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on-based solid acid-supported
palladium catalyst (Pd/C-SO3H) for hydrogenolysis
of plant-derived polymeric proanthocyanidins

Hongfei Zhu, ab Liwen Ni,b Shixue Ren, *ab Guizhen Fangab and Shujun Liab

A composite catalyst, Pd/C-SO3H, has been prepared to depolymerize plant-derived polymeric

proanthocyanidins (PPC). Different reaction conditions were explored and the catalyst was shown to

have good performance and recyclability, as well as good thermal and acid–base stability. UV, FTIR and
1H NMR analyses showed that the depolymerization products (oligomeric proanthocyanidins, OPC)

retained a condensed flavanol polyphenol structure and that the basic structural units of the polymers

had not been destroyed. The antioxidant activity of the OPC was better than that of the PPC, and also

better than that of 2,6-di-tert-butyl-4-methylphenol, which is widely used in industry, including as

a food additive. OPC could, therefore, be developed as a commercially useful radical chain-breaking

antioxidant. The preparation of Pd/C-SO3H provides an example of the design and development of

a new composite catalyst that has high practical value. The study also provides a new technical route for

the depolymerization of PPC and thus makes a useful contribution to the high-value utilization of

renewable plant resources.
Introduction

Excessive global consumption of non-renewable resources leads
to environmental damage and depletion of these resources.
This has prompted scientists around the world to nd ways to
improve the use of renewable plant resources by converting
plant metabolites into energy or functional chemicals.1 Proan-
thocyanidins, which are abundant in larch bark, are one of the
most important classes of plant secondary metabolites and
provide a rich source of renewable raw materials that can be
developed into a variety of functional chemicals.2,3 Proantho-
cyanidins are polymers, with catechins or epicatechins as the
basic structural units4 (Fig. 1). Polymers with higher numbers of
structural units (n $ 5) are known as polymeric proanthocya-
nidins (PPC), and oligomers with fewer structural units (n < 5)
are known as oligomeric proanthocyanidins (OPC). Because of
their lower degree of polymerization and reduced steric
hindrance compared with PPC, OPC interact more readily with
biological systems,5 and have improved biological activity and
antioxidant performance.6 Since OPC have a wider range of
applications than PPC, depolymerization of PPC has important
practical signicance.

PPC can be depolymerized into OPC under homogeneous
reaction conditions, using H2SO4 as the catalyst,7 but this
cience and Technology of Ministry of
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f Chemistry 2020
procedure has several drawbacks. Since H2SO4 is a strong
inorganic acid, it severely corrodes equipment at high temper-
atures, the separation and purication of the depolymerized
products are difficult, and treatment of wastewater is necessary.
Heterogeneous solid acid catalysts (SACs) have acid strengths
comparable to that of H2SO4, are easy to recycle, and are envi-
ronmentally friendly. Carbon-based SACs, especially, have good
thermal stability, high densities of acidic sites on the surface,
and are also insoluble in water and so will not contaminate
wastewater.8,9 Carbon-based SACs would thus appear to be very
suitable for catalytic depolymerization of PPC. Noble metal
catalysts are widely used10–12 and Pd/C13 has been used to
depolymerize PPC, although the yield of depolymerized
Fig. 1 (a) Structure of proanthocyanidins PPC, n $ 5; OPC, n < 5; (b)
epicatechin; (c) catechin.
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products under laboratory conditions was less than 40%. Such
a low yield would lead to very high production costs in an
industrial process and alternative catalysts that can efficiently
and quickly depolymerize PPC in high yield would have large
commercial benets.

If Pd could be complexed with a carbon-based SAC to
produce a composite catalyst, the Pd and SAC may act syner-
gistically to give enhanced catalytic activity and higher yields in
the depolymerization of PPC. Using activated carbon, which has
a well-developed pore structure, as the carbon-based carrier
would allow the Pd metal to be highly dispersed on the surface
of the carrier and should further improve catalytic efficiency.

Here, we prepared a composite catalyst, Pd/C-SO3H, which
we predicted would depolymerize PPC with high efficiency. The
structure of the catalyst was characterized using X-ray diffrac-
tometry (XRD), Brunauer–Emmett–Teller (BET) analysis, scan-
ning electron microscopy (SEM) and thermogravimetric (TG)
analysis. The stability of the catalyst and its performance in the
depolymerization of PPC were investigated under different
conditions. The depolymerization products were characterized
by UV, FTIR and 1H NMR spectroscopy, and their antioxidant
properties were determined. This research provides a useful
exploration of the efficient depolymerization and high-value
utilization of PPC.
Results and discussion
Proposed mechanism of catalytic depolymerization of PPC

Larch proanthocyanidins are composed of avan-3-ol structural
units linked by C4–A8 bonds.32 When PPC are depolymerized
using Pd/C-SO3H, the mechanism of the Pd metal-catalyzed
hydrogenolysis is as follows. The Pd metal surface adsorbs
a large amount of hydrogen and, under high temperature
conditions, the Pd forms a metal–hydrogen complex with
hydrogen. Interaction of this complex with the C4–A8 bonds of
the PCCs leads to release of hydrogen atoms from the complex
and subsequent cleavage of the C4–A8 bonds, producing OPC.13

The mechanism of the C-SO3H-catalyzed depolymerization is as
follows. At high temperatures, the hydrophilic –SO3H groups in
the C-SO3H solid acid release a large quantity of H+ ions on
Fig. 2 Diagram showing proposed mechanism of Pd/C-SO3H-cata-
lyzed depolymerization of PPC.

20666 | RSC Adv., 2020, 10, 20665–20675
entering the liquid phase. These H+ ions are highly reactive and
break the C4–A8 bonds to produce OPC33 (Fig. 2).
Structural characterization of the catalyst

Determination of total acid group density on C-SO3H
surface. The total density of acid groups d(H+) on the surface of
C-SO3H was determined to be 6.41 mmol g�1. A large number of
–SO3H groups are thus distributed on the surface of the acti-
vated carbon, indicating that the carbon-based solid acid C-
SO3H had been successfully prepared.

Characterization by X-ray diffractometry. The X-ray diffrac-
tion patterns of the carbon-based solid acid C-SO3H and the
composite catalyst Pd/C-SO3H are shown in Fig. 3. The crystal
structures of both C-SO3H and Pd/C-SO3H have diffraction
peaks at 2q angles 24.17� and 43.95�, which correspond to the C-
layer stack structure (002) and crystal plane and layer structure
(101) of the crystal face, respectively. The spectrum of Pd/C-
SO3H also shows three distinct diffraction peaks at 2q angles
40.11�, 46.66� and 68.12�. These are the diffraction peaks of the
Pd (111), Pd (200) and Pd (220) crystal planes, respectively.34

These data show that the Pd in Pd/C-SO3H exists as a face-
centered cubic structure. The Pd supported on the surface of
the C-SO3H is in the reduced state, proving that the preparation
of the Pd/C-SO3H catalyst was successful.

Brunauer–Emmett–Teller analysis. The results of the phys-
ical adsorption analysis of the carbon-based solid acid C-SO3H
and the composite catalyst Pd/C-SO3H are shown in Table 1. The
surface area of C-SO3H is 939.49 m2 g�1, the micropore area is
723.42 m2 g�1, the pore volume is 0.38 cm3 g�1 and the pore size
is 2.17 nm. The surface area of Pd/C-SO3H is 889.97 m2 g�1, the
micropore area is 688.86 m2 g�1, the pore volume is 0.36 cm3

g�1 and the pore size is 2.16 nm. All four values are lower for Pd/
C-SO3H than for C-SO3H, showing that loading Pd metal onto
the surface of C-SO3H results in a decrease in surface area, pore
area, pore volume and pore size. The surface area of C-SO3H is
governed mainly by the internal porosity. When the C-SO3H
surface is loaded with Pd, a large amount of metal will be
adsorbed and some Pd will enter the pores of the C-SO3H
skeleton. This leads to clogging or narrowing of some of the
pores, which means that the surface area, pore area, pore
volume and pore size of the C-SO3H are reduced aer loading
Pd.
Fig. 3 XRD patterns of C-SO3H and Pd/C-SO3H.

This journal is © The Royal Society of Chemistry 2020
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Table 1 BET analysis of C-SO3H and Pd/C-SO3H

Catalyst Surface areaBET (m2 g�1)
Micropore area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

Pd/C-SO3H 889.97 688.86 0.36 2.16
C-SO3H 939.49 723.42 0.38 2.17
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Characterization by scanning electron microscopy. Scanning
electron micrographs of C-SO3H (500� magnication) and Pd/C-
SO3H (5000� magnication) are shown in Fig. 4a and b,
respectively, and the corresponding energy spectra are shown in
Fig. 4c and d, respectively. C-SO3H has an open pore structure
(Fig. 4a) and the catalyst surface is rough and covered with
gullies. These pores and gullies facilitate loading of Pdmetal and
greatly improve its dispersibility, which means that the Pd can
make fuller contact with hydrogen and form sufficient metal–
hydrogen complex for efficient catalysis. This type of structure
increases the specic surface area available for adsorption of Pd
and generates a high surface free energy, which reduces the
activation energy of the catalytic reaction, thereby achieving high
catalytic efficiency in the depolymerization of PPC.
Fig. 4 SEM images of (a) C-SO3H (500� magnification) and (b) Pd/C-
SO3H (5000�magnification); energy spectrum analyses of (c) C-SO3H
and (d) Pd/C-SO3H (elemental Au is due to gold plating); (e) EDS
images of C-SO3H and (f) EDS images of Pd/C-SO3H.

This journal is © The Royal Society of Chemistry 2020
In Pd/C-SO3H, a large quantity of spherical particles are
distributed on the surface of the C-SO3H (Fig. 4b).35 The
spherical particles were conrmed to be metallic Pd by
comparison with the energy spectrum elements of C-SO3H and
Pd/C-SO3H (Fig. 4e and f), demonstrating that Pd metal was
successfully loaded onto the C-SO3H to form the composite
catalyst Pd/C-SO3H and conrming the results of the XRD and
BET analyses.
Determination of catalyst stability

Thermal stability of the catalyst. The TG chart (Fig. 5) shows
that Pd/C-SO3H loses <4% in weight (reduced from 99.98% to
96.25%) over the temperature range 30–500 �C. This indicates
that Pd/C-SO3H has good thermal stability and can be used for
the depolymerization of PPC at different temperatures.

Recyclability of the catalyst. Aer an initial round of depo-
lymerization, in which the mass ratio of Pd/C-SO3H to PPC was
1 : 6, the catalyst was recovered and reused under the same
reaction conditions.

With increasing reuse, the mass of the catalyst gradually
decreased (Table 2), indicating some losses in during recovery
of the catalyst. When the catalyst was reused three times, the
average degree of polymerization of the products increased, but
was still <5, demonstrating that the depolymerized products
were OPC. The depolymerization yield showed a downward
trend when the catalyst was reused but did not fall below 40%.
These data show that Pd/C-SO3H has some stability towards
recycling, which would allow recycling of the catalyst in indus-
trial production processes and thus reduce the cost of
depolymerization.

Acid–base stability of the catalyst. Using a mass ratio of Pd/
C-SO3H to PPC of 1 : 6, the pH of the reaction solution was
varied, whilst keeping other reaction conditions the same. The
Fig. 5 TG chart for Pd/C-SO3H.
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Table 2 Effect of Pd/C-SO3H recycling on depolymerization of PCCs

Number of uses
Catalyst
(g) PPC (g)

Average degree of
polymerization of PPC

Average degree of
polymerization of OPC

Depolymerization
yield (%)

1 0.25 1.5 7.60 3.14 55.58
2 0.22 1.5 7.60 3.98 53.15
3 0.18 1.5 7.60 4.36 47.77
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effects of different pH values on depolymerization are shown in
Table 3.

When the pH of the reaction solution was not adjusted (pH¼
4.99), the average degree of polymerization of the product OPC
was 3.14 and the depolymerization yield was 55.58%. When the
reaction solution was strongly acidic (pH ¼ 2.70), the average
degree of polymerization of the OPC was 3.62 and the depoly-
merization yield increased to 57.52%. When the reaction solu-
tion was strongly alkaline (pH ¼ 10.29), the degree of
polymerization of the OPC was 3.22 and the depolymerization
yield was 44.87%. Although depolymerization occurred under
all pH conditions, depolymerization without pH adjustment
produced OPC with the lowest degree of polymerization,
whereas depolymerization at pH 2.70 gave a slightly higher yield
of OPC. Pd/C-SO3H thus has good acid–base stability and can
depolymerize PPC under different pH conditions. This means
that high yields of OPC can be obtained under both acidic and
alkaline conditions and that Pd/C-SO3H is suitable for the
depolymerization of PPC in different industrial environments.
Effect of temperature on depolymerization of PPC

The effects of different reaction temperatures (220 �C, 240 �C
and 260 �C) on the depolymerization of PPC are shown in Table
4. A reaction temperature of 220 �C gave the lowest average
degree of polymerization of the OPC (3.14) and the highest
depolymerization yield (55.58%), indicating that 220 �C is the
best temperature for depolymerization of PPC.

Temperature plays an important role in the depolymeriza-
tion of PPC since increased temperature provides additional
Table 3 Effect of pH on Pd/C-SO3H-catalyzed depolymerization of PPC

pH
Catalyst
(g) PPC (g)

Average degree o
polymerization

2.70 0.25 1.5 7.60
4.99 0.25 1.5 7.60
10.29 0.25 1.5 7.60

Table 4 Effect of temperature on depolymerization of PPC

Temperature
(�C) Time (h)

H2 pressure
(MPa) PPC (g)

Catalyst
(g)

A
p

200 2 5 1.5 0.25 7
220 2 5 1.5 0.25 7
240 2 5 1.5 0.25 7

20668 | RSC Adv., 2020, 10, 20665–20675
thermal energy for Pd metal and hydrogen to form a metal–
hydrogen complex. A high temperature is also required to
provide sufficient energy for the release of hydrogen atoms from
the complex. When the temperature in the reactor is low, energy
cannot be accumulated for the release of hydrogen atoms from
the metal complex, limiting the amount of hydrogen atoms
available to cleave the C4–A8 bond in the PPC and resulting in
OPC with a higher degree of polymerization and a lower depo-
lymerization yield. When the temperature in the reactor is high,
an excessive amount of metal–hydrogen complex is formed and
too many hydrogen atoms are released. These hydrogen atoms
can attack chemical bonds other than the C4–A8 bond, result-
ing in a higher degree of polymerization of the depolymerized
product and a lower depolymerization yield. For acid catalysis
by the –SO3H group, higher temperatures provide energy for
release of H+ ions and activate these ions to cleave the C4–A8
bond. When the reaction temperature is too low, the smaller
amount of reactive H+ ions is insufficient to break all of the C4–
A8 bonds, resulting in poor depolymerization yields. When the
temperature is too high, excessive amounts of H+ ions cause
oxidation of the PPC, leading to by-products such as anthocy-
anins. A red powder is produced during the depolymerization
process,36 resulting in poor depolymerization yields.
Effect of reaction time on depolymerization of PPC

Depolymerization reactions were carried out for 1, 2 and 3 h,
whilst keeping other conditions the same (Table 5). When the
reaction time was 2 h, the average degree of polymerization of
the products was the lowest (3.14) and the depolymerization
f
of PPC

Average degree of
polymerization of OPC

Depolymerization
yield (%)

3.62 57.52
3.14 55.58
3.22 44.87

verage degree of
olymerization of PPC

Average degree of
polymerization of OPC

Depolymerization
yield (%)

.60 4.28 44.23

.60 3.14 55.58

.60 3.64 51.98

This journal is © The Royal Society of Chemistry 2020
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Table 5 Effect of reaction time on depolymerization of PPC

Time (h)
Temperature
(�C)

H2 pressure
(MPa) PPC (g)

Catalyst
(g)

Average degree of
polymerization of PPC

Average degree of
polymerization of OPC

Depolymerization
yield (%)

1 220 5 1.5 0.25 7.60 4.54 41.76
2 220 5 1.5 0.25 7.60 3.14 55.58
3 220 5 1.5 0.25 7.60 3.78 50.08
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yield was the highest (55.58%), indicating that 2 h is the best of
the tested reaction times for the depolymerization reaction.

The effect of reaction time on the depolymerization of PPC is
similar to effect of reaction temperature. When the reaction
time is extended from 1 h to 3 h, the average degree of poly-
merization of the products rst decreases and then increases,
and the depolymerization yield rst increases and then
decreases. When the depolymerization time is less than 2 h,
insufficient reactive hydrogen atoms and H+ ions have been
released from the catalyst to break all of the C4–A8 bonds. As
more reactive hydrogen species are released over time, more
C4–A8 bonds are broken; the average degree of polymerization
of the OPC decreases and the depolymerization yield increases.
As the reaction time is extended further, reactive hydrogen
species may destroy the OPC and monomers, leading to
a decrease in the number of OPC, resulting in a higher average
degree of polymerization in the depolymerization products and
a decrease in the depolymerization yield.
Effect of hydrogen pressure on depolymerization of PPC

Depolymerization reactions were carried out under hydrogen
pressures of 3, 4 and 5MPa, whilst keeping other conditions the
same (Table 6). When the hydrogen pressure was 5 MPa, the
average degree of polymerization of the products was the lowest
(3.14) and the depolymerization yield was the highest (55.58%),
indicating that 5 MPa is the best of the tested hydrogen pres-
sures for the depolymerization reaction.
Table 6 Effect of hydrogen pressure on depolymerization of PPC

H2 pressure
(MPa)

Temperature
(�C) Time (h) PPC (g)

Catalyst
(g)

A
p

3 220 2 1.5 0.25 7
4 220 2 1.5 0.25 7
5 220 2 1.5 0.25 7

Table 7 Effect of catalyst loading on depolymerization of PPC

Catalyst
(g)

Temperature
(�C) Time (h) PPC (g)

H2 pressure
(MPa)

A
p

0.20 220 2 1.5 5 7
0.25 220 2 1.5 5 7
0.30 220 2 1.5 5 7

This journal is © The Royal Society of Chemistry 2020
The average degree of polymerization of the OPC decreased,
and the depolymerization yield increased, with increasing
hydrogen pressure. When the hydrogen pressure was <5 MPa,
there were insufficient hydrogen molecules to saturate the
catalyst, so not all the C4–A8 bonds were broken. As the
hydrogen pressure increased, more hydrogen molecules were
converted into hydrogen atoms, leading to increased cleavage of
the C4–A8 bond. As the hydrogen pressure increased, therefore,
the average degree of polymerization of the products decreased
and the depolymerization yield increased.

Effect of catalyst loading on depolymerization of PPC

Depolymerization reactions were carried out with catalyst
loadings of 0.20%, 0.25% and 0.30% (g mL�1), whilst keeping
other conditions the same (Table 7). The average degree of
polymerization of the product was the lowest (3.14) and the
depolymerization yield was the highest (55.58%) when the
catalyst loading was 0.25% (g mL�1).

During catalytic hydrogenolysis, hydrogen molecules enter
the liquid phase, become adsorbed onto the catalyst surface,
and dissociate into hydrogen radicals, which then participate in
cleavage of the C4–A8 bond. When the catalyst loading is
<0.25% (g mL�1), the contact area between the catalyst and the
reaction solution is small. The amount of adsorbed hydrogen is
thus small, there is little dissociation into hydrogen radicals,
and the reaction efficiency is low, leading to products with
a higher average degree of polymerization and a lower depoly-
merization yield. When the catalyst loading is higher than
verage degree of
olymerization of PPC

Average degree of
polymerization of OPC

Depolymerization
yield (%)

.60 4.42 43.48

.60 4.04 48.27

.60 3.14 55.58

verage degree of
olymerization of PPC

Average degree of
polymerization of OPC

Depolymerization
yield (%)

.60 4.24 41.96

.60 3.14 55.58

.60 3.73 50.12

RSC Adv., 2020, 10, 20665–20675 | 20669
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Fig. 7 Infrared absorption spectra of PPC, OPC and catechin standard.
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0.25% (g mL�1), excess hydrogen radicals prevent formation of
a homogeneous reaction system. This damages the procyanidin
structure in the newly formed oligomers and monomers,
leading to an increase in the average degree of polymerization of
the products and a lower depolymerization yield.

In summary, among the experimental conditions tested, the
best conditions for catalytic depolymerization of PCCs using Pd/
C-SO3H are: reaction temperature, 220 �C; reaction time, 2 h;
hydrogen pressure, 5 MPa; and catalyst loading, 0.25% (g
mL�1). Using these conditions, the average degree of polymer-
ization of the products was reduced from 7.60 to 3.14, and the
depolymerization yield was 55.58%. Li et al.13 used Pd/C to
catalyze the depolymerization of sorghum high-polymer
proanthocyanidins and achieved a yield of <40%. Compared
with depolymerization using Pd/C, catalysis using Pd/C-SO3H
requires a higher temperature, but catalyst consumption is
reduced, the reaction time is shorter and the depolymerization
yield is improved. The cost of catalytic hydrogenolysis of PCCs
using Pd/C-SO3H is thus lower than that using Pd/C, which has
important commercial signicance.

Spectral analysis

The UV absorption spectra of PPC, OPC and the catechin
standard have characteristic absorption peaks at 210 nm and
280 nm (Fig. 6). The absorption peaks at 210 nm are caused by
the three conjugated double bonds of the benzene ring, and the
absorption peaks at 280 nm are caused by the conjugated
structures of the A and B rings of the proanthocyanidins.37 The
UV absorption spectra of OPC and PPC are similar since both
are condensed avanol polyphenol structures, with similar
basic structural units. The UV absorption spectra are also
similar to that of the catechin standard since the basic struc-
tural units of OPC and PPC are catechin and epicatechin.
Depolymerization using Pd/C-SO3H thus does not destroy the
basic structural units of the PPC.

The infrared absorption spectra of PPC, OPC and the cate-
chin standard show peaks that are characteristic of the same
functional groups (Fig. 7). The strong absorption peak at
3390 cm�1 is caused by phenolic –OH stretching vibrations, the
peak at 2930 cm�1 is the antisymmetric stretching vibration
absorption peak of C–H bonds in methylene CH2 groups, the
peaks at 1611 cm�1, 1580 cm�1, 1515 cm�1 and 1450 cm�1 are
Fig. 6 UV absorption spectra of PPC, OPC and catechin standard.

20670 | RSC Adv., 2020, 10, 20665–20675
characteristic absorption peaks of C]C respiratory vibrations
of the benzene ring skeleton, the peak at 1290 cm�1 is the
stretching vibration absorption peak of the ether bond C–O–C,
and the peak at 1112 cm�1 is the characteristic absorption peak
of secondary alcohols.38 The bending vibration absorption peak
of the benzene ring C–H is in the ngerprint region at 920–
980 cm�1 and the unsaturated C–H out-of-plane deformation
vibration absorption peak of the aromatic ring skeleton is at
�800 cm�1. Since the infrared absorption spectra of all three
molecules are essentially the same, the chemical structures of
the three molecules are also very similar. The infrared spectra
thus provide further evidence that the depolymerization reac-
tion using Pd/C-SO3H as catalyst breaks the C4–A8 bonds
between monomers but does not destroy the basic structural
units of the PPC. The product OPC retain the structural char-
acteristics of the PPC, which is consistent with the UV absorp-
tion spectroscopy results.
1H NMR analysis

The 1H NMR spectra of PPC, OPC, proanthocyanidin B1 and
catechin (Fig. 8) show peaks at 2.5–3.0 ppm (H-4), 3.6–4.3 ppm
(H-3), 4.7–5.0 ppm (H-2), 5.8–6.5 ppm (H-6, H-8), 6.7–7.2 ppm
(H-20, H-50, H-60) and 8.8–9.2 ppm (–OH).33,39 The spectrum of
OPC is similar to those of proanthocyanidin B1 and catechin,
Fig. 8 1H NMR spectra of (a) PPC, (b) OPC, (c) proanthocyanidin B1
and (d) catechin.

This journal is © The Royal Society of Chemistry 2020
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Table 8 Detection of Pd in depolymerized products

Number of catalyst uses
Weight used
(g)

Measured concentration
(mg L�1)

Pd content in
products (mg kg�1)

1 0.2545 0.06 0.003
2 0.2548 0.33 0.012
3 0.2542 0.59 0.016
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showing that the structure of the depolymerization products are
similar to those of proanthocyanidin B1 and catechin, and
conrming that the depolymerization products are proantho-
cyanidins with a low degree of polymerization. The 1H NMR
spectra thus also demonstrate that catalytic depolymerization
using Pd/C-SO3H does not destroy the basic structural units of
the PPC and conrms the proposed depolymerization
mechanism.
Inductively coupled plasma mass spectrometry analysis

The amount of Pd in the depolymerisation products was
determined by ICP-MS. Aer using the catalyst once, twice and
three times, the amount of residual Pd in the OPC was 0.003,
0.012 and 0.016 mg kg�1, respectively (Table 8). The European
Food Safety Authority considers that a concentration of Pd in
food up to 0.05 mg kg�1 is not of toxicological concern ((EC)no.
629/008). Even aer using the catalyst three times, residual Pd is
well below this limit, showing that OPC produced using Pd/C-
SO3H can be safely used as an antioxidant for foods.
Antioxidant properties of OPC

Reducing ability. Reducing ability is an important indicator
of antioxidant performance; the stronger the reducing ability,
the greater the antioxidant capacity. The Prussian blue method
was used to measure the reducing power of OPC, PPC and the
commonly used antioxidant BHT. The principle underlying this
method is that phenolic hydroxyl groups on the proanthocya-
nidin molecule can reduce Fe3+ to Fe2+, and the resulting
change of Fe3+ concentration, which causes a change in absor-
bance, reects the reducing power of the proanthocyanidin.40
Fig. 9 Reducing ability of OPC, PPC and BHT at different mass
concentrations.

This journal is © The Royal Society of Chemistry 2020
The reducing ability of OPC, PPC and BHT all increased with
increasing mass concentration over the range 0–0.20 mg mL�1

(Fig. 9). At a mass concentration of 0.20 mg mL�1, the absor-
bance values of BHT, PPC and OPC were 0.63, 0.574, and 0.785,
respectively, and reducing ability is thus in the order OPC > BHT
> PPC. The main reason for the increased reducing ability of the
OPC is that the steric hindrance of the phenolic hydroxyl groups
is decreased when PPC are depolymerized by Pd/C-SO3H.
Notably, the reducing ability of OPC is better than that of the
standard antioxidant BHT at the same concentration.

DPPHc scavenging capacity. DPPHc contains a stable free
radical centered on nitrogen. Its stability mainly derives from its
conjugated structure and the steric hindrance of three benzene
rings, which make it difficult to pair the unpaired electrons on
the nitrogen atom.41 The unpaired electrons impart a dark
purple color in ethanol solution, with a maximum absorption
peak at 517 nm. The addition of antioxidants releases H+ and
the reduced form of DPPHc (DPPH-H), resulting in a decrease in
DPPHc concentration and a decrease in absorbance. The ability
of antioxidants to remove DPPHc can thus be determined by the
change in absorbance at 517 nm. The greater the rate of clear-
ance of DPPHc, the stronger the antioxidant capacity. Over the
mass concentration range 0.025–0.20 mg mL�1, the scavenging
rate of OPC, PPC and BHT increased with increasing concen-
tration (Fig. 10). At a mass concentration of 0.20 mg mL�1, the
scavenging rates of BHT, PPC and OPC were 25.29%, 67.26%
and 76.25%, respectively, and the DPPHc scavenging ability is
thus in the order OPC > PPC > BHT. OPC exhibits better DPPHc

scavenging ability than PPC because of their lower molecular
weight, smaller steric hindrance and more active A-ring and B-
ring phenolic hydroxyl groups. Both PPC and OPC showed
better DPPHc scavenging ability than BHT because the ortho-
Fig. 10 DPPHc scavenging capacity of OPC, PPC and BHT at different
mass concentrations.

RSC Adv., 2020, 10, 20665–20675 | 20671
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Fig. 11 ABTSc+ scavenging capacity of OPC, PPC and BHT at different
mass concentrations.
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phenolic hydroxyl groups of the proanthocyanidin B ring act as
hydrogen donors, which can accept free radicals and form
stable intramolecular hydrogen bonds, semi-steroidal free
radicals or o-benzoquinones, thus blocking the free radical
chain reaction.42

Aer depolymerization of PPC by Pd/C-SO3H to produce
OPC, the antioxidant capacity is greatly enhanced, and OPC can
be used as a novel chain-breaking antioxidant.

ABTSc+ scavenging capacity. The capacity to remove ABTSc+ is
commonly used to measure total antioxidant capacity. The
underlying principle of the assay is that ABTS undergoes
oxidation to produce blue-green ABTSc+, which has a maximum
absorption peak at 734 nm. The presence of antioxidants
removes the newly formed ABTSc+, resulting in a lower
concentration of ABTSc+ and a decrease in absorbance. The
ability of an antioxidant to clear ABTSc+ can, therefore, be
determined by the change in absorbance at 734 nm; the
stronger the clearance, the greater the total antioxidant
capacity.43 Over the mass concentration range 0.025–0.20 mg
mL�1, the clearance rates of OPC, PPC and BHT increased with
increasing concentration (Fig. 11). When the concentration
exceeded 0.10 mgmL�1, the curves were shallow, ABTSc+ radical
scavenging had reached saturation and the clearance rate of
ABTSc+ was close to 100%. At concentrations less than 0.10 mg
mL�1, the order of ABTSc+ clearing ability was: OPC > BHT >
PPC. The molecular weight of OPC is smaller than that of PPC
and the phenolic hydroxyl groups in the A- and B-rings of OPC
are more reactive than those of PPC. OPC thus react more
readily with ABTSc+ free radicals and the scavenging rate is
higher. Notably, OPC have better antioxidant activity than BHT.
Conclusions

A composite catalyst, Pd/C-SO3H, was prepared and used to
catalyze the depolymerization of larch bark PPC. The average
degree of polymerization of the proanthocyanidins before and
aer depolymerization was determined by 1H NMR spectros-
copy. Both catalyst and depolymerization products (OPC) were
characterized, and the antioxidant activity of the OPC was
determined. Our results can be summarized as follows:
20672 | RSC Adv., 2020, 10, 20665–20675
(1) XRD, BET, SEM and TG analyses showed the presence of
Pd metal on the surface of the carbon-based solid acid C-SO3H,
indicating that the composite catalyst Pd/C-SO3H had been
successfully prepared. Pd/C-SO3H was shown to have good
thermal stability, cycle stability and acid–base stability.

(2) Pd/C-SO3H is an effective catalyst for depolymerization of
PPC. Under optimized reaction conditions (temperature, 220 �C;
time, 2 h; H2 pressure, 5 MPa; stirring speed, 500 rpm) the average
degree of polymerization of the proanthocyanidins was reduced
from 7.60 to 3.14, with a depolymerization yield of 55.58%.

(3) UV and FTIR analyses showed that Pd/C-SO3H catalyzed
depolymerization of PPC mainly breaks the C4–A8 bond in the
proanthocyanidin molecules and does not destroy the basic
proanthocyanidin structural units. The depolymerized OPC
retain a condensed avanol polyphenol structure, with catechin
or epicatechin as the basic structural units.

(4) The depolymerized OPC have better antioxidant proper-
ties than the PPC. OPC have less steric hindrance and more
reactive phenolic hydroxyl groups than PPC, resulting in higher
antioxidant capacity at the same concentration. Notably, OPC
have higher antioxidant activity than the commonly used anti-
oxidant BHT, which means that OPC can be used as novel
radical chain-breaking antioxidants.

In summary, Pd/C-SO3H was shown to efficiently catalyze the
depolymerization of PPC. The well-developed pore structure of
the carbon-based solid acid C-SO3H allows better dispersion of
Pd metal and increases the catalytic activity. Both Pd and –SO3H
groups participate in the depolymerization reaction, thereby
increasing the depolymerization yield and reducing the average
degree of polymerization of the products. This study provides
a new concept and method for the high value utilization of
proanthocyanidins and also provides a new route for the
development and utilization of new catalysts, with high prac-
tical value and prospects for application in a variety of elds.
Experimental
Materials and reagents

Larch bark was obtained from Inner Mongolia and crushed to
a particle size of 0.5–1.0 mm. Hainan coconut shell activated
carbon was pulverized to a particle size of 0.1–0.5 mm. Distilled
water, 1,1-diphenyl-2-trinitrophenylhydrazine (DPPHc), 2,20-
diazo-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), 2,6-di-
tert-butyl-4-methyl phenol (BHT), palladium chloride, ruthe-
nium chloride, ferric chloride, sodium hydroxide, sodium
chloride, silver nitrate, potassium ferricyanide, potassium per-
sulfate, sodium dihydrogen phosphate, disodium hydrogen
phosphate, phenolphthalein, anhydrous ethanol, petroleum
ether, ethyl acetate, trichloroacetic acid, formaldehyde,
concentrated sulfuric acid and concentrated hydrochloric acid
were all analytical grade.
Extraction of PPC

Crushed larch bark (80 g) and aqueous ethanol (70% v/v, 800
mL) were reuxed in a water bath at 80 �C for 180 min and the
mixture was then ltered.14,15 The lter cake was reuxed with
This journal is © The Royal Society of Chemistry 2020
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aqueous ethanol (70% v/v, 540 mL) for 60 min and then ltered.
The combined ltrates were treated with an equal volume of
petroleum ether (boiling range 60–90 �C) to precipitate impu-
rities, such as resin and gum. Aer removal of insoluble mate-
rial, the organic solvents were evaporated at 45 � 5 �C under
reduced pressure using a rotary evaporator (RE-52AA, Shanghai
Yarong Biochemical Instrument Factory, Shanghai, China), and
insoluble red matter was removed by ltration. The remaining
aqueous solution was extracted six times with equal volumes of
ethyl acetate until the ethyl acetate layer was colorless. The
resulting aqueous solution was vacuum dried (DZF6210,
Shanghai Yiheng Scientic Instrument Co., Ltd., Shanghai,
China) at 50 � 2 �C to provide PPC.

Preparation of catalyst

Preparation of C-SO3H. Activated carbon (16.0 g) was added
to 98% sulfuric acid (320 mL) in a hydrothermal reaction kettle
and the mixture was heated to 150 �C for 6 h. Aer cooling, the
mixture was diluted with distilled water and ltered. The
resulting solid was washed with deionized water at 90 �C until
SO4

2� was not detected and then dried at 110 �C for 12 h to
provide carbon-based solid acid C-SO3H.16–18

Preparation of Pd/C-SO3H catalyst. A mixture of PdCl2 (0.5
g), distilled water (15 mL) and concentrated hydrochloric acid
(3 mL) was heated until the solid had completely dissolved. C-
SO3H (6.0 g) and distilled water (40 mL) were placed in
a 200 mL three-necked ask and stirred continuously at 80 �C
during the dropwise addition of the solution of PdCl2 in
hydrochloric acid. Aer stirring at 90 �C for 1 h, the pH of the
mixture was adjusted to 10 with 10% NaOH solution, using an
EL20 pH meter (Mettler-Toledo Instruments Shanghai Co.,
Ltd., Shanghai, China), and then aged for 12 h.19,20 Formal-
dehyde (10 mL) was then added dropwise to the mixture over
30 min. The resulting black solid was ltered, washed with
distilled water until free of Cl�, and dried at 110 �C for 4 h to
provide the Pd/C-SO3H catalyst.

Pd/C-SO3H-catalyzed depolymerization of PPC

Different reaction conditions were investigated using the
following general procedure. An accurately weighed quantity of
PPC (1.5 g) were dissolved in aqueous ethanol (70% v/v, 100 mL)
and an accurately weighed portion of Pd/C-SO3H was added. The
reaction mixture was placed in a GCF-1 type high-pressure reac-
tion kettle (Dalian Automatic Control Equipment Factory, Dalian,
China) and stirred at 500 rpm under an atmosphere of hydrogen
at the temperature under investigation for the required length of
time.21 The reaction mixture was then ltered through a 0.45 mm
lter membrane to remove the catalyst. The ltrate was extracted
with equal volumes of ethyl acetate until colorless22 and then
evaporated under vacuum at 50 � 2 �C to provide OPC.

Structural characterization of the catalyst

Determination of total acid group density on surface of C-
SO3H. An accurately weighed portion (0.1 g) of C-SO3H was
placed in a conical ask with 2 M aqueous NaCl (15 mL) and
shaken for 30 min so that H+ ions in the C-SO3H were
This journal is © The Royal Society of Chemistry 2020
completely exchanged by Na+ ions. The solid was then removed
by ltration. The ltrate was titrated at room temperature using
0.02 M NaOH as the standard solution and phenolphthalein as
the indicator.23 The total acid group density d(H+) of the C-SO3H
surface was calculated using formula (1):

dðHþÞ ¼ CNaOH � VNaOH � 1000

m
(1)

where d(H+) is the total acid group density of the C-SO3H surface
(mmol g�1); CNaOH is the concentration of NaOH standard
solution (M); VNaOH is the volume of consumed NaOH (L); m is
the dry weight of C-SO3H (g).

Characterization using X-ray diffractometry. XRD patterns of
Pd/C-SO3H and C-SO3H were recorded using a D/max-2200VPC
X-ray diffractometer (Shimadzu Corporation, Japan). The source
of radiation was Cu Ka, the tube pressure was 40 kV, the tube
ow was 40 mA, the scanning range was 10–80�, the scanning
rate was 6� min�1 and the step was 0.02�.

Brunauer–Emmett–Teller analysis. The specic surface area
and micropore area of Pd/C-SO3H and C-SO3H were measured
using an ASAP 2020 physical adsorption analyzer (Micro-
meritics Instrument Corp., Norcross, GA, USA).

Characterization by scanning electron microscopy. SEM and
energy spectra of Pd/C-SO3H and C-SO3H were recorded using
a Quanta 200 scanning electron microscope (FEI Europe B.V.,
Eindhoven, Netherlands).
Determination of catalyst stability

Determination of thermal stability by thermogravimetric
analysis. TG analyses of Pd/C-SO3H and C-SO3H were carried
out using a Pyris1 thermogravimetric analyzer (PerkinElmer
Inc., Waltham, MA, USA). The temperature range was 30–500 �C
and the heating rate was 10 �C min�1.

Determination of recycling stability. The Pd/C-SO3H catalyst
was used to depolymerize PCCs three times under the same
experimental conditions and the cycle stability of the catalyst
was determined by comparing the average degree of polymeri-
zation of the product OPC.

Determination of acid–base stability. The catalytic efficiency
of Pd/C-SO3H was measured at different pH values, whilst
keeping other reaction conditions the same. Three experi-
ments were carried out. In the rst experiment, the pH of the
solution of PCCs was not adjusted aer addition of the cata-
lyst; in the second experiment, the pH of the solution was
adjusted to 2–3 using 5% aqueous HCl; in the third experi-
ment, the pH of the solution was adjusted to 10–11 using 5%
aqueous NaOH. The acid–base stability of the catalyst was
determined by comparing the average degree of polymeriza-
tion of the product OPC.
Characterization of proanthocyanidins

Determination of average degree of polymerization and
degradation yield. A sample of proanthocyanidins (20 mg) was
dissolved in DMSO-d6 (0.5 mL) and the 1H-NMR spectrum was
recorded using an AVANCE III HD 500 MHz spectrometer
(Bruker Scientic Instruments, Germany), with a 5 mm BBO
RSC Adv., 2020, 10, 20665–20675 | 20673
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probe. The frequency was 500.192 MHz, the spectral width was
12 335.5 Hz, the pulse width was 13 ms, the sampling time was
17 s, the delay time was 6 s, and the number of scans was 16.
The average degree of polymerization24,25 of the sample was
calculated using formula (2):

N ¼ 2 � (A8/Ae)
�1 (2)

where N is the average degree of polymerization of the sample,
A8 is the total peak area of the C8 hydrogen of the A ring in the
proanthocyanidin molecule (d¼ 5.8–6.5) and Ae is the total peak
area of the C4 hydrogen of the C ring of the proanthocyanidin
molecule terminal epicatechin unit (d ¼ 2.5–3.0).

The depolymerization yield was calculated using formula (3):

Depolymerization yield ð%Þ ¼ m2

m1

� 100% (3)

wherem1 is the mass of PPC before depolymerization (g) andm2

is the mass of OPC aer depolymerization (g).
Spectral analysis. UV spectra of PPC, OPC and catechin were

recorded over the range 200–800 nm using a TU-1950 dual-
beam UV-Vis spectrophotometer (Beijing Pu's General Instru-
ment Co., Ltd., Beijing, China). Sample solutions (40 mg mL�1)
were prepared using aqueous ethanol (70% v/v) and aqueous
ethanol (70% v/v) was used as the blank control.

Infrared spectra of PPC, OPC and catechin were recorded
over the wave number range 4000–400 cm�1, at a resolution of
2 cm�1 with 16 scans, using an FTIR-650 Fourier infrared
spectrometer (Tianjin Gangdong Technology Development Co.,
Ltd., Tianjin, China). Samples (2 mg) were ground thoroughly
with IR grade KBr (100 mg) under infrared light and
compressed into discs for spectral analysis.

Inductively coupled plasma mass spectrometry

PPC (250 mg) and nitric acid (3mL) were placed in the inner tank
of a pressure digester, covered and allowed to stand overnight.
The stainless steel jacket was put in place, and the digester was
placed in a constant temperature oven. Digestion was carried out
at 80 �C for 2 h, at 120 �C for 2 h and at 160 �C for 2 h, until the
solution was clear and transparent. Aer cooling, the reaction
mixture was removed from the digester and heated on a hotplate
at 100 �C for 30 min. The sample was then diluted to 10 mL with
pure water, to provide a blank test solution.

The amount of Pd in the OPC was measured using a NexION
350D inductively coupled plasma mass spectrometer (Thermo
Fisher Scientic, USA), with the following test conditions: RF
power, 1600 W; plasma gas ow rate, 18.00 L min�1; auxiliary
gas ow rate, 1.20 L min�1; nebulizer ow rate; 0.92 mL min�1;
sample cone, 1.1 mm; intercepting cone, 0.8 mm; resolution,
0.6–0.7 amu (10% peak height); data acquisition mode, jump
peak; analysis time, 3 min; number of measurements, 3.

Determination of antioxidant properties of
proanthocyanidins

Solutions of OPC or PPC (0.025, 0.05, 0.10, 0.15 and 0.20 mg
mL�1) in aqueous ethanol (70% v/v) were used to determine the
antioxidant properties of the proanthocyanidins.
20674 | RSC Adv., 2020, 10, 20665–20675
Determination of reducing ability of proanthocyanidins.
Aliquots (1 mL) of OPC or PPC solutions with different mass
concentrations were placed in centrifuge tubes and thoroughly
mixed at 50 �C with phosphate buffer (0.2 M, 2.5 mL, pH 6.6)
and potassium ferricyanide solution (1% w/v, 2.5 mL). Reac-
tions were carried out in a water bath at 50 �C for 20 min and
trichloroacetic acid solution (10% w/v, 2.5 mL) was then added.
The mixtures were centrifuged at 3000 rpm for 10 min and
aliquots (2.5 mL) of the supernatants were transferred by
pipette into darkened tubes. Distilled water (2.5 mL) and ferric
chloride solution (1% w/v, 1 mL) were added and, aer standing
for 10 min, the absorbance was measured at 700 nm using a UV-
Vis spectrophotometer.26,27

The reducing ability of BHT, measured as described above,
was compared with that of the PPC and OPC.

Determination of DPPHc scavenging ability of proanthocya-
nidins. An accurately weighed sample of DPPHc (20 mg) was
diluted with absolute ethanol to 500 mL in a volumetric ask to
prepare a DPPHc solution with a concentration of 0.04 mg
mL�1. The solution was stored at 0–4 �C in the dark before use.
Aliquots (0.25 mL) of OPC or PPC solutions with different mass
concentrations were pipetted into darkened test tubes and
mixed thoroughly with DPPHc solution (4.75 mL). Aer
standing in the dark for 30 min, the absorbance was measured
at 517 nm using a UV-Vis spectrophotometer.28,29 Aqueous
ethanol (70% v/v) was used as the control. The DPPHc scav-
enging ability was calculated using formula (4):

DPPH� scavenging ability ð%Þ ¼ 100%� A0 � A1

A0

(4)

where A0 is the absorbance of the control at a wavelength of
517 nm and A1 is the absorbance of the sample solution at
a wavelength of 517 nm.

The DPPHc scavenging ability of BHT, measured as
described above, was compared with that of the PPC and OPC.

Determination of ABTSc+ scavenging ability of proantho-
cyanidins. An accurately weighed sample (38.5 mg) of ABTS in
distilled water (10 mL) was treated with an accurately weighed
sample (6.6 mg) of potassium persulfate and the mixture was
allowed to stand at 30 �C for 12 h in the dark to form a blue-
green solution of ABTSc+. The ABTSc+ solution was diluted
with phosphate buffer (pH ¼ 6.6) until its absorbance reached
0.70 � 0.02 at a wavelength of 734 nm. Scavenging activity was
measured by thoroughly mixing aliquots (0.25 mL) of different
concentration OPC or PPC solutions with ABTSc+ solution (4.7
mL) in darkened test tubes, allowing the mixtures to stand in
the dark for 6 min and then measuring absorbance at 734 nm
using a UV-Vis spectrophotometer.30,31 Aqueous ethanol (70% v/
v) was used as the control. ABTSc+ scavenging ability was
calculated using formula (5):

ABTS�þ scavenging ability ð%Þ ¼ 100%� A0 � A1

A0

(5)

where A0 is the absorbance of the control solution at a wave-
length of 734 nm and A1 is the absorbance of the sample solu-
tion at a wavelength of 734 nm.
This journal is © The Royal Society of Chemistry 2020
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The ABTSc+ scavenging ability of BHT, measured as
described above, was compared with that of the PPC and OPC.
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