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Lignin can be depolymerised and used as a feedstock to obtain renewable raw-materials,

providing a green alternative to fossil counterparts. Among others, C4 dicarboxylic acids

(DCA), like succinic, malic, maleic and fumaric acids, which can find applications in phar-

maceuticals, food industry, and act as solvents, can be obtained from lignin oxidation. To

investigate their formation, the oxidation of vanillic acid (VA), a lignin model compound, was

studied under catalytic wet peroxide oxidation (CWPO) conditions, using titanium silicalite-

1  (TS-1) as the catalyst. The effect of temperature, pH, and reaction time were studied. In

a  second phase, catalyst modification with transition metal oxides (Fe, Co, Cu) was tested.

Results showed that oxidation under pH = 10.5 gives rise to complete VA conversion with

hydroxylated DCA, namely malic (15 mol%) and tartaric (5 mol%) acids, as the main products.

At  pH = 4.0, the production of succinic acid was improved (7.4 mol%), with VA conversion

achieving 78% after 2.0 h of reaction. At alkaline pH, H2O2 reactivity is higher, leading to C4-

DCA degradation to low-molecular weight compounds. Catalyst desilication was observed,

pointed out for the convenience of using neutral and acidic pH. In acidic pH, Fe and Cu cat-

alysts enhanced VA conversion, and Fe catalyst was more selective towards succinic acid
production.

©  2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
.  Introduction

ignin is a three-dimensional heterogeneous biopolymer
roviding plants with properties like rigidity, water-

mpermeability, and resistance against microbial attack
Kamm et al., 2008). Lignin structure can be envisaged as
ased in three monomeric units: p-hydroxyphenyl, guaiacyl,

nd syringyl linked together through ether and C-C bonds cre-
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ating a cross-linked polymeric structure (Kamm et al., 2008; Li
et al., 2015). A promising route towards renewable chemicals
and fuels is lignin depolymerisation. Nevertheless, the lignin
complex structure hinders its application, encouraging the
quest for innovative and more  effective depolymerisation
strategies (Xu et al., 2014).

Lignin can be depolymerised by several processes including
acid/base catalysed depolymerisation, pyrolysis, hydrotreat-
ment, oxidation, reforming and gasification (Erdocia et al.,
2017; Li et al., 2015). Lignin oxidation can cause the cleavage
of lignin aromatic rings, and aryl ether bonds, among oth-

ers, being an interesting way to obtain low-molecular weight
chemical compounds (Abdelaziz et al., 2018; Kang et al., 2013;

ier B.V. All rights reserved.

http://www.sciencedirect.com/science/journal/02638762
www.elsevier.com/locate/cherd
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cherd.2020.04.021&domain=pdf
mailto:carlos.vega@fe.up.pt
mailto:barreiro@ipb.pt
mailto:arodrig@fe.up.pt
https://doi.org/10.1016/j.cherd.2020.04.021


116  Chemical Engineering Research and Design 1 5 9 ( 2 0 2 0 ) 115–124
Pandey and Kim, 2011). In this context, the most studied oxi-
dants are molecular oxygen, nitrobenzene, metal oxides and
hydrogen peroxide (H2O2) (Li et al., 2015; Pandey and Kim,
2011). Among them, oxidation with H2O2 is a highly promising
strategy, especially in the presence of catalysts, enabling mild
reaction conditions and shorter reaction times (Cheng et al.,
2017). Hydrogen peroxide is more  reactive than oxygen, even
at alkaline or acidic conditions, with the benefit of being con-
sidered an environmentally benign chemical (Ma et al., 2015;
Pandey and Kim, 2011).

Currently, dicarboxylic acids (DCA) are produced from
petrochemical routes or edible biomass fermentation, and
find uses in the pharmaceutical industry, polymer synthesis,
as a food additive, or used as chemical precursors of other
compounds (Höfer, 2015). In the actual context of biomass
valorisation, C4-DCA, which include succinic, fumaric, maleic
and malic acids, were listed among the 12 building blocks to be
produced via this synthetic route (Werpy and Petersen, 2004).

DCA are among the products that can be obtained from
lignin catalytic wet peroxide oxidation (CWPO), after cleavage
of the aromatic ring. The product selectivity depends on the
oxidising agent, catalyst type, process conditions and reactor
type (Kang et al., 2013; Ma  et al., 2015). In the context of DCA
from lignin, several studies have been carried out using wet
peroxide oxidation, with and without catalyst (Cronin et al.,
2017; Hasegawa et al., 2011; Kang et al., 2019; Ma et al., 2015;
Su et al., 2014; Yin et al., 2015; Zeng et al., 2015). However, many
of the lignin oxidation processes, including the catalysed ones,
are not selective enough to favour the production of a specific
DCA, generating a mixture of DCA, introducing the need of
additional steps of separation and purification.

Titanium silicalite-1 (TS-1) catalyst, a synthetic zeolite with
a MFI  framework structure, currently used in the chemical
industry, has shown good catalytic activity for oxidation reac-
tions using H2O2 (Přech, 2018). The increased H2O2 reactivity is
related to several TS-1 characteristics, including microporos-
ity, hydrophobic nature, and the presence of titanium atoms,
which reduces the electron density of the O-O bonds, making
the oxidant more  susceptible to nucleophilic attack (Clerici,
2015; Přech, 2018). TS-1 catalyst has been already tested in
guaiacol peroxide oxidation under mild alkaline conditions,
producing different DCA, mainly maleic, malic and oxalic
acids (Su et al., 2014). These results pointed out the interest
to proceed with the testing of TS-1 with other lignin model
compounds, namely with the ones with higher complexity.

Catalyst modification with transition metals (Fe, Mn, Co,
Cu, Ni) is reported as a strategy to enhance the oxidation
activity by increasing hydroxyl radical’s formation (Schutyser
et al., 2018; Védrine, 2017). Comparatively with precious met-
als (Pd, Au), transition metals have lower prices, provide easy
reaction conditions, and promising results for lignin depoly-
merisation (Zeng et al., 2015). Transition metals can be used
both as homogeneous and heterogeneous catalysts, constitut-
ing an interesting strategy to modify the TS-1 catalyst.

The objective of the present work was to study the oxida-
tion of vanillic acid (VA) to produce C4-DCA, using H2O2 as the
oxidising agent in the presence of TS-1 catalyst. Comparatively
with other lignin model compounds found in previous oxida-
tion studies with TS-1, VA shares a similar aromatic structure
to guaiacyl, which is the most common structural unit in soft-
wood lignins, and can represent the behaviour of the aromatic
ring-opening reactions towards the production of C4-DCA. VA

can also be found as a product of lignin oxidation with O2,
which is an important process to achieve aromatic compounds
(Rodrigues et al., 2018). In a second phase of the work, TS-
1 catalyst was modified with transition metals (Fe, Co, Cu)
and tested in the oxidation reaction. The effect of pH and
reaction time on maleic, fumaric, tartaric, succinic and malic
acids production yield was studied. Moreover, the occurrence
of degradation products was checked.

2.  Materials  and  methods

2.1.  Materials

Vanillic acid (97%), DL-malic acid (≥99.0%), fumaric acid
(≥99.0%), maleic acid (>99%), succinic acid (≥99.0%), L-(+)-
tartaric acid (≥99.5%), malonic acid (>99%), oxalic acid dihy-
drate (≥99.0%), lactic acid solution (85%, p.a.), FeCl3·6H2O (97%)
and Co(NO3)2·6H2O (99%) were purchased from Sigma–Aldrich
Co. LLC. Other reagents were purchased from different suppli-
ers: formic acid (Chem-labs, >99%), acetonitrile (VWR, HPLC
grade), sulfuric acid (Chem-labs, 95–97%), sodium hydroxide
(Merck, p.a.), hydrogen peroxide solution (Fluka, >30% p.a.),
Cu(NO3)2·3H2O (Merck, p.a.). Catalyst TS-1 was bought to ACS
Materials, LLC. All reactants were used as received without
further purification.

2.2.  Oxidation  procedure

VA was oxidised using closed steel reactors (20 mL)  compris-
ing an inner PTFE vial, where 5.00 mL of a 10.0 g/L vanillic
acid solution, 0.500 mL  of a 30 wt% H2O2 solution and 5.0 mg
of TS-1 catalyst were placed (10 wt%, VA-basis). The added
oxidant amount was estimated based on oxygen stoichio-
metric demand for complete VA oxidation to CO2 and H2O.
After adding all reactants and catalyst, pH was adjusted to
the desired value using NaOH 2.0 mol/L or H2SO4 2.0 mol/L,
for the alkaline and acid medium, respectively. The reactors
were then closed and heated to 145 ± 1 ◦C, using a heating
plate equipped with a thermocouple, and the mixture kept
under stirring (600 rpm), for the required reaction time. After
the desired reaction time, the reactors were quenched in an
ice water bath and samples recovered for analysis. The effect
of pH (4.0–12.0) and reaction time (0–6 h) on selected DCA was
studied. Moreover, the formation of DCA degradation prod-
ucts was checked. Experiments were done in triplicate, except
when indicated. The 20 mL-reactor was used as a first step to
study the process. By using this low-volume system, it was
possible to accurately control the reaction conditions, espe-
cially temperature. A 145 ◦C temperature was chosen after
validating the dependence of temperature against C4-DCA
yield and VA conversion.

The conducted experiments covered a pH range where sev-
eral lignins are soluble in aqueous solution, avoiding mass
transfer problems. Moreover, the catalyst does not act in the
lignin structure, but in the H2O2 O-O bond, to form hydroxyl
radicals. These radicals are soluble in aqueous solution and
are responsible for the ring-opening reaction.

2.3.  Quantification  of  VA,  C4-DCA

Quantification of VA, DCAs (maleic, fumaric, tartaric, suc-
cinic and malic acids), and degradation products (malonic,
oxalic, formic, acetic and lactic acids) was done by high-

performance liquid chromatography (HPLC). The apparatus
was a Shimadzu UFLC equipped with a Diode Array Detec-
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Fig. 1 – Effect of pH in C4 dicarboxylic acids (DCA) yield and
vanillic acid (VA) conversion, with TS-1 (145 ◦C, 2.0 h).
or (210, 260 nm)  and a Phenomenex® RezexTM ROA H+

olumn (300 mm × 7.8 mm)  conditioned at 50 ◦C. The sol-
ent programming (flowrate of 0.5 mL/min) was as follows:
.0–10.0 min  H2SO4 4 mmol/L; 20.0–42.5 min: 15% acetonitrile
n H2SO4 4 mmol/L; 47.5–100.0 min: H2SO4 4 mmol/L. For injec-
ion (injection volume 20 �L), samples from the oxidation
eaction were acidified with H2SO4 2 mol/L to pH ∼ 2, diluted as
eeded and filtered through a 0.22 �m pore-size filter. The tar-
et DCA, degradation products, and VA were quantified using
alibration curves prepared from available commercial stan-
ards.

Gel permeation chromatography (GPC) analysis was used
o evaluate molecular weight changes due to the used oxida-
ion procedures with the modified catalysts. Calibration was
one using polystyrene (PS) standards. More  details about the
pplied method can be found elsewhere (Costa et al., 2018),
nd the HPLC equipment corresponds to the one mentioned
bove.

.4.  Carboxylic  acids  yield  and  VA  conversion

he information obtained in HPLC quantification was used to
etermine the individual carboxylic acid (CAi) yields (Eq. (1)),
nd VA conversion (Eq. (2)). Total C4-DCA yield was obtained
s the sum of the individual C4-DCA yields (succinic, fumaric,
aleic, malic and tartaric).

A conversion(mol%)  = [VA]O − [VA]f
[VA]O

× 100 (1)

here [VA]0 is the initial VA concentration, and [VA]f is the VA
nal concentration.

Ai Yield(mol%)  = [CAi]f
[VA]O

× 100 (2)

here [CAi]f is the molar concentration of the individual C4-
CA (CAi = maleic, fumaric, tartaric, succinic or malic acid)
r degradation product (CAi = malonic, oxalic, formic or lactic
cids).

VA conversion and DCA yield were expressed as aver-
ge ± standard deviation.

.5.  Catalyst  modification  procedure

atalyst modification with transition metals (Fe, Cu, and Co)
as done using a modified wet impregnation method accord-

ng to the methodology described elsewhere (Prasetyoko et al.,
010). Briefly, the TS-1 catalyst was placed in a solution con-
aining a sufficient amount of the cation salt (FeCl3·6H2O,
u(NO3)2·3H2O, Co(NO3)2·6H2O), to yield materials with a load-

ng of 2 wt%  of the corresponding oxide (Fe2O3, CuO, and CoO,
espectively). The suspension was heated at 80 ◦C for 3 h under
tirring, followed by water evaporation overnight at 100 ◦C.
fter that, the obtained product was calcined at 550 ◦C for 3 h

o obtain the modified catalyst.

.6.  Catalyst  characterisation

odified catalysts were analysed by Scanning Electron
icroscopy (SEM), Energy-dispersive X-ray Spectroscopy (EDS)

nd Electron Backscattered Diffraction analysis (XRD), after
eing produced and applied in the oxidation process. The cat-

lysts used in the oxidation process were washed with hot
ater, and dried at 80 ◦C overnight, before characterisation.
SEM and EDS were performed using a High Resolution
(Schottky) Environmental Scanning Microscope with X-Ray
Microanalysis and Electron Backscattered Diffraction analysis
(Quanta 400 FEG ESEM/EDAX Genesis X4M). EDS  was done at
high vacuum, 15 keV, 10 mm working distance, and a 50 Lsec
collection time. For that, samples were coated with Au/Pd by
sputtering using the SPI Module Sputter Coater equipment
(15 mA,  80 s).

XRD was done in a diffractometer PANalytical EMPYREAN,
using CuK�1,2 (1.5406 Å) radiation. Diffraction patterns were
collected over a range of 4◦ < 2� < 70◦, using a 0.5◦ diverging
and antidiverging slits, 0.04 rad Soller slits (receiving and scat-
tering), step size of 0.0167◦ and a 30 min  total time. The X-ray
tube worked at 45 kV and 40 mA.  Crystallinity percentages
were calculated based on peak intensity at 2� = 23.04◦. TS-1
non-modified catalyst was given a 100% crystallinity.

In addition to morphological characterisations, atomic
absorption (AA) was used to check leaching of the transition
metals from the modified catalysts. For that, the samples were
centrifuged and digested using 10% of concentrated HNO3.
The analysis was done using a GBC 932plus equipment, fol-
lowing the Flame Methods Manual for Atomic Absorption by
GBC Scientific Equipment PTY Ltd.

3.  Results  and  discussion

3.1.  Oxidation  with  TS-1  catalyst

3.1.1.  Effect  of  temperature  and  pH  conditions
Concerning pH conditions, the studied range was 4.0–12.0 at
145 ◦C, during 2 h, following preliminary results pointed out
the higher DCA yield at this temperature. The production
yield of C4-DCA (maleic, fumaric, tartaric, succinic and malic
acids), as well as the VA conversion, are registered in Fig. 1.
The highest reactivity was achieved for basic pHs, with com-
plete VA conversion over pH 10.5. At acidic medium, a full
VA conversion was not reached for the tested time. When pH
increased, the stronger oxidation level leads to the rupture of
the aromatic ring, and its conversion to hydroxylated DCAs,
like malic and tartaric acids. In pH 4.0, no hydroxylated acids
were obtained, and VA conversion was lower.

No catalyst was recovered after the reaction at pH of 12
indicating that very high pHs are not recommended to be used
with TS-1 catalysts.
Considering temperature, VA conversion increased with
temperature increase; behaviour validated using a temper-
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Fig. 2 – (a) Vanillic acid (VA) and (b) C4-DCA conversion at
pH 10.5 (©)  and pH 4.0 (�), for catalysed (—) and
non-catalyzed (—)  oxidations (3.0 h, by duplicate).

Fig. 3 – Steps for vanillic acid oxidation.
(Modified with permission from Cronin et al. (2017)
Copyright 2017. American Chemical Society).
ature range of 80–145 ◦C (Fig. 2). Moreover, catalysed and
non-catalysed reactions were compared at pH conditions of
10.5 and 4.0, confirming that the use of TS-1 catalyst improved
conversion, especially under alkaline conditions at lower tem-
peratures. VA conversion for the non-catalysed reaction rise
with temperature increase, starting from 32% at 80 ◦C to full
conversion at 145 ◦C. The catalysed reaction gives rise to
higher conversion at lower temperatures (80 ◦C and 100 ◦C).
At higher temperatures (120 ◦C and 145 ◦C), there is no dif-
ference between catalysed and non-catalysed reactions for
alkaline pH, while for acidic pH the non-catalysed reaction
led to better VA conversion. Also, for the non-catalysed reac-
tions, a final solution with intense dark colour, together with
the presence of sediments, resulting from the condensation
of different compounds, was observed. This observation indi-
cates that VA was oxidised to quinones, molecules with high
colour intensity, corresponding to the first stage described in
Fig. 3. These oxidised structures reacted with each other to
produce condensation products, instead of promoting ring-
opening reactions to form DCAs. As seen in Fig. 2b, in all cases,
C4-DCA production was higher for the catalysed reaction, in
comparison with the non-catalysed one.

The higher reactivity of the catalysed reaction was due
to the improvement in the H2O2 nucleophilic attack capa-
bility. This effect is achieved when H2O2 is adsorbed on
catalyst’s tetrahedral Ti active sites, forming Ti-OOH species
and increasing the partial negative charges of the oxygen
atoms (Xia et al., 2017). The microporosity and the hydropho-
bic nature of the pores are also important factors, enhancing
Ti-OOH formation, avoiding solvation of Ti atoms and active
species (Clerici, 2015).
Hydrogen peroxide reactivity depends on pH since it
can act as a nucleophile or electrophile species (Xiang and
Lee, 2000). In wet peroxide oxidation, the active species
for compound’s oxidation are hydroxyl radicals (HO

•
), and

hydroperoxyl anions (HOO−). These compounds can later
degrade to molecular oxygen, decreasing their reactivity (Yin
et al., 2015). Hydrogen peroxide can decompose during oxi-
dation reactions; it is stable in acidic conditions, but quickly
decomposes to H2O, O2 and OH− above pH = 6.0 (maximum
decomposition occurs at its pKa). Moreover, it is sensitive to
temperature and the presence of transition metal ions (Xiang
and Lee, 2000). Phenolic units are stable to alkaline peroxide
but become reactive against hydroxyl radicals derived from
H2O2 decomposition (Sun et al., 1999). Molecular O2 was not
studied in this work as an oxidant agent due to its low reac-
tivity compared to H2O2, avoiding the ring-opening reactions
to obtain DCA.

3.1.2.  Effect  of  reaction  time  in  C4-DCA  production  under
alkaline  and  acidic  conditions
Given the results of the previous section, pH 4.0 and pH 10.5
were chosen for acidic and alkaline conditions, respectively,
together with the temperature of 145 ◦C, to study the pro-
duction of C4-DCA from VA. For alkaline conditions, complete
VA conversion was achieved in less than 30 min, and C4-DCA
production reached the highest yield at 2 h, being malic acid
the one presented at higher amount (Fig. 4a). However, after
3 h, the yield of malic, fumaric, maleic and succinic acids
decreased, which suggested that these DCA were degraded

to low-molecular weight compounds. Tartaric acid concen-
tration remained almost constant after a time frame of 2.5 h.
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Fig. 4 – Effect of time in vanillic acid (VA) oxidation. (a) C4 dicarboxylic acid (C4-DCA) yield, VA conversion and (b)
degradation products yield at pH 10.5; (c) C4-DCA yield, VA conversion and (d) degradation products yield at pH 4.0. (All
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eactions at 145 ◦C).

alonic acid, an intermediate product in the C4-DCA degrada-
ion process, decreased through time; while lactic, acetic and
ormic acids, also degradation products according to Fig. 3,
ncreased their concentration until 3 h, but then decreased,
onfirming the degradation of the C4-DCA (Fig. 4b). This obser-
ation indicates that H2O2 is highly reactive at alkaline pH and
igh temperatures. After prolonged reaction times, an over-
xidation of the already produced C4-DCA occurs, originating
ow-molecular weight degradation products, like malonic,
xalic, lactic, acetic and formic acids. Therefore, the oxida-
ion reaction should be performed at short times to avoid the
oss of C4-DCA products. Also, the high nucleophilic capac-
ty of H2O2 at alkaline pH causes the hydroxylation of double
onds, in both maleic and fumaric acids, leading to the forma-
ion of malic and tartaric acids, but avoiding the production of
uccinic acid at higher yields. In this work, succinic acid was
dentified (up to 5.6 mol%), while Su et al. (2014) that reported
uaiacol alkaline peroxide oxidation with TS-1 at 80 ◦C shown
o production of succinic acid, but higher maleic acid yield

up to 27.7 mol%). Looking to achieve high yields for succinic
cid, as according to step c) in Fig. 3, a source of H+ should be
ncluded, which is not the case of alkaline oxidation.

According to Fig. 3, vanillic acid is firstly oxidised to o-
nd p-quinones, which react with free radicals to produce
ing-opening reactions, obtaining maleic acid. Maleic acid is
somerised to fumaric acid if heated at 120 ◦C in aqueous
olution (Whelan, 1994), producing malic acid at higher tem-
eratures (Gao et al., 2018). This observation indicates that
uring the transition of maleic to fumaric acid, the double
ond is more  labile to be hydroxylated, explaining why at
igher temperatures malic and tartaric acids were present
t higher amounts, especially after several minutes of reac-

ion. The hydroxylated acids were at lower amounts (max.
2.9 mol%) in Su et al. (2014) work, which used lower tempera-
tures.

At acidic pH (pH = 4.0), VA conversion was slower compar-
atively with alkaline medium (Fig. 4c). The H2O2 reactivity at
alkaline pH is higher than in acidic pH, since, for pH > 9, disso-
ciation to hydroperoxide anions occurs (Yin et al., 2015). This
behaviour remains even when the TS-1 catalyst is used, a fact
related to the inferior reactivity of H2O2 in acidic pH (Xiang
and Lee, 2000).

The abundance of C4-DCA production under acid condi-
tions was different from alkaline pH, as can be seen in Fig. 4c;
the more  abundant acid was succinic (7.4 mol%), accompa-
nied by small quantities of maleic and fumaric acids. Malic
and tartaric acids were not detected after 6 h of reaction. As
seen in Fig. 3, when acidic pH is selected, the already pro-
duced maleic/fumaric acids avoid the hydroxylation reaction
towards malic/tartaric acids. Still, the H+ source promotes sat-
uration of the double bonds to produce succinic acid at higher
selectivity. Previous publications (Bi et al., 2017; Cronin et al.,
2017; Ma et al., 2014) show that succinic acid can be obtained
from lignin and lignin model compounds (guaiacol, catechol,
vanillin) using peroxide oxidation under acidic pH in the pres-
ence of different catalysts. Nevertheless, none of the cited
works used TS-1 catalyst in acidic medium to obtain succinic
acid. In this work, the highest succinic acid yield was achieved
after 2.0 h reaction at 145 ◦C (7.4 mol%; 5.2 wt%),  similarly to
the ones reported by Ma et al. (2014), using FeCuS2 catalyst to
oxidise guaiacol (5.4 wt%) and catechol (4.5 wt%).

Under acidic conditions, lower levels of degradation prod-
ucts were obtained, comparatively with alkaline conditions
(Fig. 4d). Lactic and formic acids concentration did not increase
through reaction time, as it happened in alkaline oxidation.

These facts show that the level of oxidation was weaker in this
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Fig. 5 – SEM images from modified TS-1 catalysts (50,000×).

Table 1 – Transition metal-modified TS-1 catalyst’s physical properties.

Reaction condition Ti/Si ratioa Crystallinity (%)b

Cu/TS-1 Co/TS-1 Fe/TS-1 Cu/TS-1 Co/TS-1 Fe/TS-1

After modification 0.024 0.019 0.026 100 91 100
pH 10.5 0.032 0.034 0.026 60 27 46
pH 4.0 0.023 0.019 0.024 100 97 91

a Non-modified TS-1 Ti/Si ratio: 0.023.
b ◦

 100%
Based on peak intensity at 2� = 23.04 . TS-1 non-modified catalyst =

case, being the produced C4-DCA better preserved, avoiding
the extensive degradation observed in the alkaline oxidation.
Therefore, according to the desired C4-DCA, different pH con-
ditions should be selected. If succinic acid is the target, VA
oxidation should be performed at acidic medium to avoid
maleic/fumaric acids oxidation to their hydroxylated deriva-
tives.

3.2.  Oxidation  with  modified  TS-1  catalyst

3.2.1.  Catalyst  modification  with  transition  metal  oxides
Transition metals, like Co, Fe, Cu, Mn  and Ni, have been widely
studied because of their capability to activate the peroxide
oxidation; as homogeneous (soluble salts) or heterogeneous

(metal oxides, supported metal oxides, or as part of com-
pounds, such as CuFeS2) catalysts (Leary and Schmidt, 2010;
 crystallinity.

Ma et al., 2014; Sun et al., 1999; Vangeel et al., 2018; Védrine,
2017; Zeng et al., 2015). These metals can enhance the produc-
tion of free reactive radicals, converting VA to quinones, but
also causing ring-opening reactions, producing DCA (Bi et al.,
2017). They can increase H2O2 reactivity, which is important
at acidic pH, like in Fenton’s reaction, which uses Fe2+/Fe3+ ion
pair as a catalyst with a reactivity peak at pH = 2.8–3.0 (Wang
et al., 2012).

A 2 wt% metallic oxide loading was selected based on the
work of Widiarti et al. (2012), which reported that higher loads
would cover the TS-1 surface, blocking the access to the pores.
If this blockage occurs, the H2O2 will not access Ti4+ sites to
release the HO

•
and HO2

− radicals, decreasing the activity of
the modified catalyst, and enhancing H2O2 dismutation to H2O

and O2. This behaviour was previously observed with Cu/TS-
1 (Widiarti et al., 2012) and Fe/TS-1 (Prasetyoko et al., 2010)
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Fig. 6 – XRD Diffractograms for modified TS-1 catalysts: (a) Fe/TS-1; (b) Co/TS-1; (c) Cu/TS-1. Each figure includes the
modified non-used catalyst, the catalyst used under acidic and alkaline conditions, and the original TS-1 diffractogram as
c

c
b

m
o
t
t
1
s
c
c
m
c
(
r

3
c
T
l
t
w
g
o

omparison.

atalysts. In this work, modifications with Cu, Co and Fe have
een chosen.

As seen in the SEM images (Fig. 5, Pre-oxidation), all
odified catalysts presented no metal oxide crystals visible

n the particle’s surface. XRD results (Fig. 6) showed that
he MFI  structure was not affected after impregnation with
he metal, namely the characteristic diffraction lines of TS-

 (2� = 23.04, 23.23, 23.65, 23.88, 24.36) were present, at the
ame peak height, in all modified catalysts. Crystallinity per-
entage, after modification with the selected metals, did not
hange (Table 1). No diffraction lines were assigned to the
etal oxides in the modified catalysts, due to their low per-

entage in the matrix. The Ti/Si ratio of the original catalyst
Ti/Si ratio = 0.023) was kept after the metal impregnation, as
eported in Table 1.

.2.2.  C4-DCA  production  under  alkaline  and  acidic
onditions
o compare the effect of the catalyst modification with metal-
ic ions, reactions were done at 145 ◦C for 2 h, which was the
ime and temperature where the highest yield for succinic acid
as obtained. At alkaline conditions, all the modified catalysts
ive rise to complete VA conversion, but the production yield
f the targeted C4-DCA was not improved (Fig. 7a). Only maleic
and fumaric acids were produced at similar yields, compara-
tively with the non-modified TS-1 catalyst, and tartaric acid
was not detected. A prominent bubbling was observed when
the Co/TS-1 and Cu/TS-1 catalyst were added to the reac-
tion medium, indicating that H2O2 is quickly degraded to O2,
skipping the release of the active radicals needed to the ring-
opening reactions. Since TS-1 can only activate H2O2 and not
O2 (Přech, 2018), lower productivity is expected when H2O2 is
degraded to O2. All these oxidations produced dark-coloured
solutions, and organic sediments in the Co/TS-1 reaction,
which may be derived from VA oxidised derivatives condensa-
tion reactions. The condensation reactions gave rise to higher
molecular-weight compounds, which was confirmed by GPC
analyses (Fig. 8). Lower over-oxidation occurred, because lower
degradation products yields were obtained (Fig. 7c,e), con-
firming that modified catalysts enhanced oxidant degradation
instead of promoting the oxidation of VA into C4-DCA.

Under acidic conditions, VA conversion was improved
when using Cu/TS-1 and Fe/TS-1, achieving complete con-
version after 2 h at 145 ◦C. With Co/TS-1 catalyst, only 57%
conversion was achieved, while for TS-1 non-modified catalyst
78% conversion was reached. The higher activity for Cu/TS-
1 catalyst was expected due to the intermediate reduction
potential of Cu2+ (Schutyser et al., 2018), which is confirmed

by the higher formic acid production, a degradation prod-
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Fig. 7 – Yields achieved with modified catalysts, and comparison with non-modified catalyst, under different pHs. C4-DCA
yields at (a) pH = 10.5 and (b) pH = 4.0; VA conversion and acid yields at (c) pH = 10.5 and (d) pH = 4.0; Degradation products at
(e) pH = 10.5 and (f) pH = 4.0 (145 ◦C, 2.0 h).

Fig. 8 – GPC analysis for vanillic acid oxidation using modified TS-1 catalysts, under different pH. Vanillic acid oxidation
with non-modified TS-1 GPC curve is shown as a comparison for each curve. (a) pH 4.0, (b) pH 10.5. (Reaction conditions

145 ◦C, 2.0 h).

uct of VA oxidation (Fig. 7f). A higher amount of malic acid
was also observed, suggesting the conversion of the original
maleic/fumaric acids into this compound, avoiding the con-
version to succinic acid, even at acidic pH. Fe/TS-1 improved
VA oxidation due to iron capacity to act as a Fenton’s catalyst,
enhancing HO

•
and HO2

•
radicals formation through the mix-

ture of Fe2+/Fe3+ ions (Wang et al., 2012). Malic acid was also
produced with Fe/TS-1 and Cu/TS-1 catalysts (Fig. 7b), sug-

gesting that this oxidation was stronger than the one with
non-modified TS-1.
The Fe/TS-1 catalyst was the only modified catalyst form
providing a high yield of succinic acid (7.9 mol%); slightly
higher than with the non-modified TS-1. Moreover, lower
amounts of degradation products were detected, showing that
oxidation was more  selective. Iron has been reported as the
less reactive of the three tested metals (Schutyser et al., 2018).
This lower reactivity lowers H2O2 degradation but generat-
ing the needed radicals to open the aromatic ring. However,

the appearance of malic acid, which was not present in the
non-modified TS-1 experiment, shows that even with lower
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eactivity, Fe catalyst produces more  free radicals than the
on-modified TS-1 catalyst. Under acidic oxidation, higher
olecular weight compounds were produced mainly when Fe

nd Cu catalysts were used, but at lower amounts, in com-
arison to alkaline oxidation (Fig. 8b). Moreover, no organic
ediments nor coloured solutions were observed under this
H condition.

.2.3.  Effect  of  reaction  conditions  in  the  modified  catalysts
he modified catalysts suffered degradation after alkaline
xidation (Fig. 5), resulting in particles with smaller diam-
ters and loss of organisation. EDS analysis showed that
he Ti/Si ratio was higher after alkaline oxidation (Table 1),
uggesting that the internal zeolite structure was affected,
nd Si atoms were leached out from the catalyst structure.
RD results showed that alkaline oxidation leads to signifi-
ant MFI  crystallinity losses. This effect can be observed as

 decrease in the intensity of the TS-1 characteristic peaks
Fig. 6), thus a reduction of crystallinity percentage (Table 1).
he higher crystallinity loss was observed for the Co/TS-1 cat-
lyst. Titanosilicates zeolites, including TS-1, are reported as
esistant to concentrated mineral acids, but not to alkaline
Hs due to desilication development (Přech, 2018). To avoid
atalyst degradation, the recommended NaOH concentration
hould be lower than 0.2 mol/L, since higher levels can cause
otal disruption of the framework (Přech, 2018).

After acidic oxidation, the catalyst particles did not show
ny structural changes (Fig. 5), and XRD results confirmed that
rystallinity was maintained (Table 1), pointing out that acidic
nvironment is safer for TS-1 catalyst structure.

To check leaching of metallic ions, in acidic or alkaline envi-
onment, soluble ions were quantified by atomic absorption
nalysis. Fe/TS-1 catalyst showed no leaching, while Co/TS-1
nd Cu/TS-1 showed leaching in acidic pH (5 mg/L and 13 mg/L,
espectively), and Cu/TS-1 leaching at alkaline pH (5 mg/L).
uO has the lowest solubility in alkaline medium (pH around
–9) at 145 ◦C, and high solubility in both acidic and alkaline
H, explaining the observed leaching (Palmer, 2005). There-
ore, Co/TS-1 and Cu/TS-1 catalysts did not lead to enhance
CA yield, and showed low chemical stability, due to leachate
f metals, disabling their possible use until no procedure to
void leaching could be carried out. Only Fe/TS-1 showed to
e a stable catalyst, in both media. Stability increase could be
chieved if different metal salts, selected among the ones that
ave been proven to be insoluble in alkaline or acidic pH, are
hosen, which should be done individually according to each
etallic ion. It is not recommended to increase calcination

emperature, due to possible sintering of the TS-1 catalyst.

.  Conclusions

he use of TS-1 catalyst in the catalytic wet  peroxide oxida-
ion of VA enhanced the production of C4-DCA, comparatively
ith the non-catalysed reaction. The type of produced acids
epends mainly on the used temperature, pH and reaction
ime. An alkaline medium caused an over-oxidation of VA, giv-
ng rise to hydroxylated acids, like malic and tartaric, together
ith high degradation levels. In acidic pH, the main produced

cid was succinic, and a lower amount of degradation prod-
cts was observed. Therefore, VA oxidation acted similarly to
ther lignin model compounds, where the oxidation of the
romatic ring is the first step, getting open to produce C4-DCA.

owever, these C4-DCA can quickly degrade to low-molecular
eight compounds, especially under alkaline conditions and
long reaction times. If succinic acid is the target compound,
acidic oxidation should be selected.

When TS-1 catalyst is modified with Fe, Co and Cu oxides,
the productivity of C4-DCA was not improved under alkaline
pH, due to the high degradation of H2O2 to O2, associated
mainly with Co and Cu oxides. In acidic pH,  Fe/TS-1 and Co/TS-
1 catalysts increased VA conversion and oxidative reaction,
but only Fe/TS-1 showed a slight improvement in succinic
acid production and stability against leaching. Leaching in
Cu and Co catalysts was observed, and their use is not rec-
ommended. Under alkaline oxidation, modified TS-1 catalysts
suffered desilication and loss of external structure, but not in
acid conditions. Thus, it is recommended carrying out oxida-
tions with TS-1 catalyst at acidic or neutral pH.
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