomeric products A, B, 

D, and E. Eventually, the activated units could lead to the condensation to produce C. 

 

Figure 2. (a) Catalytic oxidation of phenethoxybenzene and (b) proposed reaction pathway. 

Table 5 shows a comparison between the proposed methodology for the catalytic ox-

idation of the β-O-4 bond of phenethoxybenzene with others reported in the literature for 

similar substrates containing the β-O-4 bond. By comparing the methodologies reported 

in the literature, it is observed that the optimized catalytic system proposed in this work 

is competitive with those previously reported. As can be seen from Table 5, a relatively 

high conversion percentage (up to 76.7%) was reached, and compared with similar sys-

tems, a relatively short time is needed to accomplish high conversion. On the other hand, 

Figure 2. (a) Catalytic oxidation of phenethoxybenzene and (b) proposed reaction pathway.

Table 4. Obtained values from the optimization with the RSM.

Independent Variables Codified
Variables

Optimal
Value

Conversion [%]

Predicted Experimental ± SD

Temperature [◦C] X1 137
75.8 ± 2.6 * 76.7 ± 0.2 **Time [h] X2 3.5

Catalyst load [mg] X3 200
* From 5 d.f. of residuals and two-tailed t-distribution with 95% confidence; ** n = 3.

Under the optimized conditions, a GC–MS analysis was carried out to identify the
products from the phenethoxybenzene conversion. In Figure 2, a scheme with the reaction
process (a) and the proposed oxidation pathway (b) are depicted. As can be seen, all
products come from the breaking at β-O-4 and α positions yielding monomeric products
A, B, D, and E. Eventually, the activated units could lead to the condensation to produce C.

Table 5 shows a comparison between the proposed methodology for the catalytic
oxidation of the β-O-4 bond of phenethoxybenzene with others reported in the literature
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for similar substrates containing the β-O-4 bond. By comparing the methodologies reported
in the literature, it is observed that the optimized catalytic system proposed in this work
is competitive with those previously reported. As can be seen from Table 5, a relatively
high conversion percentage (up to 76.7%) was reached, and compared with similar systems,
a relatively short time is needed to accomplish high conversion. On the other hand,
compared to the reports with higher conversions using ionic liquids, or lasting up to
168 h, in this work, the reaction could be carried out in a shorter time with a conventional
mixture of solvents, reducing technical costs. Additionally, it is a highly stable catalyst, as
demonstrated in our previous study, in which, after several cycles of reuse in the benzyl
alcohol oxidation, the structure and catalytic activity was maintained [24]. This suggests
that our system could be an efficient and sustainable alternative for the catalytic oxidation
of β-O-4 bonds in lignin model compounds.

Table 5. Comparison of the catalytic system studied with others reported in the literature for the
oxidation of the β-O-4 bond in model compounds.

Catalyst Solvent Oxidant Time (h) T (◦C) P (MPa) Conversion (%) Ref.

K5[SiVW11O40]·12H2O Buffer acetate
sodium (pH 5.0) SiVW11O40

5− 1.0 25 - 31 [30]
V(salen) CH3CN air 24.0 80 0.1 37 [31]

(dipic)V(O) DMSO air 168 100 0.1 95 [32]
MTO Acetic acid H2O2 6.0 r.t 0.1 75 [33]
TBD [BDMIm]Cl - 2.0 130 - 67 [11]

ILs-CrCl3·6H2O ILs + H2O - 1.0 150 - 82 [34]
(TBA)5PMoV2 MeOH: H2O O2 3.5 137 0.5 77 This work

To assess the feasibility of the process, the catalytic selective oxidation of the β-O-4
bonds was tested in Kraft lignin depolymerization. The experiment was carried out under
the validated optimal conditions, and the reduction in molecular weight and polydispersity,
as well as the determination of depolymerization products, were used to evaluate the
efficiency of the process. The determination of the molecular weight distribution and
polydispersity index is crucial for determining the depolymerization degree of lignin.
Figure 3 displays the elution profiles obtained for control and catalytically treated lignin
after the derivatization treatment. As can be seen, after the catalytic process, the Kraft lignin
underwent a significant transformation by reducing the weight average molecular weight
(Mw) from 7.34 ± 0.06 to 1.97 ± 0.03 kDa, indicating a significant depolymerization degree.
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Additionally, it was observed that after the treatment, not only was the molar mass
distribution modified, but the PDI was also greatly reduced by half from 6.00 ± 0.05 to
3.00 ± 0.30, suggesting that the depolymerization process produces selective bond breaking,
obtaining a more homogenous distribution of molecular weights. These findings further
confirm the effectiveness of the proposed catalytic system in the conversion of lignin.

With the aim of acquiring more insights on the mechanism involved in the Kraft lignin
depolymerization process by the catalytic system, GC–MS analysis was conducted on the
reaction products. The results of the identification of the reaction products are presented in
Figure 4 and Table S3. As can be seen in Figure 4, different monomers and dimers were
observed as the main reaction products, with a predominance of 1-(2,4,6-trimethoxyphenyl)-
2-propene and phenethoxybenzene.

Figure 4. GC–MS chromatogram of products obtained from hydrothermal aerobic catalytic oxidation
of lignin and some identified compounds: 1. Dimethyl malonate, 2. 2-Butenedioic acid (Z)-, dimethyl
ester, 3. Benzoic acid, methyl ester, 4. p-hydroxybenzoic acid methyl ester, 5. Methyl 4-hydroxy-3-
methoxybenzoate, 6. Phenethoxybenzene, and 7. 1-(2,4,6-trimethoxyphenyl)-2-propene. (Complete
list in Table S3).

The β-O-4 bonds in lignin consist of two types of bonds: C-C and C-O. These bonds
connect the two benzene (aryl) rings and can be broken to generate functional groups
such as aldehydes, ketones, and carboxyls in the resulting lignin fragment. Increasing the
number of oxygen-rich functional groups in the lignin fragment can increase the distance
between the π-π stacking of the aromatic rings, weakening the inter-unit forces that hold
the lignin together and facilitating its dissociation [6]. The results of GC–MS analysis of
the reaction products from the catalytic oxidation of lignin showed that the nature of the
reaction products indicates cleavage of the β-O-4 bond, as evidenced by the abundant
presence of oxidized fragments of veratryl alcohol (number 13, Table S3). Furthermore, the
absence of vanillin and syringaldehyde among the reaction products indicates that there is
a predominantly heterolytic β-O-4 bond-breaking mechanism [35].

In the process of breaking the β-O-4 bond, the products obtained include phenols,
ethers, and aromatic esters, which were generated while maintaining the integrity of the
aromatic ring in most cases. Compared to C-C bonds, C-O bonds are more prone to
breakage due to the abundance of hydroxyl and ether groups in the aromatic rings and
aliphatic chains of lignin, where C-O ether bonds are the most susceptible to break [36].
Additionally, studies such as that of Li et al. [37] suggest that the cleavage of C-O bonds is
facilitated by catalysts with Lewis’s acid activity, which would thermodynamically favor
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the process. Although products obtained from the cleavage of the C-C bond, specifically
the β-β bond, can be observed, such as 2-Propenoic acid, 3-(4-hydroxyphenyl)-, methyl
ester (number 14, Table S3), they are present in smaller amounts. Studies of the catalytic
oxidation of lignin model compounds with POMs have shown that the conversions of C-O
bonds are five times higher than those of the C-C bond [37]. Aromatic ring cleavage has also
been observed, generating C6 dicarboxylic acids (mainly muconic acid), which are unstable
and are rapidly converted to C4 and C2 dicarboxylic acids, which are relatively more
stable [38]. Among the dicarboxylic acids found are the esters of malonic acid (number 2,
Table S3), maleic or 2-butene-dioic acid (number 3, Table S3), and succinic or 2-butanedioic
acid (number 4, Table S3), which have been reported to have a high prevalence in lignin
oxidation [38]. All reaction products were found in their ether or ester form rather than
their form with the hydroxyl-OH functionality.

This phenomenon was studied by Voitl et al. [39], who established that since lignin
degradation with POMs generates radical intermediates, it could lead to repolymerization
by condensation, inhibiting the efficiency of lignin degradation. One way to prevent these
lignin–lignin condensation reactions in aqueous solvents is the inclusion of low molecular
weight alcohols such as methanol. The mechanism by which methanol acts starts with the
generation of dimethyl ether (DME) catalyzed by POM, then, the homolytic cleavage of
the C-O bond of DME generates •OCH3 and •CH3 radicals. These radicals act as radical
traps that couple with the lignin fragments before repolymerization occurs, generating
the respective esters or ethers. This contradicts what was previously inferred from the
analysis of the reaction products on the heterolytic mechanism. These two assertions can
be reconciled if a two-stage mechanism is proposed, where the first step is the generation
of the lignin fragment via heterolysis, and in the second step, the radical that will give
way to the corresponding ether or ester is added. This is why POMs have been used in
esterification or trans-esterification reactions [40]. The analysis of the reaction products
supports the decrease in molar mass values in the catalytic depolymerization of lignin,
indicating the formation of low molecular weight products and shedding light on the
depolymerization reactions occurring within the reaction [36,41].

3. Materials and Methods
3.1. Materials

Phenethoxybenzene standard (97%, AmBeed, Arlington Heights, IL, USA) and all
solvents (HPLC Grade, Merck, Darmstadt, Germany) were used in their commercial
form without further modification. The synthesis of the catalyst TBA5[PMo10V2O40] was
carried out following the reported methodology in our previous study [24]. In brief, the
synthesis of the nanocatalyst TBA salt of the Keggin-type phosphomolybdodivanadate was
carried out by hydrothermal method. In a typical preparation, a stoichiometric mixture
of precursors, 0.01 mol H3PO4, 0.01 mol of V2O5, and 0.11 mol of MoO3, was dissolved in
150 mL of deionized water. subsequently, the solution was transferred to the autoclave and
maintained at 80 ◦C with continuous stirring for 4 h. After cooling to room temperature,
all the insoluble residues were removed by filtration, and the solution was heated again
to 60 ◦C, followed by the addition of tetrabutylammonium bromide (0.012 mol). Finally,
the precipitated nanoparticles were recovered by filtration and dried under vacuum until
constant weight (±0.002 g). The full characterization of the catalyst can be found in our
previous report [24].

3.2. Reaction Conditions

The experiments were performed in an O2 atmosphere in a semi-batch stainless steel
hydrothermal reactor with methanol: water (90:10 using v/v) as solvent (Figure 5). In
a typical reaction, 1 g (0.01 mol) of phenethoxybenzene, the catalyst load according to
the experimental design (100, 150, or 200 mg), and 20 mL of the solvent were added
to the reactor. Subsequently, the reactor was purged three times with O2 (99.5%, Linde,
Concepción, Chile) and pressurized with the same gas to reach the desired O2 concentration
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(2, 4.5, or 7 bar). Finally, the pressurized reactor was heated with a heating rate of 10 ◦C
min−1. The selected stirring speed was 600 rpm to avoid undesired diffusive control of
the reaction.
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3.3. Analytical Methodology

The phenethoxybenzene concentration was determined using an HPLC–DAD (Perkin
Elmer, Flexar) with a mobile phase composition of H2O (A), Acetonitrile (B), and Methanol
(C) with a flow rate of 1.0 mL min−1. The elution was carried out in gradient mode as
follows: Step 1: 0–2 min A (50%), B (30%), and C (20%). Step 2: 2–10 min A (10%), B (30%),
and C (60%). Step 3:10–15 min A (10%), B (30%), and C (60%). Step 4: 15–20 min A (50%),
B (30%), and C (20%). A ZORBAX Eclipse XDB–C18 column, 4.6 × 15 mm, 3.5 µm, was
used as the stationary phase, and the wavelength for detection was 260 nm. The conversion
of phenethoxybenzene (XPhenethoxybenzene) was calculated according to Equation (3):

XPhenethoxybenzene(%) =
[Phenethoxybenzene]i − [Phenethoxybenzene]t

[Phenethoxybenzene]i
× 100 (3)

where the subindices i and t refer to the initial concentration and the concentration in
the time “t”, respectively. The depolymerization degree of Kraft lignin was determined
by comparing the molar mass distribution of the treated sample with the untreated one.
The molecular mass distribution of the samples was determined by gel permeation chro-
matography (GPC) using an SY-8100 UV-Vis detector (at 254 nm) with a binary LC Pump
250 (Perkin Elmer, Waltham, MA, USA) and LC Oven 101 (Perkin Elmer). Three styrogel
columns 7.8 mm × 300 mm (Waters Co., Milford, MA, USA) were used as the stationary
phase, and tetrahydrofuran (THF) HPLC grade was used as the mobile phase. The work-
ing flow rate was 0.5 mL·min−1 and the column temperature was maintained at 40 ◦C
by a heating furnace. The data analysis was performed using the chromatography data
handling system-Peak ABC 1.0 software.

The lignin was previously derivatized (acetylation) before its injection into GPC to
increase its solubility in THF [42,43]. Thus, 20 mg of untreated Kraft lignin (and 5 mL of
the treated sample) were added into 2 mL of pyridine and 2 mL of acetic anhydride (1:1%
v/v) with slight agitation for 20 h. Subsequently, 40 mL of miliQ water was added to the
previous suspension and centrifuged at 4000 rpm for 10 min. After that, the supernatant was
removed, and the solid was dried in an oven at 105 ◦C for 2 h. Once the sample was dried,
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1 mL of THF was added, passed through a 0.22 µm filter, and injected into the GPC. Finally,
the molecular weight was calculated from the calibration curve of polystyrene standards
with a molecular weight range of 78–2,112,000 g mol−1, and the reaction products were
confirmed by GC–MS using a GC model 7890A (Agilent, Santa Clara, CA, USA) coupled to
a 5975C single quadrupole mass spectrometer (triple-axis detector).

3.4. Statistical Analysis

The optimization of the operational conditions for the catalytic aerobic oxidation of
phenethoxybenzene was carried out by an experimental design based on RMS method-
ology. For this purpose, firstly, a fractionated factorial screening design was performed
for the determination of statistically significant operating variables. A four-variable (n = 4)
fractional factorial multiple linear regression model (MLR) was used, for which 11 ex-
periments (24−1 + 3) were performed. According to Table 6, the investigated variables
were: temperature (T, ◦C), time (t, h), O2 pressure (PO2, bar), and catalyst load (Mcat,
mg). Subsequently, these variables were optimized using a CCC optimization design. In
both cases, the response was the phenethoxybenzene conversion (%). For the modeling of
the experimental design (screening and optimization), MODDE 7.0 software (UMETRICS
Inc./MKS Instruments, Umeå, Sweden) was used, and statistical validation was determined
by ANOVA test at a 95% confidence level using the same software.

Table 6. Variables and levels used in screening methodology.

Independent Variables Coded
Variables

Levels

−1 0 1

Temperature, T [◦C] X1 100 150 200
Time, t [h] X2 3 4 5

Pressure O2, PO2 [bar] X3 2 4.5 7
Catalyst load, Mcat [g] X4 100 150 200

Optimization was carried out using a three-variable (n = 3) CCC experimental design
in which 17 experiments (23 + 3 + 6) were performed. The variables and ranges studied
in the process were temperature (T: 140 to 150 ◦C), time (t: 3.8 to 4.7 h), and mass of
nanocatalyst used (Mcat: 150 to 250 mg). The variables were coded and normalized with
unit values of −1 (defined as the lowest value) and +1 (defined as the highest value). The
central point was coded as 0, and six star points (axial) were defined at 1.68 from the
central point. Seventeen experiments were performed according to a circumscribed central
composite model that included eight factorial design experiments (coded as levels −1 and
+1), six star points (coded as levels −1.68 and +1.68), which are outside the range of the
main domain simulating a circumference, and three central points (coded as level 0) to
obtain the experimental standard deviation. The experimental design was optimized for
a response variable, defined as the phenethoxybenzene conversion (%), and the predicted
optimum was found using the simplex algorithm.

The model equations included the first-order term to describe the main effects and
the second-order term for the interactions. An analysis of variance (ANOVA) was used for
the experimental results; non-significant effects were excluded from the model regression.
Contour plots (two-dimensional response surfaces) of the model were used to define the
optimal conditions for the β-O-4 bond cleavage of phenethoxybenzene. Each run was
performed using phenethoxybenzene as the reaction substrate. To validate the model,
an experiment was performed in triplicate under the optimal operational conditions. To
assess the effectiveness of the process in real lignin, the depolymerization of a commercial
Kraft type was carried out using the nanocatalyst (TBA)5[PMo10V2O40] at the optimum
operational conditions obtained from the RSM. In this reaction, 200 mg of the nanocatalyst
and 1 g of Kraft lignin (Sigma–Aldrich, Burlington, MA, USA) were dispersed in 20 mL of
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solvent, poured into the reactor, and subsequently heated to 137 ◦C. The O2 pressure was
adjusted to 5 bar, and the reaction time was 3.5 h.

4. Conclusions

In this work, the catalytic selective oxidation of phenethoxybenzene as a lignin model
was carried out under hydrothermal conditions using the (TBA)5[PMo10V2O40] nanocata-
lyst, and the operational conditions were optimized by RSM. The statistically significant
variables, obtained during the screening design, according to the model were temperature
(X1) and time (X2), with p-values < 0.05. Based on the selected significant variables, the
phenethoxybenzene was maximized by RSM, obtaining as the optimum conditions 137 ◦C,
3.5 h, and 200 mg of catalyst load yielding 75.8% of phenethoxybenzene conversion. In the
end, the effectiveness of the process was assessed on the Kraft lignin catalytic oxidation
showing a significant depolymerization degree evidenced by the reduction in molar mass
distribution Mw and the PDI index data obtained from GPC. Additionally, the successful
cleavage of the β-O-4 bond in the catalytic oxidation was also verified by the GC–MS
analysis of the reaction products, in which the predominance of a heterolytic cleavage
mechanism was proposed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28176368/s1, Table S1: Analysis of variance (ANOVA)
for experimental results of fractional factorial screening design to obtain the statistically significant
variables in the conversion of phenethoxybenzene; Table S2: Analysis of variance (ANOVA) for
the quadratic polynomial model; Figure S1: (A) Residuals versus predicted values y, (B) Normal
probability of the residuals; Table S3: Identification of catalytic Kraft lignin depolymerization products
by GC–MS.

Author Contributions: J.D.: Conceptualization, data curation, methodology, formal analysis,
writing—original draft. L.R.P.: investigation, methodology, G.P., C.H.C., L.A. and R.B.: writing—review
and editing, R.R., E.T., C.M.-R. and V.M.: methodology and formal analysis, J.C.M.-S.: formal
analysis and writing—review and editing, D.C.: funding acquisition, investigation, supervision,
methodology, writing—original draft. All authors have read and agreed to the published version
of the manuscript.

Funding: The authors thank Millennium Science Initiative Program–NCN2021_090, Project Na-
tional Agency for Research and Development, FONDECYT 1201895, Chilean ANID Doctorate
Grant/2018–21181942, Doctoral Thesis in Productive Area N◦ T7819120007, and FONDAP SERC-
CHILE grant N◦ 1522A0006 for financially supporting this research.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Almost all the data generated or analyzed during this study are
included in this published article and its Supplementary Information file. Additional data are
available from the corresponding author (dcontrer@udec.cl).

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. Zakzeski, J.; Bruijnincx, P.C.A.; Jongerius, A.L.; Weckhuysen, B.M. The Catalytic Valorization of Lignin for the Production of

Renewable Chemicals. Chem. Rev. 2010, 110, 3552–3599. [CrossRef]
2. Cao, L.; Yu, I.K.M.; Liu, Y.; Ruan, X.; Tsang, D.C.W.; Hunt, A.J.; Ok, Y.S.; Song, H.; Zhang, S. Lignin Valorization for the Production

of Renewable Chemicals: State-of-the-Art Review and Future Prospects. Bioresour. Technol. 2018, 269, 465–475. [CrossRef]
3. Younas, U.; Khan, B.; Ali, S.M.; Arshad, C.M.; Farid, U.; Zeb, K.; Rehman, F.; Mehmood, Y.; Vaccaro, A. Pakistan Geothermal

Renewable Energy Potential for Electric Power Generation: A Survey. Renew. Sustain. Energy Rev. 2016, 63, 398–413. [CrossRef]
4. Lange, H.; Decina, S.; Crestini, C. Oxidative Upgrade of Lignin—Recent Routes Reviewed. Eur. Polym. J. 2013, 49, 1151–1173.

[CrossRef]

https://www.mdpi.com/article/10.3390/molecules28176368/s1
https://www.mdpi.com/article/10.3390/molecules28176368/s1
https://doi.org/10.1021/cr900354u
https://doi.org/10.1016/j.biortech.2018.08.065
https://doi.org/10.1016/j.rser.2016.04.038
https://doi.org/10.1016/j.eurpolymj.2013.03.002


Molecules 2023, 28, 6368 13 of 14

5. Joungerius, A.L. Catalytic Conversion of Lignin for the Production of Aromatics. Ph.D. Thesis, University of Utrecht, Utrecht,
The Netherlands, 2013.

6. Ma, R.; Guo, M.; Zhang, X. Recent Advances in Oxidative Valorization of Lignin. Catal. Today 2018, 302, 50–60. [CrossRef]
7. Chen, D.; Gao, A.; Cen, K.; Zhang, J.; Cao, X.; Ma, Z. Investigation of Biomass Torrefaction Based on Three Major Components:

Hemicellulose, Cellulose, and Lignin. Energy Convers. Manag. 2018, 169, 228–237. [CrossRef]
8. Yao, W.; Fang, H.; He, Q.; Peng, D.; Liu, G.; Huang, Z. A BEt3-Base Catalyst for Amide Reduction with Silane. J. Org. Chem. 2019,

84, 6084–6093. [CrossRef]
9. Yao, W.; Wang, J.; Lou, Y.; Wu, H.; Qi, X.; Yang, J.; Zhong, A. Chemoselective Hydroborative Reduction of Nitro Motifs Using

a Transition-Metal-Free Catalyst. Org. Chem. Front. 2021, 8, 4554–4559. [CrossRef]
10. Behling, R.; Valange, S.; Chatel, G. Heterogeneous Catalytic Oxidation for Lignin Valorization into Valuable Chemicals: What

Results? What Limitations? What Trends? Green Chem. 2016, 18, 1839–1854. [CrossRef]
11. Jia, S.; Cox, B.J.; Guo, X.; Zhang, Z.C.; Ekerdt, J.G. Decomposition of a Phenolic Lignin Model Compound over Organic N-Bases

in an Ionic Liquid. Holzforschung 2010, 64, 577–580. [CrossRef]
12. Yao, W.; Wang, J.; Zhong, A.; Li, J.; Yang, J. Combined KOH/BEt3Catalyst for Selective Deaminative Hydroboration of Aromatic

Carboxamides for Construction of Luminophores. Org. Lett. 2020, 22, 8086–8090. [CrossRef] [PubMed]
13. Werpy, T.; Petersen, G. Top Value Added Chemicals from Biomass: Volume I—Results of Screening for Potential Candidates from Sugars

and Synthesis Gas. Office of Scientific and Technical Information (OSTI); U.S. Department of Energy, Office of Scientific and Technical
Information: Oak Ridge, TN, USA, 2004; p. 69.

14. Jing, L.; Shi, J.; Zhang, F.; Zhong, Y.; Zhu, W. Polyoxometalate-Based Amphiphilic Catalysts for Selective Oxidation of Benzyl
Alcohol with Hydrogen Peroxide under Organic Solvent-Free Conditions. Ind. Eng. Chem. Res. 2013, 52, 10095–10104. [CrossRef]

15. Yajima, K.; Yamaguchi, K.; Mizuno, N. Facile Access to 3,5-Symmetrically Disubstituted 1,2,4-Thiadiazoles through Phospho-
vanadomolybdic Acid Catalyzed Aerobic Oxidative Dimerization of Primary Thioamides. Chem. Commun. 2014, 50, 6748–6750.
[CrossRef]

16. Wang, S.; Li, S.; Shi, R.; Zou, X.; Zhang, Z.; Fu, G.; Li, L.; Luo, F. A Nanohybrid Self-Assembled from Exfoliated Layered Vanadium
Oxide Nanosheets and Keggin Al13 for Selective Catalytic Oxidation of Alcohols. Dalt. Trans. 2020, 49, 2559–2569. [CrossRef]

17. Narkhede, N.; Patel, A.; Singh, S. Mono Lacunary Phosphomolybdate Supported on MCM-41: Synthesis, Characterization and
Solvent Free Aerobic Oxidation of Alkenes and Alcohols. Dalt. Trans. 2014, 43, 2512–2520. [CrossRef]

18. Frenzel, R.A.; Palermo, V.; Sathicq, A.G.; Elsharif, A.M.; Luque, R.; Pizzio, L.R.; Romanelli, G.P. A Green and Reusable Catalytic
System Based on Silicopolyoxotungstovanadates Incorporated in a Polymeric Material for the Selective Oxidation of Sulfides to
Sulfones. Microporous Mesoporous Mater. 2021, 310, 110584. [CrossRef]

19. Villabrille, P.; Romanelli, G.; Gassa, L.; Vázquez, P.; Cáceres, C. Synthesis and Characterization of Fe- and Cu-Doped Molyb-
dovanadophosphoric Acids and Their Application in Catalytic Oxidation. Appl. Catal. A Gen. 2007, 324, 69–76. [CrossRef]

20. Lee, J.K.; Melsheimer, J.; Berndt, S.; Mestl, G.; Schlögl, R.; Köhler, K. Transient Responses of the Local Electronic and Geometric
Structures of Vanado-Molybdo-Phoshate Catalysts H3+nPVnMo12-NO40 in Selective Oxidation. Appl. Catal. A Gen. 2001, 214,
125–148. [CrossRef]

21. Rudnitskaya, A.; Evtuguin, D.V.; Gamelas, J.A.F.; Legin, A. Multisensor System for Determination of Polyoxometalates Containing
Vanadium at Its Different Oxidation States. Talanta 2007, 72, 497–505. [CrossRef]

22. Bujanovic, B.; Ralph, S.; Reiner, R.; Hirth, K.; Atalla, R. Polyoxometalates in Oxidative Delignification of Chemical Pulps: Effect
on Lignin. Materials 2010, 3, 1888–1903. [CrossRef]

23. Liu, X.; Zhao, G.; Ren, S.; Fang, G.; Chen, Z.; Li, S. Zirconia-Supported 12-Tungstophosphoric Acid: Characterization and Catalytic
Behavior in Degradation of Alkali Lignin. Ind. Crop. Prod. 2018, 125, 496–504. [CrossRef]

24. Díaz, J.; Pizzio, L.R.; Pecchi, G.; Campos, C.H.; Azócar, L.; Briones, R.; Romero, R.; Henríquez, A.; Gaigneaux, E.M.; Contreras, D.
Tetrabutyl Ammonium Salts of Keggin-Type Vanadium-Substituted Phosphomolybdates and Phosphotungstates for Selective
Aerobic Catalytic Oxidation of Benzyl Alcohol. Catalysts 2022, 12, 507. [CrossRef]

25. Helmi, F.; Helmi, M.; Hemmati, A. Phosphomolybdic Acid/Chitosan as Acid Solid Catalyst Using for Biodiesel Production from
Pomegranate Seed Oil via Microwave Heating System: RSM Optimization and Kinetic Study. Renew. Energy 2022, 189, 881–898.
[CrossRef]

26. Sherbi, M.; Albert, J. Modeling and Optimization of Bio-2-Hexanol Production from Biomass Derived Dimethylfuran Using
Pt/K3PW12O40 by Response Surface Methodology. Comput. Chem. Eng. 2021, 155, 107546. [CrossRef]

27. Reichert, J.; Albert, J. Detailed Kinetic Investigations on the Selective Oxidation of Biomass to Formic Acid (OxFA Process) Using
Model Substrates and Real Biomass. ACS Sustain. Chem. Eng. 2017, 5, 7383–7392. [CrossRef]

28. Shatalov, A.A. Polyoxometalate-Catalyzed Hydrolysis of the Hemicelluloses by (Mo-V-P)-Heteropolyacids-Statistical Modeling
Using Response Surfaces. Carbohydr. Polym. 2020, 236, 116091. [CrossRef]

29. Li, Y.; Zhang, X.; Li, Z.; Song, J.; Wang, X. Full Utilization of Lignocellulose with Ionic Liquid Polyoxometalates in a One-Pot
Three-Step Conversion. ChemSusChem 2019, 12, 4936–4945. [CrossRef]

30. Mahmoudi, V.; Mojaverian Kermani, A.; Ghahramaninezhad, M.; Ahmadpour, A. Oxidative Desulfurization of Dibenzothiophene
by Magnetically Recoverable Polyoxometalate-Based Nanocatalyst: Optimization by Response Surface Methodology. Mol. Catal.
2021, 509, 111611. [CrossRef]

https://doi.org/10.1016/j.cattod.2017.05.101
https://doi.org/10.1016/j.enconman.2018.05.063
https://doi.org/10.1021/acs.joc.9b00277
https://doi.org/10.1039/D1QO00705J
https://doi.org/10.1039/C5GC03061G
https://doi.org/10.1515/hf.2010.075
https://doi.org/10.1021/acs.orglett.0c03033
https://www.ncbi.nlm.nih.gov/pubmed/33026813
https://doi.org/10.1021/ie4007112
https://doi.org/10.1039/c4cc02313g
https://doi.org/10.1039/c9dt04485j
https://doi.org/10.1039/c3dt52395k
https://doi.org/10.1016/j.micromeso.2020.110584
https://doi.org/10.1016/j.apcata.2007.03.011
https://doi.org/10.1016/S0926-860X(01)00485-9
https://doi.org/10.1016/j.talanta.2006.11.010
https://doi.org/10.3390/ma3031888
https://doi.org/10.1016/j.indcrop.2018.09.035
https://doi.org/10.3390/catal12050507
https://doi.org/10.1016/j.renene.2022.02.123
https://doi.org/10.1016/j.compchemeng.2021.107546
https://doi.org/10.1021/acssuschemeng.7b01723
https://doi.org/10.1016/j.carbpol.2020.116091
https://doi.org/10.1002/cssc.201902503
https://doi.org/10.1016/j.mcat.2021.111611


Molecules 2023, 28, 6368 14 of 14

31. Hanson, S.K.; Baker, R.T.; Gordon, J.C.; Scott, B.L.; Thorn, D.L. Aerobic Oxidation of Lignin Models Using a Base Metal Vanadium
Catalyst. Inorg. Chem. 2010, 49, 5611–5618. [CrossRef]

32. Son, S.; Toste, F.D. Non-Oxidative Vanadium-Catalyzed Co Bond Cleavage: Application to Degradation of Lignin Model
Compounds. Angew. Chemie Int. Ed. 2010, 49, 3791–3794. [CrossRef]

33. Crestini, C.; Caponi, M.C.; Argyropoulos, D.S.; Saladino, R. Immobilized Methyltrioxo Rhenium (MTO)/H2O2 Systems for the
Oxidation of Lignin and Lignin Model Compounds. Bioorg. Med. Chem. 2006, 14, 5292–5302. [CrossRef]

34. Cox, B.J.; Jia, S.; Zhang, Z.C.; Ekerdt, J.G. Catalytic Degradation of Lignin Model Compounds in Acidic Imidazolium Based Ionic
Liquids: Hammett Acidity and Anion Effects. Polym. Degrad. Stab. 2011, 96, 426–431. [CrossRef]

35. Evtuguin, D.V.; Daniel, A.I.D.; Silvestre, A.J.D.; Amado, F.M.L.; Neto, C.P. Lignin Aerobic Oxidation Promoted by Molyb-
dovanadophosphate Polyanion [PMo7V5O40]8−. Study on the Oxidative Cleavage of β-O-4 Aryl Ether Structures Using Model
Compounds. J. Mol. Catal. A Chem. 2000, 154, 217–224. [CrossRef]

36. Ren, X.; Wang, P.; Han, X.; Zhang, G.; Gu, J.; Ding, C.; Zheng, X.; Cao, F. Depolymerization of Lignin to Aromatics by Selectively
Oxidizing Cleavage of C-C and C-O Bonds Using CuCl2/Polybenzoxazine Catalysts at Room Temperature. ACS Sustain. Chem.
Eng. 2017, 5, 6548–6556. [CrossRef]

37. Li, C.; Zhao, X.; Wang, A.; Huber, G.W.; Zhang, T. Catalytic Transformation of Lignin for the Production of Chemicals and Fuels.
Chem. Rev. 2015, 115, 11559–11624. [CrossRef]

38. Costa, C.A.E.; Vega-Aguilar, C.A.; Rodrigues, A.E. Added-Value Chemicals from Lignin Oxidation. Molecules 2021, 26, 4602.
[CrossRef]

39. Voitl, T.; Von Rohr, P.R. Oxidation of Lignin Using Aqueous Polyoxometalates in the Presence of Alcohols. ChemSusChem 2008, 1,
763–769. [CrossRef]

40. Xie, W.; Gao, C.; Wang, H. Biodiesel Production from Low-Quality Oils Using Heterogeneous Cesium Salts of Vanadium-
Substituted Polyoxometalate Acid Catalyst. Catalysts 2020, 10, 1060. [CrossRef]

41. Ma, C.; Mei, X.; Fan, Y.; Zhang, Z. Oxidative Depolymerizaton of Kraft Lignin and Its Application in the Synthesis of Lignin-
Phenol- Formaldehyde Resin. BioResources 2018, 13, 1223–1234. [CrossRef]

42. Maitz, S.; Schlemmer, W.; Hobisch, M.A.; Hobisch, J.; Kienberger, M. Preparation and Characterization of a Water-Soluble Kraft
Lignin. Adv. Sustain. Syst. 2020, 4, 2000052. [CrossRef]

43. Zhou, S.; Xue, Y.; Sharma, A.; Bai, X. Lignin Valorization through Thermochemical Conversion: Comparison of Hardwood,
Softwood and Herbaceous Lignin. ACS Sustain. Chem. Eng. 2016, 4, 6608–6617. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/ic100528n
https://doi.org/10.1002/anie.201001293
https://doi.org/10.1016/j.bmc.2006.03.046
https://doi.org/10.1016/j.polymdegradstab.2011.01.011
https://doi.org/10.1016/S1381-1169(99)00383-0
https://doi.org/10.1021/acssuschemeng.7b00732
https://doi.org/10.1021/acs.chemrev.5b00155
https://doi.org/10.3390/molecules26154602
https://doi.org/10.1002/cssc.200800050
https://doi.org/10.3390/catal10091060
https://doi.org/10.15376/biores.13.1.1223-1234
https://doi.org/10.1002/adsu.202000052
https://doi.org/10.1021/acssuschemeng.6b01488

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Materials 
	Reaction Conditions 
	Analytical Methodology 
	Statistical Analysis 

	Conclusions 
	References

