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l-free olefins epoxidation and
alcohol oxidation by in situ generated
poly(peroxybenzoic acid) as a heterogeneous
recyclable catalyst under mild conditions: an in-
depth mechanistic study

Boshra Mahmoudia and Milad Kazemnejadi*b

In this study a mild and selective protocol was introduced for the alcohol oxidation and alkene epoxidation

as two vital reactions in organic synthesis. Poly(benzoic acid) (PBA), a synthetic polymer, was used for the

preparation of highly active poly(peroxybenzoic acid) (PPBA) in situ in the presence of H2O2. At ambient

temperature, alcohol (primary) oxidation proceeds to carboxylic acid selectively (81–99% selectivity), and

in 0 °C, aldehyde was the selective product (90–98% selectivity). Alkene epoxidation was also performed

in 0 °C with high selectivity. The catalyst was compatible towards a wide variety of alcohols and alkenes

substrates like acid sensitive substrates. PBA is used in the reaction at a catalytic rate and, in the

presence of H2O2, which provides the oxygen necessary for oxidation, is converted to catalytically active

PPBA species and reintroduced into the catalytic cycle. The mechanism of the oxidation and epoxidation

processes was studied deeply. PBA could be recycled for several times without loss of catalytic activity.
1. Introduction

The oxidation of alcohols and the epoxidation of alkenes are
among the most widely used reactions in organic synthesis.
Epoxides are one of the most reactive compounds in organic
chemistry that has a wide application in the chemical industry,
such as ethylene oxide and propylene oxide, which are widely
used to prepare solvents, plasticizers and antifreeze.1 Epichlo-
rohydrin is also a very important intermediate in the chemical
industry, which is formed from the epoxidation of allyl chloride
and is used in the preparation of epoxy resins, adhesives and
coatings and composites. The epoxidation of vegetable oils as
a plasticizer for PVC and the preparation of resins are also
among the other applications of epoxidation in the chemical
industry.1,2 Alkenes are also valuable precursors for the prepa-
ration of a variety of polymers by metallocene catalysts.3–6

The oxidation of alcohols, on the other hand, has a special
place in the synthesis of pharmaceutical compounds due to the
preparation of aldehyde, ketone and carboxylic acid products.
Aldehydes and ketones are among the vital intermediates in
pharmaceuticals, fragrances and polymers, and carboxylic acids
are also widely used in the preparation of soaps, detergents and
l University, Sulaymaniyah, Iraq. E-mail:

Golestan University, Gorgan, Iran. E-mail:
various organic acids that are used in the pharmaceutical and
food industries.7,8

This wide application highlights its importance in terms of
economics, large-scale production, environmental issues and
selectivity. Metal-free catalysts fulll all the aforementioned
conditions and advantages compared to catalysts containing
coordinated transition metals. A major problem of coordinated
transition metal-based catalysts is metal leaching, which not
only causes environmental pollution, but also reduces the effi-
ciency of the catalyst in successive cycles and becomes practi-
cally inactive aer several consecutive cycles, because the
catalytically active sites are limited to the coordinated metals
(and not all of them). In addition, transition metals are expen-
sive and toxic, limiting their large-scale application.9–11

Furthermore, due to the diversity of oxidation and epoxidation
products, the selective catalyst must have high selectivity. Low
selectivity not only makes purication of the desired product
challenging, but also makes it uneconomical at a larger scale.12

Therefore, the design of a catalyst system without a transition
metal is important from various aspects.

Various catalytic systems have been reported for the metal-
free oxidation of alcohols. TEMPO is one of the most widely
used reagents in the eld of metal-free oxidation of alcohols,
which has high compatibility with a wide range of substrates
(various types of primary and secondary alcohols). TEMPO-
mediated alcohol oxidation under O2 (TEMPO/HCl/HNO3/O2;13

TEMPO/HBr/t-butyl nitrile/O2 (ref. 10)), and air (or aerobic)
(TEMPO/Br2/NaNO2/air;9 TEMPO/HCl/NaNO2/air;14 TEMPO/
© 2025 The Author(s). Published by the Royal Society of Chemistry
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NH4NO3/H
+/air11) conditions, has demonstrated its ability to

oxidize alcohols to the corresponding carbonyls.
Furthermore, nitrogen doped activated carbon15 and gra-

phene nanosheets16 as well as B/P Co doped nanoporous
carbon17 were applied for the aerobic oxidation of alcohols. The
use of electrochemical methods18 and metal-free photo-
catalysts19,20 as well as (H)NOx species (in the presence of O2,
under Three-Phase Flow Conditions21) has also been developed
for metal-free oxidation.

On the other hand, limited reports are available on the
development of metal-free catalytic systems for the epoxidation
of olens. Previously, a transition metal-free alumina catalyst
was developed for epoxidation of cis-cyclooctene with H2O2

70% wt, where in the catalyst needs several steps for synthesis.22

Later, Lin et al., introduced a nitrogen-doped onion-like carbon
(OLC) for styrene epoxidation with higher catalytic activity than
some other metal-related catalytic systems.23 In another study,
cumene was served as a precursor for the in situ preparation of
peroxy radical for the aerobic oxidation of olens.24 This system
could be promoted for gram scale synthesis, and air was applied
as the oxidant and cumene could be recycled. Also, poly-
dioxirane (PDOX) was also another metal-free active catalyst has
been developed for olen epoxidation.25

Recently, Kazemnejadi et al. developed ametal free approach
for the selective olene epoxidation by TAIm[X] (X = WO4

2−,
HSO5

−) ionic liquid as a sustainable and recyclable catalyst.26

Despite extensive progress in the methods developed for the
oxidation and epoxidation of alcohols and olens, these
systems have drawbacks such as being uneconomical (espe-
cially due to the use of transition metals and the design of
complex and large catalytic systems), not being biocompatible,
cumbersome and multi-step synthesis methods, etc.

In this study, olen epoxidation and alcohol oxidation were
performed using PBA as a metal-free catalytic system in the
presence of H2O2. Polybenzoic acid (PBA) is a synthetic polymer
with multiple acid groups on the polymer chain (as pendant
groups) (Scheme 1).27 PBA in the presence of H2O2 is converted
Scheme 1 Synthesis of PSA and PBA.23

Scheme 2 In situ preparation of (poly(peroxy benzoic acid)) in the prese

© 2025 The Author(s). Published by the Royal Society of Chemistry
to the highly active intermediate PPBA, which performs the
aforementioned transformations under mild conditions
(Scheme 2). The ability to oxidize alcohols in the presence of
peracid (a mixture of organic acid and oxidant) has been
demonstrated.28–30 The advantage of this method is its high
selectivity, such that the selective oxidation of alcohols to
aldehydes and selective oxidation to acids were carried out at
0 and 26 °C (ambient temperature), respectively. The selective
epoxidation of alkenes was also carried out at 0 °C.
2. Experimental
2.1. Materials and instrumentations

All alcohols and alkenes substrates were provided from Merck
company with 97–99% purity. The substrates were used without
any further purication. The solvents were dried before use
under N2 atmosphere. The progression of reactions (oxidations
and epoxidations) was monitored through thin layer chroma-
tography (TLC) on silica gel plates (polygram SILG/UV 254) and
gas chromatography (GC) using a Shimadzu-14B GC with an
HP-1 capillary column, nitrogen as the carrier gas, and anisole
as an internal standard. FTIR (Fourier-transform infrared)
analyses were obtained on a Perkin Elmer-RX1 Spectrometer.
2.2. Synthesis of PBA

PBA was synthesized according to our previous report (Scheme
1).27 Briey, in rst, poly salicylaldehyde (PSA) was synthesized
by chloromethylation of salicylaldehyde ðMn ¼ 2226Þ; reported
elsewhere.31–35 In the second step, 0.1 g of PSA was added to
20 mL of distilled water in a 50 mL round-bottom ask equip-
ped with a condenser. Then, 1.0 mmol of KOH and 1.0 mmol of
KMnO4 was added to the balloon. The mixture was heated to
70 °C, and stirred for four hours. Finally, the resulting PBA was
separated from the mixture by a simple ltration and treated
with HCl (1.0 N) several times, followed by washing and dying in
an oven at 50 °C (MW = 2396 g mol−1 (GPC analysis)27).
nce of PBA/H2O2.

RSC Adv., 2025, 15, 6110–6121 | 6111
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Fig. 1 Screening of H2O2 : PBA (PSA amount was considered constant
as 0.5 g) ratio over the epoxidation reaction of styrene at 0 °C for 4 h.
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2.3. A general procedure for the epoxidation of olens and
selective primary-alcohol oxidation to aldehyde by PBA/H2O2

A small glass tube (with screw cap) was charged with alkene (2.0
mmol) and H2O2 35% (0.2 mL) and then immersed in an ice-
bath to complete cooling. Then, 0.5 g of PBA was added to the
mixture and the mixture was stirred (using a small magnet bar)
for appropriate time. The % conversion and % selectivity was
monitored and recorded by GC or TLC (if possible).

Aer reaction completion, 1.5 mL of ethyl acetate was added
to the mixture and, PBA was separated by simple ltration. The
ltered PBA was washed with deionized water, dried in vacuum
oven and stored for the next use. PBA could be stored in room
temperature for several months. Alcohol oxidation follows
a similar procedure, with 2.0 mmol of alcohol substrate added
to the tube in the rst step.
2.4. A general procedure for the direct oxidation of alcohols
to carboxylic acids by PBA/H2O2

Direct and selective oxidation of primary alcohols to carboxylic
acids were conducted at room temperature (26 °C) with
a similar procedure described at alcohol oxidation.
3. Results and discussion

The number of acidic groups in PBA was measured by titration.
In this experiment, 0.5 g of PBA was titrated with 1 M sodium
hydroxide in the presence of phenolphthalein reagent. This
experiment was repeated 3 times and the results for the number
of acidic groups in PBA were obtained as 3.6, 3.7, 3.7 mmol/0.5.
The results are in complete agreement with the molecular mass
obtained by GPC analysis,25 based on which the degree of
polymerization was calculated to be 15.
3.1. Oxidation/epoxidation parameters

All reactions were carried out in hydrogen peroxide (both as
a solvent and as a reagent). Studies showed that the PBA : H2O2

ratio and temperature are two effective parameters in oxidation
and epoxidation reactions. In order to study these parameters,
the epoxidation reaction of styrene was chosen as a model
reaction to investigate these two parameters. Studies showed
that at 0 °C, the highest efficiency and selectivity for epox-
ystyrene equal to 98% (4 hours) was achieved. In the studies,
a mechanism will be shown that increasing the temperature
causes the formation of benzoic acid radicals on peroxybenzoic
acid and changes the reaction path, in a way that causes the
selectivity to decrease at temperatures above 50 °C. The oxida-
tion reaction of alcohols at 0 °C was also effective for the
conversion of benzyl alcohol to benzaldehyde and produced
conversion and selectivity of 97% and 98%, respectively, for 2
hours.

Increasing the temperature for the oxidation of benzyl alco-
hols led to the selective product benzoic acid via a radical
mechanism (Section 3.3). Unlike the epoxidation reaction,
which lost selectivity with increasing temperature, the oxidation
of benzyl alcohol at room temperature (26 °C) produced 99%
6112 | RSC Adv., 2025, 15, 6110–6121
selectivity to benzoic acid (99% conversion) for 1 hour. The
radical nature of this mechanism was proven in studies.

The second effective parameter, the H2O2 : PBA ratio, was
also studied with different values (Fig. 1). The highest efficiency
was obtained at the ratio of 2 mL/0.5 g for all reactions.
Reducing the amount of hydrogen peroxide to 1.5 mL and 1 mL,
respectively, led to a decrease in the conversion percentage to
89% and 77% (the selectivity was almost unchanged). Also,
increasing hydrogen peroxide (to 25 and 3.0 mL) decreases the
% conversion and % selectivity. Previous reports have shown
that in epoxidation reactions in the presence of excess hydrogen
peroxide, the epoxide ring is converted to the vicinal diols, thus
reducing the efficiency (Fig. 1).36 At 2.5 mL of hydrogen
peroxide, the conversion and selectivity percentages were
calculated to be %85 and%90, respectively; at 3 mL of hydrogen
peroxide, these values were %70 and %72, respectively.
Increasing the hydrogen peroxide also increased the dilution of
the solution, which had a negative effect on this reaction. The
reaction did not produce any product in the absence of
hydrogen peroxide, reecting its critical role in the activation of
polybenzoic acid and converting it to polyperoxybenzoic acid
(the amount of PSA was 0.5 g in all reactions) (Fig. 1).

In order to demonstrate the performance of PPBA, in the
control reaction of styrene epoxidation, the reaction was carried
out in the absence of PBA. The results showed that PBA alone
also had no observable catalytic performance towards alcohol
oxidation and olen epoxidation, reecting that it is converted
to catalytically active species in the reaction pathway in the
presence of H2O2.

3.2. Catalytic activity

Aer achieving the best conditions for oxidation/epoxidation
reactions, various alkene derivatives were studied for epoxida-
tion in the presence of H2O2/PBA. Table 1 shows the epoxidation
of various aliphatic and aromatic alkenes with H2O2/PBA.
According to the results, all derivatives had good to excellent
efficiency (in terms of % selectivity and % conversion) and the
epoxidation was carried out in the time range of 2.5–6 h.
Another advantage of this method was the selective epoxidation
of acid-sensitive alkenes such as 14c, 14d, 14f–14h, which are
well epoxidized in this method. In addition, the high selectivity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Metal free epoxidation of alkenes by H2O2/PBA catalytic systema

Entry Alkene (a) Product (b) Time (h) Conversionb (%) Selectivityb (%)

1 5a 6a 3 95 98

2 5b 6b 4 98 98

3 5c 6c 5.5 90 96

4 5d 6d 2.5 98 98

5 5e 6e 6 90 95

6 5f 6f 4.5 90 96

7 5g 6g 5 92 95

8 5h 6h 5.5 90 97

9 5i 6i 4 96 96

10 5j 6j 6 90 95

11 5k 6k 4 96 98

a Reaction conditions: alkene (2.0 mmol), H2O2 35% (0.2 mL), PBA (0.5 g), 0 °C (ice bath). b Based on GC. Internal standard = anisole.
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of the method for dienes such as 14i, 14f, and 14j also allows for
the selective epoxidation of only one group. Although
compounds 14f and 14j are symmetrical, in compound 14i only
the non-double double bond undergoes epoxidation (quite
selectively).

Next, the oxidation of various primary alcohols was studied
at two different conditions (1) 0 °C and (2) room temperature
(26 °C) by the H2O2/PBA catalytic system, and the results are
summarized in Table 2.

The difference in the observed products as well as the time,
% conversion and % selectivity at these two temperatures was
due to their different mechanisms, which are discussed in the
next section. At room temperature, alcohols undergo selective
oxidation to aldehydes at 0 °C, while at room temperature, the
aldehyde is directly converted to carboxylic acids via a radical
mechanism. Under radical conditions, the reaction times were
in the range of 60–1210 min, while for the oxidation of alcohols
to benzaldehyde at 0 °C, a time range of 90–180 was observed.
Selectivities for all derivatives were in the range of 97–99%
(except for cinnamyl alcohol). Also, no dominant electron effect
due to electron-withdrawing and electron-donating substitu-
tions was observed on the conversion percentage and selectivity.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The catalytic ability of H2O2/PBA for the conversion of
secondary alcohols to carbonyls was also studied (Table 3). 1-
Phenylethan-1-ol, cyclohexanol and 1,2,3,4-
Tetrahydronaphthalen-1-ol were converted to the correspond-
ing ketones at two temperatures: 0 °C and 26 °C (room
temperature). The results of this table also provide further
evidence of the mechanistic difference in these two methods.
For example, acetophenone was converted to acetophenone at
0 °C in 240 minutes with a conversion of 85%, while at room
temperature the time was reduced to 60 minutes and 90%
conversion was observed. Similar results were obtained for the
other two derivatives.
3.3. Mechanism studies

Scheme 3 shows the proposed mechanism for the epoxidation
of olens and the oxidation of alcohols in the presence of PBA/
H2O2. As shown in Scheme 3, the reaction proceeds in two
phases. One explanation for the reaction occurring in two-phase
conditions is the structure of PBA and PPBA, which have both
hydrophilic and hydrophobic groups and therefore act as
a surfactant, reducing the surface tension of the aryl, resulting
in better interaction of the catalyst with the alkyl (or alkyls).
RSC Adv., 2025, 15, 6110–6121 | 6113
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Table 2 Selective oxidation of primary alcohols by H2O2/PBA catalytic
systema

Entry Alcohol

Time (min)
Conversionb

(%) Selectivityb (%)

Aldehyde Acid Aldehyde Acid Aldehyde Acid

1 120 60 97 99 98 99

2 180 50 92 98 98 99

3 180 65 92 96 99 99

4 90 40 95 95 99 99

5 100 80 96 98 98 98

6 120 100 98 96 99 98

7 180 120 90 80 98 97

8 150 100 98 99 98 81

9 160 60 93 96 99 99

a Reaction conditions: primary alcohol (2.0 mmol), H2O2 35% (0.2 mL),
PBA (0.5 g), R.T. for aldehyde; 0 °C for carboxylic acid. b Based on GC.
Internal standard = anisole.
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Examples of such behavior have also been observed for catalysts
containing other hydrophilic and hydrophobic groups.37,38

PPBA could not be isolated and characterized from the
environment due to its high reactivity. Previous reports have
shown that a peroxybenzoic acid is not stable in aqueous media
and that the hydroxy radical formed during the decomposition
of peroxybenzoic acid is highly reactive39,40 and rapidly reacts
with other molecules present in the reaction medium, and this
high reactivity leads to its short lifetime in water.40,41 According
to this proposed mechanism, PBA is initially converted to PPBA
in the presence of H2O2. Radical formation from peroxybenzoic
acid typically does not require an external initiator because
peroxy acids can decompose spontaneously to form radicals.
The mechanism involves the homolytic cleavage of the O–O
bond in the peroxybenzoic acid molecule.39–41
6114 | RSC Adv., 2025, 15, 6110–6121
H2O2 acts as an activator of polybenzoic acid by converting it
to peroxybenzoic acid. Strong evidence for this conversion was
the lack of epoxidation reaction in the presence of H2O2 and in
the absence of PBA (Fig. 1). In the second step, oxygen is
transferred from the peroxide active groups on PPBA to the
olen, forming the epoxide product and PBA returning to the
catalytic cycle. The presence of hydrophilic acid and peroxyacid
groups on PBA justies the reaction in water solvent. Although
initially a two-phase environment is created, as shown in the
mechanism, the olen approaches the PBA surface together
with water, ultimately leading to epoxidation.

The oxidation of alcohols also passes through the PPBA
intermediate. As shown in the cycle on the right (Scheme 3), the
transfer of oxygen to the alcohol group occurs by the absorption
of a proton from the carbon carrying the alcohol group by PPBA.
Finally, the aldehyde product is obtained and PBA returns to the
catalytic cycle. Under these conditions, further oxidation to
benzoic acid does not occur. Optimization studies showed that
with increasing the hydrogen peroxide ratio, the selectivity
towards aldehyde decreases and leads to other products,
including benzoic acid. In addition, in another experiment, the
oxidation of aldehyde was studied at 0 °C and room tempera-
ture. Under these conditions, no products were observed at 0 °
C, while at room temperature, almost similar results were ob-
tained as in Table 4 and the % conversion for benzaldehyde and
4-methoxybenzaldehyde were calculated to be 98% and 96%,
respectively, within 15 minutes.

The observations conrmed the absence of any radical
intermediates in the reaction mixture of alcohol oxidation as
well as alkene epoxidation at 0 °C. For this purpose, in the
control reaction of styrene epoxidation (0 °C), hydroquinone
(0.3 g) was used as a radical scavenger at the beginning of the
reaction.

The reaction progress was completely similar to before
(absence of radical scavenger), indicating the absence of radical
intermediates in the reaction mixture. Similar results were also
obtained for the model reaction of oxidation of benzyl alcohol
to benzaldehyde, in which the addition of 0.3 g (3 mmol) of
hydroquinone had no effect on the conversion and selectivity.

On the other hand, a radical mechanism for the direct
oxidation of alcohols to benzoic acid was proposed based on the
evidence obtained in this study including radical scavenger,
direct conversion of alcohol to acid, butyl alcohol oxidation, ice-
water bath test, cinnamyl alcohol oxidation, efficiency differ-
ence compared to °C (Scheme 4). The evidence indicated the
presence of radical species at room temperature and in aqueous
solvent. Scheme 4 shows the scheme of this proposed mecha-
nism that initially, as in the previous mechanism, PBA is con-
verted to the active PPBA species in the presence of H2O2. At
room temperature and under reaction conditions (alcohol (2.0
mmol), H2O2 35% (0.2 mL), PBA (0.5 g), H2O, R.T.), PPBA
decomposes into the active radical species Ar–C(]O)–Oc and
HOc. Benzyl hydrogens are converted to stable benzyl radicals in
contact with the active Ar–C(]O)–Oc species, which are then
rapidly converted to hydrates in the presence of HOc radical
species. By removing water, an aldehyde intermediate is
formed, which is again converted to the active Ar–C]Oc radical
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Selective oxidation of secondary alcohols to ketones by H2O2/PBA catalytic systema

Entry Alcohol

Time (min) Conversionb (%) Selectivityb (%)

At 0 °C At 26b °C At 0 °C At 26b °C At 0 °C At 26b °C

1 240 60 85 90 99 99

2 260 50 80 92 99 99

3 240 60 88 95 99 99

4 280 90 54 66 99 99

a Reaction conditions: alcohol (2.0 mmol), H2O2 35% (0.2 mL), PBA (0.5 g). Based on GC. Internal standard = anisole. b Radical mechanism.
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(derived from PPBA) in contact with the active radical species
Ar–C(]O)–Oc. In the presence of HOc radical in the environ-
ment, it is converted to benzoic acid (the nal product). The
radical active species Ar–C(]O)–Oc also return to the catalytic
cycle in two steps, the rst aer the formation of the benzyl
radical and the second aer the formation of the active radical
Ar–C]Oc.

For this radical mechanism, several lines of evidence are
available to prove its radical nature. (1) Use of radical scavenger:
in order to prove the presence of radical species, hydroquinone
was added as a radical scavenger at the beginning of the
oxidation reaction of benzyl alcohol. The % conversion for this
Scheme 3 Two plausiblemechanisms for the selective alcohol oxidation
radical mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry
experiment aer 1 h was about 7% (GC analysis). Compared
with the oxidation at 0 °C where the addition of hydroquinone
had no effect on the reaction, this difference in the result can be
directly attributed to the presence of radical species in the
reaction mixture, which is in agreement with previous
reports.42,43 (2) The direct conversion of alcohol to acid is
another evidence that strengthens the proposed radical mech-
anism. According to the proposed mechanism, the active
radical Ar–C]Oc is easily formed in the presence of radical
species and undergoes subsequent reactions,44,45 and the alde-
hyde is an intermediate in this mechanism. (3) In another
experiment, n-butyl alcohol was used as the initial substrate.
to aldehyde and olefin epoxidation by PBA (0 °C in an ice bath)—a none
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Table 4 Oxidation of aldehydes to carboxylic acids by H2O2/PBA catalytic systema

Entry Aldehyde

Time (min) Conversionb (%) Selectivityb (%)

At 0 °C At 26 °C At 0 °C At 26 °C At 0 °C At 26 °C

1 0 15 0 98 0 99

2 0 15 0 96 0 99

a Reaction conditions: aldehyde (2.0 mmol), H2O2 35% (0.2 mL), PBA (0.5 g). b Based on GC. Internal standard = anisole.
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Under completely similar conditions, the conversion
percentage for butanoic acid was calculated to be 12%. The
formation of the aliphatic radical is more difficult than the
benzyl radical and requires a higher activation energy.46 The
result of this experiment conrms the presence of benzyl radical
species. (4) In another experiment, the ask containing the
benzyl alcohol oxidation reaction mixture was transferred to an
ice-water bath aer 15 minutes, and the selectivity for benzoic
acid was monitored every 10 minutes by GC. Fig. 2a shows the
monitoring of this reaction. The selectivity for benzoic acid was
calculated to be 99% in the rst 45 minutes, and aer being
placed in the ice-water bath, it decreased sharply, reaching
about 30% aer one hour. These results reect the fact that the
reaction in the ice-water bath proceeds by another route that
does not lead to carboxylic acid, and although the production of
radical species is stopped, radical reactions are still taking
place. However, the failure of the reaction to stop indicates the
formation of other products. (5) In another experiment, the
Scheme 4 A plausible mechanism for direct oxidation of alcohols to be
mechanism.

6116 | RSC Adv., 2025, 15, 6110–6121
effect of temperature on the oxidation reaction of benzyl alcohol
was studied. In this experiment, which was repeated three times
at three temperatures of 50, 60 and 80 °C, the selectivity
decreased to 60%, 50% and 45%, respectively (Fig. 2b). The %
conversion were measured in the range of %98–99 for these
three reactions. Radical intermediates undergo various side
reactions at high temperatures47 and therefore selectivity was
lost with increasing temperature. Similar results were also ob-
tained in the study of Sankar et al.48

(6) Further evidence for a radical mechanism came from the
low selectivity of cinnamyl alcohol at room temperature. As
shown in Table 2, the selectivity of cinnamyl alcohol at room
temperature decreases to 81% (to cinnamic acid), while the
selectivity for all derivatives studied was reported to be in the
range of 97–99%. This decrease in selectivity can be directly
attributed to the presence of the olenic bond in cinnamyl
alcohol, which can participate in radical reactions and form by-
products.
nzoic acid by PBA in H2O2 in water at ambient temperature—a radical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Selectivity monitoring over the epoxidation of styrene towards (a) reaction time after 15 min in an ice bath and (b) in different reaction
temperature.
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(7) In accordance with the results observed in Tables 2 and 3,
the observed time courses for the oxidation of alcohols at 0 °C
and room temperature differ signicantly, reecting the
different oxidation pathways at the two different temperatures.
This time difference was even more pronounced for the oxida-
tion of secondary alcohols (Table 3).

In contrast to the high selectivity observed for the direct
oxidation of benzyl alcohol to benzoic acid under radical
conditions, the epoxidation of olens at room temperature did
not show high selectivity. Scheme 5 shows a proposed mecha-
nism for this transformation in the presence of radical inter-
mediates. This mechanism was proposed based on the low
selectivity observed for the epoxide product. Initially, and
similar to previous mechanisms, the radical-active species Ar–
C(]O)–Oc (intermediate II, derived from PPBA) is formed in the
presence of H2O2. The olen reacts on the surface of this
radical-active species to form intermediate III, which subse-
quently reacts with a hydroxyl radical to form the oxonium (VI)
intermediate. Finally, by accepting a proton from the V anion,
PBA returns to the catalytic cycle and forms the epoxide
product. Intermediate III is a highly active species for any
Scheme 5 A proposed mechanism for the radical transformation of ole

© 2025 The Author(s). Published by the Royal Society of Chemistry
radical reaction, including reaction with another alkene and
formation of new radical species. In addition, the reaction with
RCOOc radical groups on PSA (in intermediates II–V) can also
generate side products by reacting with the benzyl radical.
3.4. Recyclability tests for PBA

The recovered PBA from the reaction mixture was washed
several times with distilled water and reused aer drying in
oven (50 °C). This cycle was repeated for 9 consecutive times for
the reactions (1) styrene epoxidation, (2) benzyl alcohol oxida-
tion to benzaldehyde and (3) direct oxidation of benzyl alcohol
to benzaldehyde. The results are summarized in Fig. 3. The
results shown in Fig. 3 reect the recyclability and stability of
PBA under oxidizing conditions and in the presence of H2O2. No
signicant decrease in efficiency or selectivity was observed in
any of the oxidation and epoxidation reactions. This is an
advantage over transition metal-based catalytic systems, which
suffer from metal leaching in each cycle. In addition, the
proposed system is simple and cost-effective, making it suitable
for practical and industrial purposes.
fin to epoxide catalyzed by PBA/H2O2 system.
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Fig. 3 Recyclability of PBA towards the three reactions of (i) (Blue)
epoxidation of styrene to epoxy styrene (reaction conditions: styrene
(2.0 mmol), H2O2 35% (0.2 mL), PBA (0.5 g), 0 °C, 4 h); (ii) (Yellow)
selective oxidation of benzyl alcohol to benzaldehyde (reaction
conditions: styrene (2.0 mmol), H2O2 35% (0.2 mL), PBA (0.5 g), 0 °C, 2
h); and (iii) (Green) direct oxidation of benzyl alcohol to benzoic acid
(alcohol (2.0 mmol), H2O2 35% (0.2 mL), PBA (0.5 g), H2O, R.T.).

Fig. 4 FTIR spectrum of the (a) freshly prepared PBA30 and (b) recycled
PBA after 7th recycle in the reaction of benzyl alcohol to benzoic acid
at ambient temperature.
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In order to investigate the structure of the recovered PBA, the
amount of carboxylic acid groups was measured by titration test
aer recovery cycles 2, 4, 7 and 9 in the three mentioned reac-
tions (each test was repeated 3 times). The results are summa-
rized in Table 5, and accordingly, the amount of carboxylic acid
groups in these three cycles in the oxidation reaction of alcohol
to benzoic acid was measured to be 3.6 (2nd), 3.8 (4th), 3.7 (7th),
and 3.8 (9th) mmol/0.5 g of PBA, respectively (Table 5). A similar
trend was also observed for the other two reactions. The results
were quite similar to the freshly prepared sample and indicate
the stability of PBA under the reaction conditions. These results
also showed that the acidic groups in PBA are continuously
converted to PPBA and return to PBA aer the oxidation (or
epoxidation) reaction.

In addition, the recovered PBA (aer the 7th cycle) in the
oxidation reaction of benzyl alcohol to benzoic acid was also
analyzed by FTIR and compared with the spectrum of freshly
prepared PBA. The FTIR analysis also conrmed the stability of
the PBA structure under the reaction conditions and, as shown
in Fig. 4, the recovered FTIR spectrum is quite similar to that of
the freshly prepared sample.

These results prove that PBA does not become inactive in
successive cycles and can be reused aer recovery while
Table 5 Determination of –CO2H groups in recycled PBA at three
oxidation/epoxidation reactions by acid/base titrationa

Number of cycles

mmol of –CO2H groups in 0.5 g of PBA

Reaction i Reaction ii Reaction iii

2nd 3.5 3.7 3.6
4th 3.6 3.7 3.8
7th 3.8 3.8 3.7
9th 3.6 3.7 3.8

a For the reaction conditions of i, ii, and iii see Fig. 3 caption.

6118 | RSC Adv., 2025, 15, 6110–6121
maintaining its original properties. This high stability of PBA is
due to its polymer structure, which contains hard benzene
groups and provides its durability in successive cycles. In
addition, the only active functional groups in the PBA structure
are carboxylic acid groups, which are only capable of oxidation
to highly acidic (and unstable) groups in the presence of an
oxidant such as hydrogen peroxide, so that aer conversion to
highly acidic groups and undergoing oxidation and epoxidation
(oxygen transfer) reactions, they return to their original
structure.
3.5. Comparison with the literature reports

In order to highlight the advantages of the catalytic system
developed in this study over previous studies, the reaction
conditions for the oxidation of benzyl alcohol were compared
with previously reported heterogeneous catalytic systems. Table
6 shows this comparison in terms of reaction time, % conver-
sion, % selectivity, temperature and overall reaction conditions
for the oxidation of benzyl alcohol to benzaldehyde in the
presence of H2O2. Most of the previous reports are based on
nanoparticles or transition metal-based catalytic systems,
which are not only toxic and expensive, but also limit their
applicability in industrial purposes. As shown in Table 6, the
PBA/H2O2 catalytic system, in addition to being a low-cost
catalytic system, has comparable performance to nanoparticle-
based heterogeneous catalytic systems. It is also metal-free,
which eliminates challenges such as metal leaching in
different cycles that lead to a decrease in catalytic properties.
The synthesis of the catalyst is relatively simple, which has
advantages over catalytic systems that require several laborious
steps.55 In addition, due to the use of cheap and readily avail-
able materials in the preparation of the catalyst, this catalytic
system is cost-effective compared to other catalytic systems.
High selectivity, recyclability for at least 9 consecutive times,
biocompatibility, compatibility with a wide range of primary
and secondary alcohol substrates, and olens for selective
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Comparison of the results of PBA/H2O2 with other catalytic systems reported in the literature for oxidation of benzyl alcohol to
benzaldehyde

Entry Conditions Time (h) Con. (%)/sel. (%) Ref.

1 CuSO4/H2O2, H2O, 100 °C 0.25 98/71 49
2 [MoO2(L)(CH3OH)], H2O2, CH3CN, 60 °C 4 95/90 50
3 Fe(DS)3,

a H2O2, 90 °C 6 100/100 51
4 ZSM, H2O2, H2O, 100 °C 4 52/85 52
5 Au–Pd, H2O, MeOH, H2O2

b, 120 °C 6 94.7/67 53
6 [TMGHA]2.4H0.6PW, H2O, H2O2, 90 °C 6 97.9/93.5 54
8 PBA/H2O2, R.T. 2 97/98 This work

a DS = dodecanesulfonate. b Generated in situ.

Table 7 Scale-up study oxidation of benzyl alcohol to benzaldehyde and to benzoic acid in the presence of PBA/H2O2
a

Entry Substrate Product Time (min) Conversionb (%)/selectivity (%)

1c 130 90/98

2d 80 92/99

a The reactions were performed in a 100mL round bottom ask and the reactions were magnetically stirred. b GC yield. Internal standard= anisole.
c Reaction conditions: benzyl alcohol (20.0 mmol), H2O2 35% (2.0 mL), PBA (5.0 g), 0 °C. d Reaction conditions: benzyl alcohol (20.0 mmol), H2O2
35% (2.0 mL), PBA (5.0 g), 26 °C.
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oxidation reactions to aldehyde/carboxylic acid and olen
epoxidation, and scalability are other advantages of the PBA/
H2O2 catalytic system, making it a reliable alternative for
oxidation and epoxidation purposes.
3.6. Scalability of the process

Scalability of the process was studied over the oxidation of
benzyl alcohol to benzaldehyde at 0 °C and to benzoic acid at
ambient temperature by scale up to 20 mmol of benzyl alcohol
(Table 7). As shown in Table 7, increasing the reaction scale to
50 mmol resulted in a slight increase in the reaction time to
about 10 to 20 minutes. Furthermore, the decrease in the
conversion percentage was not signicant. It is noteworthy that
the selectivity towards benzaldehyde and benzoic acid did not
change compared to the results obtained at the small scale,
whichmakes this process reliable and economical for industrial
purposes. Therefore, the process is directly scalable and has the
potential to be scaled up for industrial purposes.
4. Conclusion

In conclusion, a mild, metal free and selective method has been
developed for the alcohol oxidation and olen epoxidation.
Mechanistic studies of these processes showed that the PBA
generates reactive radicals in the presence of H2O2 (derived
from PPBA) at room temperature, which completes the oxida-
tion reaction of the alcohol to the carboxylic acid. At 0 °C,
radical production stops and the oxidation of the alcohol
© 2025 The Author(s). Published by the Royal Society of Chemistry
proceeds through a non-radical mechanism, only up to the
oxidation step to the aldehyde. Similar results were also
observed for the epoxidation of olens, but at room tempera-
ture, with the generation of radicals, the selectivity towards the
epoxide decreases. PBA (or PPBA generated in situ) has a cata-
lytic role in oxidation and epoxidation reactions and was
capable of being recycled for at least 7 consecutive times
without any loss of properties. The absence of metal in the
catalyst eliminates challenges such as metal leaching, metal
poisoning during the reaction, and its oxidation to inactive
species. Biocompatibility, cost-effectiveness, recyclability, ease
of synthesis, easy recovery, compatibility with a wide range of
alcoholic and olenic substrates, and high selectivity towards
aldehyde, acid, and epoxide products are among the advantages
of the PBA/H2O2 catalytic system, which makes it an effective
and reliable alternative to other methods developed for oxida-
tion purposes.
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6 A. Ali, A. Naveed, A. Maroń, M. A. Younis, J. M. Moradian,
B. Yousaf, T. Aziz, R. N. Ali, N. Ahmad, S. Y. Alomar and
F. Zheqiang, Chemosphere, 2024, 347, 140700.

7 M. Kazemnejadi and M. Esmaeilpour, Res. Chem. Intermed.,
2024, 1–18.

8 S. P. Kirdant, S. R. Bankar and V. H. Jadhav, Biomass
Bioenergy, 2024, 187, 107290.

9 R. Liu, X. Liang, C. Dong and X. Hu, J. Am. Chem. Soc., 2004,
126, 4112–4113.

10 Y. Xie, W. Mo, D. Xu, Z. Shen, N. Sun, B. Hu and X. Hu, J. Org.
Chem., 2007, 72, 4288–4291.

11 R. Prebil, G. Stavber and S. Stavber, Eur. J. Org Chem., 2014,
2014, 395–402.

12 J. Shi, J. Ma, E. Ma, J. Li, Y. Hu, L. Fan and W. Cai, Carbon
Neutralization, 2024, 3, 285–312.

13 A. Rahimi, A. Azarpira, H. Kim, J. Ralph and S. S. Stahl, J. Am.
Chem. Soc., 2013, 135, 6415–6418.

14 X. Wang, R. Liu, Y. Jin and X. Liang, Chem.–Eur. J., 2008, 14,
2679–2685.

15 H. Watanabe, S. Asano, S. I. Fujita, H. Yoshida and M. Arai,
ACS Catal., 2015, 5, 2886–2894.

16 J. Long, X. Xie, J. Xu, Q. Gu, L. Chen and X. Wang, ACS Catal.,
2012, 2, 622–631.

17 J. Meng, Z. Tong, H. Sun, Y. Liu, S. Zeng, J. Xu, Q. Xia, Q. Pan,
S. Dou and H. Yu, Adv. Sci., 2022, 9, 2200518.

18 M. A. Bajada, S. Roy, J. Warnan, K. Abdiaziz, A. Wagner,
M. M. Roessler and E. Reisner, Angew. Chem., Int. Ed.,
2020, 59(36), 15633–15641.

19 S. Ma, J. W. Cui, C. H. Rao, M. Z. Jia, Y. R. Chen and J. Zhang,
Green Chem., 2021, 23, 1337–1343.
6120 | RSC Adv., 2025, 15, 6110–6121
20 W. Schilling, D. Riemer, Y. Zhang, N. Hatami and S. Das, ACS
Catal., 2018, 8, 5425–5430.

21 C. Aellig, D. Scholz and I. Hermans, ChemSusChem, 2012, 5,
1732–1736.

22 R. Rinaldi and U. Schuchardt, J. Catal., 2005, 236, 335–345.
23 H. Pallathadka, H. K. Mohammed, Z. H. Mahmoud,

A. A. Ramı́rez-Coronel, F. M. Altalbawy, M. A. Gatea and
M. Kazemnejadi, Inorg. Chem. Commun., 2023, 154, 110944.

24 Y. Lin, X. Pan, W. Qi, B. Zhang and D. S. Su, J. Mater. Chem.,
A, 2014, 2, 12475–12483.

25 Y. Wu, X. Tang, J. Zhao, C. Ma, L. Yun, Z. Yu, B. Song and
Q. Meng, ACS Sustainable Chem. Eng., 2019, 8, 1178–1184.

26 M. Kazemnejadi, A. Shakeri, M. Nikookar, R. Shademani and
M. Mohammadi, R. Soc. Open Sci., 2018, 5, 171541.

27 J. A. Cella, J. A. Kelley and E. F. Kenehan, J. Org. Chem., 1975,
40, 1860–1862.

28 A. A. Ryan, S. D. Dempsey, M. Smyth, K. Fahey, T. S. Moody,
S. Wharry, P. Dingwall, D. W. Rooney, J. M. Thompson,
P. C. Knipe and M. J. Muldoon, ChemCatChem, 2024, 16,
e202301709.

29 J. A. Cella, J. P. McGrath, J. A. Kelley, O. El Soukkary and
L. Hilpert, J. Org. Chem., 1977, 42(12), 2077–2080.

30 M. Kazemnejadi and M. Esmaeilpour, Res. Chem. Intermed.,
2024, 50, 4775–4794.

31 M. Kazemnejadi, A. Shakeri, M. Nikookar, M. Mohammadi
and M. Esmaeilpour, Res. Chem. Intermed., 2017, 43, 6889–
6910.

32 M. Kazemnejadi, B. Mahmoudi, Z. Shara, M. A. Nasseri,
A. Allahresani and M. Esmaeilpour, J. Organomet. Chem.,
2019, 896, 59–69.

33 Z. Rezazadeh, F. Soleimani, B. Mahmoudi, M. A. Nasseri and
M. Kazemnejadi, Appl. Phys. A:Mater. Sci. Process., 2021, 127,
1–13.

34 M. Kazemnejadi, B. Mahmoudi, Z. Shara, M. A. Nasseri,
A. Allahresani and M. Esmaeilpour, Appl. Organomet.
Chem., 2020, 34, e5273.

35 M. Kazemnejadi, A. Shakeri, M. Mohammadi and
M. Tabefam, J. Iran. Chem. Soc., 2017, 14, 1917–1933.
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