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Abstract Gallic acid (3,4,5-trihydroxybenzoic acid, GA) which is a key component

of humic acids in combination with imidazole affects the catalytic performance of

pentachlorophenol (PCP) decomposition by a Fe-porphyrin catalyst via diverse

mechanisms. GA can improve drastically the yield and the kinetics of the catalytic

oxidation of PCP by a factor of 20. In the presence of GA, imidazole acts competi-

tively with PCP consuming oxidative equivalents. The data of catalytic oxidation

products indicate a mechanism where decomposition of PCP occurs through oxida-

tive dechlorination, initialized by an oxo-ferryl porphyrin p-cation radical complex

formed on the Fe-porphyrin catalyst.
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Introduction

Chlorinated phenols, such as pentachlorophenol (PCP), are highly toxic and resis-

tant to biodegradation. Therefore, efficient abiotic catalytic systems are needed for

the removal of such pollutants from the environment. Among the most promising

are Fe-based biomimetic catalysts, mainly metalloporphyrin derivative catalysts

which can mimic heme enzymes on oxidation reactions. However, unraveling the

exact mechanism may be proven a laborious task. This is mainly due to the fact that

a fine balance of several interactions is tuning the redox/catalytic mechanism. In our

recent works, we have shown an iron porphyrin catalyst – bearing 2,6-di-tert-
butylphenols at the meso-aryl positions of the porphyrin ring (FeR4P) – to be
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very efficient for PCP decomposition when it was immobilized on SiO2

(heterogenized catalyst, FeR4P–SiO2) (Christoforidis et al. 2007, 2010). Fukushima

et al. have shown that natural polyphenols such as humic acids studied can influence

the catalytic decomposition of PCP by a Fe-porphyrin complex (Fukushima and

Tatsumi 2005). Gallic acid (3,4,5-trihydroxybenzoic acid, GA) has both phenolic

and carboxylic character, which are the main functional groups of HA (Stevenson

1994). Given the omnipresence of small polyphenols and humics in environmental

systems, it is anticipated that their role in environmental catalytic remediation

should be addressed. In the present work, we show that the catalytic efficiency

of the FeR4P catalyst can be dramatically influenced by additives – other than

imidazole. Gallic acid was found to modulate the catalytic efficiency of FeR4P

catalyst for PCP decomposition. The aims of the present work were (a) to study the

effect of additives on the performance of the FeR4P catalytic complex for PCP

degradation and (b) by using a combination of analytical and spectroscopic

methods, to understand the various mechanistic paths implicated.

Materials and Methods

The catalyst FeR4P was synthesized as described previously (Christoforidis et al.

2007; Fukushima and Tatsumi 2005) and purified by silica gel column chromatog-

raphy using CHCl3, 80% CHCl3 and 20% hexane as the eluting solvents. Electron

paramagnetic resonance (EPR) spectra were recorded with a Bruker ER200D

spectrometer at liquid N2 temperatures, equipped with an Agilent 5310A frequency

counter. Quantitative HPLC determinations for PCP were performed with a Dionex

P680 HPLC chromatograph equipped with a Dionex 1024 diode array detector.

Determination of Cl� ions, released during the oxidation of PCP, was performed

with a Dionex ICS-1500 Ion Chromatography System. In all cases, the reactants

were added to the reaction mixture with the following order: catalyst (FeR4P),

imidazole, additive (GA or Et3N), substrate (PCP) and oxidant (NaIO4). All reac-

tion mixtures and the ratio of the reactants with respect to the catalyst are

summarized in Table 1. The quantification of PCP and TCQ by HPLC and Cl�

by IC was based on comparison with standards.

Table 1 Catalytic reactions

performed for the oxidation

of PCP by NaIO4 catalyzed

by FeR4P in the presence

of additives

Run [Cat] (mM) [Additive] (mM) Ratioa

Gallic acid

1 8.3 – 1/10/0

2 8.3 8.3 1/10/1

3 8.3 16.6 1/10/2

4 8.3 16.6 1/0/2

Ratio of other reactants: FeR4P/PCP/NaIO4 1/10/12
aRatio: FeR4P/Imid/Additive
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Results and Discussion

• Catalytic PCP Oxidation: Effect of Gallic Acid
Figure 1 compares the catalytic decomposition of PCP by the FeR4P/NaIO4

system in the presence vs absence of GA. It is seen that for [FeR4P/Imid] ¼ [1:10]

in the absence of GA (Fig. 1, run 1), 11% of the initial PCP was oxidized within

~3 h. Strikingly, in the presence of GA, a dramatic enhancement of the catalytic

performance was observed, resulting to full decomposition of PCP (Fig. 1, runs

2, 3 and 4). Increase of GA concentration, i.e., [FeR4P/Imid/GA] ¼ [1:10:2],

resulted to further increase of the catalytic performance, achieving complete

oxidation of PCP within 80 min reaction time (Fig. 1, run 3). Runs 2 and 3 reveal

that the ratio of Imid/GA plays a role in the catalytic performance. This

is verified in run 4 where no imidazole was used, i.e., [FeR4P/Imid/

GA] ¼ [1:0:2]. Surprisingly, 100% oxidation of PCP was achieved within less

than 45 min (Fig. 1, run 4). We underline that in all control reactions (i.e., those

without the catalyst (FeR4P) or the oxidant (NaIO4) and in the presence of GA),

PCP concentration remained unchanged within a period of t ¼ 24 h (data not

shown). Overall, the data in Fig. 1 show that (a) under the conditions of these

experiments, GA enhances the catalytic performance of the system [FeR4P/PCP/

IO4] and (b) imidazole appears to compete with GA in the catalytic mechanism.

The effect of GA can be (a) due to copolymerization with PCP, i.e., oxidative

coupling through radical reactions or (b) via a co-catalytic effect i.e., by

enhancement of the performance of the FeR4P catalyst. Case (a) is discarded

0 30 60 90 120 150

0

20

40

60

80

100

%
  [

P
C

P
]  

R
em

ai
ne

d

time (min)

run 1

run 2

run 3

run 4

Fig. 1 Effect of gallic acid

on the catalytic oxidation of

PCP by the FeR4P/NaIO4

system. Catalytic conditions:
Cat/Imid/GA, run 1 (■)

1:10:0, run 2 (○) 1:10:1, run
3 (●) 1:10:2, run 4 (△) 1:0:2.

In all experiments

[Cat] ¼ 8.236 mM, [Cat/PCP/

NaIO4] ¼ 1:10:125
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based on the following: the molar ratio of GA with respect to PCP (GA/PCP 1:10

in run 2 and 1:5 in runs 3 and 4) clearly indicates that GA cannot participate in a

stoichiometric reaction with the substrate. In other words, the small GA/PCP

molar ratio suggests that the enhancement of PCP disappearance cannot be due

to polymerization phenomena.

This is supported by the analysis of the catalysis products, which is presented in

the following:

• Catalytic Products FeR4P/NaIO4/GA System
According to Fig. 2a, PCP disappearance is followed by the release of [Cl�] ions
and formation of TCQ. The maximum [TCQ] was observed when the concen-

tration of PCP was zero. However, dechlorination proceeded further after the

complete oxidation of PCP (i.e., for t > 1.5 h). This indicates that the release of

[Cl�] ions at t > 1.5 h comes from other oxidation products other than TCQ,

since the [TCQ] remains unchanged for reaction time t > 1.5 (Fig. 2a).

• EPR Spectroscopy
EPR spectroscopy (Fig. 3) shows that GA is not coordinated to the iron of FeR4P

catalyst and does not displace imidazole from the coordination environment of

the iron.

This provides conclusive evidence that the observed competition between imid-

azole/GA, Fig. 1, can be attributed to a competitive role of imidazole competes

vs PCP as catalytic substrate to the FeR4P/GA/NaIO4 system. At this point, it is

instructive to underline that the present data preclude the – trivial – hypothesis

for competition between GA and imidazole for the axial ligation to the Fe atom.

Instead, a more complex picture emerges where imidazole consumes key oxida-

tion equivalents.
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Fig. 2 (a) Catalytic decomposition of [PCP] (■) and [Cl�] release (○). (b) Time dependence of

[Cl�]/D[PCP] molar ratio (~). Catalytic conditions: run 3
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Fig. 3 EPR spectra of 4 mM

FeR4P in CH2Cl2. In the

absence of imidazole and (i)

in the absence of GA, (ii) in

the presence of 8 mM GA

incubated for 50 min. In the

presence of 40 mM imidazole

(iii) in the absence of GA, (iv)

in the presence of 8 mM GA

incubated for 50 min
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