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ABSTRACT

The oxidation of 2,6-dimethylphenol (2,6-DMP) was studied using H,O, as oxidant
catalyzed by some transition metal-salphen complexes, supported on poly-
vinylpyridinium salts in aqueous solutions. The major product was the diphenoquinone
(DPQ). No reaction products were obtained when the reaction was carried out in
the absence of polymers. The effects of reaction parameters such as the type of the
polymeric support, concentration of H,O,, pH, and metal-catalyst were investigated
in terms of percent conversion and product distribution of the starting materials.
The methyl-poly-4-vinyl-pyridinium iodide (PVP-Mel) supported Mn-salphen was the
most reactive catalyst system while the n-butyl-poly-4-vinyl-pyridinium bromide
(PVP-BuBr) supported Cu-salphen was the most selective catalyst.

Key Words: Polymeric support; Polyvinylpyridinium salts; Salphen complexes;
Phenols; Oxidation.
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INTRODUCTION

Phenolic compounds constitute an important class of organic contaminants commonly
found in the subsurface. These compounds are the primary wastewater treatment challenge
found in the aqueous effluents from petroleum refineries, coal conversion processes,
petrochemical production, and the production of phenols and related chemicals, are listed
among the 25 most frequently detected groundwater contaminants at hazardous waste
sites.'"! Methods of phenol removal include sorption over natural surfaces like activated
carbon,'! or sorption over organophilic clay that was modified with organic polymers."!
However, removing some organic pollutants by sorption only is not always enough and the
need to oxidize or reduce them to less harmful products is necessary. Oxidative coupling
of phenols could prove to be a novel in-situ approach to soil and groundwater remediation
that would result in reduced treatment times and costs.'*! Oxidative coupling of phenols
using chemical reagents like hydrogen peroxide, permanganate molecular oxygen, and
ozone, are widely used.”>®! Hydrogen peroxide has the advantage of producing oxygen
and degrades biologically.!”*!

Transition metal complexes chemically bound to an insoluble polymeric support have
become one of the most popular methods to overcome problems of homogeneous
catalysis.” =" Resins based on polymers of 2- and 4-vinylpyridines have been used
successfully as supports for various reagents and catalysts for the oxidation and/or
destruction of phenols.!'?~!4

In the present study we are supporting different metal complexes of N,N'-bis-o-
salicylaldiminesulfonic acid disodium salt (M-salphen) supported on different alkyl poly-
4-vinylpyridinium (PVP) salts and investigating their catalytic behavior for the aqueous
oxidation of 2,4- and 2,6-dimethylphenols (2,4-DMP and 2,6-DMP) as model water
pollutants.

EXPERIMENTAL
Materials

Phenols, 2,6-DMP, 24-DMP, and N,N’-methylenebisacrylamide (Merck) were
used as received. 4-Vinylpyridine (Aldrich) was distilled under reduced pressure before
use. The water soluble metal complexes of N,N'-bis-o-salicylaldiminesulfonic acid
disodium salt (M/salphen) was prepared as described elsewhere.!'”! The chloride and
sulfate salts of Mn", Fe", and Cu" used for ligand metallation were of reagent grade
and used as received.

Preparation of Crosslinked Copolymers

Crosslinked PVP was prepared by solution polymerization in toluene of 8 mol%
4-vinylpyridine and 2 mol% N,N’-methylenebisacrylamide as crosslinking agent, using
1wt% benzoyl peroxide as initiator. The solid polymer was filtered off, washed
with methanol and diethylether and dried under vacuum for 24h. FTIR spectra
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(KBr) showed absorptions at 1590 cm” ! (CH=N pyridine unit), and at 2920 cm~ ! (CH,
chain).

Quaternization of Poly-4-vinylpyridine

In a typical run, PVP (50.0 mmol) was swelled in 50.0 mL of absolute methanol and
75.0 mmol of methyl iodide was then added. The reaction mixture was refluxed at 80°C for
48 h. The produced polymeric salt was filtered off and washed with methanol. The product
was characterized by elemental analysis of the halide content using the Volhard method!'®!
and IR spectral data.

Crosslinked copolymer of acrylamide and 4-vinylpyridine (PAM-PVP) was prepared
by free radical solution polymerization, according to a standard procedure.'”! Acrylamide
4.644 g (65 mmol) and, N,N'-methylenebisacrylamide 0.308 g (2 mmol) dissolved in 5 mL
of methanol, and 4-vinylpyridine 3.423 g (33 mmol) in 85mL of toluene were placed
in 250 mL flask. The polymerization started by the addition of SmL of 1.0wt%
benzoylperoxide solution in toluene and the reaction mixture was heated at 80°C for 12 h.
The solid polymer was filtered off, washed with methanol, and diethylether and dried at
50°C under vacuum for 24 h. The prepared polymers were characterized by elemental
analysis of the nitrogen content (% N found 12.0), and FTIR spectra (KBr) which showed
absorptions at 3340cm ™' (NH amide), 1645cm™' (C=0 amide), 1590cm ™' (CH=N
pyridine unit), and at 2920 cm ™' (CH, chain).

The produced copolymer was quaternized using methyl iodide in a similar way used
to prepare PVP polymeric salts.

Catalytic Phenol Oxidation

Oxidation experiments of the dimethylphenols were conducted in a 100-mL glass
reactor and stirred with a magnetic stirrer. In a typical experiment the polymeric catalyst
was prepared by the addition of aqueous M-salphen solution drop wise with stirring to
about 38.0mL of water containing the polymeric support. The polymer amount was
adjusted to give polymer to catalyst ratio of 10. The pH was adjusted with 5.0 mL buffer.
It was then added a solution of phenol (3.0 mmol) dissolved in 5.0 mL of methanol. The
reaction was started by injecting 3 mmol of H,O, (30% aqueous solution), where the total
reaction volume was 50.0 mL. The total volume of the reaction mixture was maintained at
50.0 mL. The reactions were run for 24 h at 30°C under air, and the course of the reaction
was monitored by TLC. At the end of the reaction, the solid polymer was separated by
filtration, and washed with methylene chloride. The organic products were extracted from
the filtrate by methylene chloride (3 x 25 mL), and combined with the washings and the
solvent evaporated under vacuum. The reaction products were identified by elemental
microanalysis and IR spectra, and by comparison with authentic samples.

A blank catalytic oxidation experiment was carried out in the absence of polymeric
support.

In a separate experiment ultrafiltration of the reaction mixture before starting, the
oxidation showed traces of the metallic salphen in the filtrate, which indicate that almost
all of the catalyst amount was bound to the polymeric support.

MarceL DExkER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © 2004 by Marcel Dekker, Inc. All rights reserved.

) 7



11: 25 24 January 2011

Downl oaded At:

Copyright © 2004 by Marcel Dekker, Inc. All rights reserved.

) 7

110 El-Hamshary and Assubaie
RESULTS AND DISCUSSION
Polymeric Supports

Resins based on polymers of 2- and 4-vinylpyridines have been used successfully as
supports for various reagents and catalysts for the oxidation and/or destruction of
phenols.'">~ ' 'We have prepared PVP and polyacrylamide-co-4-vinylpyridines and
quaternized them with alkyl halide having different chain length; methyl iodide, and n-
butyl bromide (Sch. 1), following standard procedures to give polymeric salts with ~95%
conversion. The obtained polymeric salts have hydrophilic polyelectrolyte properties like
methyl-poly-4-vinyl-pyridinuim iodide (PVP-Mel), n-butyl-poly-4-vinyl-pyridinuim bromide
(PVP-BuBr), and polyacrylamide-co-4-vinyl methlpyridinium iodide (PAM-PVP-Mel).

Catalytic Oxidation

The polymeric pyridinium salts were used as supports in very small amounts
~0.05 g for metal complexes of N,N'-bis-o-salicylaldiminesulfonic acid disodium salt (M-

OH

H,C H, H,0, / M-saiphen H,C; H,
\©/C polymeric support +
(0]
2,6-DMP BQ
DPQ
_WN_
salphen = Naoas-do \oi%}sogNa
M = Cul, Fe", Mn"
HNT O e Z HN Z
> X ] > X I
HN T+ HN liu
e ok
( )- ( )-
R=CH,,X=I
= CH,-CH,-CH,<CH, , X = Br
PAM-PVP-Mel PVP-R X

Scheme 1. Oxidation of 2,6-DMP.

MaRrceL DEKKER, INc.
270 Madison Avenue, New York, New York 10016



11: 25 24 January 2011

Downl oaded At:

Aqueous Oxidation of 2,6-DMP with Hydrogen Peroxide 111

salphen) in the aqueous oxidation of 2,6-DMP using hydrogen peroxide as oxidizing
agent. The catalyst was bound to the polymeric support as indicated from ultrafiltration of
the reaction mixture. The molar ratio of H,O, to catalyst was 130. The predominant
products formed in the oxidation reactions were 2,6-dimethyl-p-benzoquinone (BQ) and
3,3/-5,5-tetramethyl-diphenoquinone (DPQ) (Sch. 1). The efficiency of the polymeric
catalysts is presented as the percentage of DMP conversion and percentage of formation of
DPQ and BQ.

The oxidation results reported in Table 1 indicate a gradual increase in the percent
conversion of 2,6-DMP as the number of carbons in the alkyl groups increase from methyl
to n-butyl. The maximum conversion of about 58% was observed for PVP-BuBr supported
Cu-salphen. This increase in percent conversion going from PVP-Mel to PVP-BuBr may
be explained as an increase of the amount of phenol absorbed from the aqueous phase by
the more hydrophobic polymer PVP-BuBr. Such an increase of the amount of phenol in
the polymer phase allows easier interaction between the phenol and the catalytic sites
located in the polymer, hence the conversion of phenol to give increased products.
However, such a conversion was greatly reduced on going to the highly hydrophilic hydrogel
polymeric salt PAM-PVP-Mel, probably due to a decrease in the amount of the
hydrophobic phenol within the polymeric domain. Thus, the opportunity of interacting
with the catalytic sites distributed in the polymer was decreased. On the other hand,
although such a reduction in the amount of phenol reacted with PAM-PVP-Mel catalyst
system; it was greatly affected the product distribution to give the DPQ in addition to
the major product BQ observed before with PVP-Mel and PVP-BuBr in almost
comparable ratio. No products were obtained when catalytic reactions were carried out in
the absence of polymers.

We also tried to oxidize 2,4-DMP. However, the attempt to oxidize 2,4-DMP did not
succeed with either PVP-Mel or PVP-BuBr, probably due to blocking of the para-position
of the hydroxyl group and the resonance at the ortho-position to give products.

Table 1. Oxidation of 2,6- and 2,4-DMP using Cu-salphen supported on different
polymeric salts.?

% Selectivity®

% Conversion of

Polymeric support DMP® BQ DPQ
No polymer added 0.0 0.0 0.0
PVP-Mel 47.8 97.4 2.6
PVP-BuBr 58.4 98.2 Traces
PAM-PVP-Mel 41.2 55 45
PVP-Mel 0.0° — —
PVP-BuBr 0.0° — —

2All reactions were carried out using 4.6 x 107> M of polymeric pyridinium support,
6 x 1072M of DMP, (4.6 x 107*M) Cu-salphen, and 6.0 x 1072 M of H,0,. Reactions
were done in the presence of 5 mL of borate buffer pH 9. The reaction time was 24 h.
PPercent conversion based on isolated products.

€2,4-Dimethylphenol.
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Effect of Metal

Many metals have special oxygen transfer properties which improve the utility of
hydrogen peroxide through generating the highly reactive hydroxyl radicals (OH). The
effect of variation of metal on the catalytic activity was tested using Cu"’, Fe"", and Mn"
complexes of the salphen ligand (Table 2). It was observed that Mn'-salphen was more
reactive than either Cu" or Fe'.

Iron is the most common metal used for treatments of industrial organic wastes and
municipal waste waters.!”*! However, the conversion of DMP using Fe'' catalyst system was
less than in case of Mn (Table 2). This could be due to transition of hydrated Fe'' to a colloidal
Fe'! that catalytically decomposes H,O, into oxygen and water without forming hydroxyl
radicals.””"®! In terms of formation of BQ and DPQ a maximum of 97% BQ formation was
obtained with the Cu-based catalyst; the most selective catalyst. When the reaction was
carried out with polymer without the metal catalyst no products were observed.

Effect of H,O, Concentration

Catalytic oxidation of 2,6-DMP was investigated at three different concentrations of
H,0,, using Cu-salphen supported on PVP-Mel. As the concentration of H,O, increase the
amount of phenol reacted increased and hence, the percent conversion increase (Table 3)
where the BQ is major product. However, with increasing the concentration of the H,O,
there may occur build-up of other products that is the DPQ in 21% compared with only 7.2
and 2.6 for Fe'' and Cu",, respectively. No reaction products were obtained in the absence
of hydrogen peroxide.

Effect of pH

The oxidation of 2,6-DMP was studied at pHs 4, 7, and 9 using KH phthalate, phosphate
and borate buffers, respectively in the presence of Cu-salphen supported on PVP-Mel
(Table 4). The reaction at pH 7 showed maximum conversion of DMP without any effect
on the distribution of the reaction products. The reaction at pH 7 using phosphate buffer
proceeded in a similar way to previous results obtained for the degradation of

Table 2. Oxidation of 2,6-DMP using different metal-salphen catalysts
supported on PVP-Mel.*

% Selectivity

Metal-salphen % Conversion of DMP BQ DPQ
— 0.0 0.0 0.0
Cu-Salphen 47.8 97.4 2.6
Fe'-Salphen 62.4 84.5 14.5
Mn'-Salphen 68.2 89 11

2All reactions were carried out using 4.6 x 10~ *M metal-salphen. Other
reaction conditions are given under Table 1.
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Table 3. Oxidation of 2,6-DMP using different H,O,
concentrations catalyzed by Cu-salphen-supported on PVP-Mel.*

% Selectivity

Concentration % Conversion

of H,O, (M) of DMP BQ DPQ
— 0.0 0.0 0.0
0.06 47.8 97.4 2.6
0.12 68.4 92.8 7.2
0.24 73 79 21

2All reactions were carried out using 4.6 x 10~*M Cu-salphen,
4.6 x 107>M of polymeric pyridinium support, 6 x 107>M of

Table 4. Oxidation of 2,6-DMP at different pH using Cu-salphen catalyst
supported on PVP-Mel.*

% Selectivity

% Conversion of

pH DMP BQ DPQ
9b 47.8 97.4 2.6
7¢ 58.4 91 9
44 43 72 28

All reactions were carried out using 4.6 x 107*M Cu-salphen,
4.6 x 10> M of polymeric pyridinium support, 6 x 10 >M of 2,6-DMP,
and 6.0 x 1072M of H,0,. Reactions were carried out in the presence of
5 mL of buffer solution. The reaction time was 24 h.

Borate buffer.

“Phosphate buffer.

YKH phthalate.

trichlorophenol with H,O, catalyzed by iron phthalocyanine.!'® However, oxidation of
DMP at pH 4 proceeded in slightly lower conversion than at pH 9 but the amount of DPQ
was greatly increased compared with pH 7 and 9. Product distribution was greatly affected
by the pH decrease, as more DPQ was produced than in the case of pH 7 and 9.

CONCLUSION

Transition metal-salphen complexes-supported on polyvinylpyridinium salts
effectively catalyzed the aqueous oxidation of 2,6-DMP. The PVP-Mel supported Mn-
salphen was the most reactive catalyst system while the PVP-BuBr supported Cu-salphen
was the most selective catalyst. The catalytic oxidation of 2,6-DMP described in this
investigation represents a wastewater purification model that can be applied effectively at
industrial sites where such pollutants are produced.
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