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Nitrophenols by TAML Activator and H;0,

Soumen Kundu,t Arani Chanda,t Jasper V. K. Thompson, George Diabes, Sushil
K. Khetan, Alexander D. Ryabov*, and Terrence J. Collins*

Nitrophenols (NPs) are widely prevalent recalcitrant anthropogenic pollutants. TAML activators in
conjunction with peroxides have proven to be effective in the remediation of myriad organic pollutants.
In the present study, we have discovered that one of the most reactive TAML activators
[FE{4.5-CL,CH,-1 2-(NCOCMe,NCO),CFy | (OH)T (1) catalyses the oxidative degradation by H202 of mono- and

dinitrophenols (including all US-EPA classified priority pollutants) under ambient conditions at pH 8

which is close to pH of environmental waters. Individual nitrophenols as well as mixtures thereof
undergo fast decontamination (reaction time <45 min) resulting in deep oxidation producing HCO2" and
minerals, CO, CO2, NO,", and NO3™ (up to 99% of N and 70% of C). The remarkable efficacy of the
1/H202-mediated decontamination process is matched by complete elimination of the toxicity of the
nitrophenols (Microtox® assays). Detailed mechanistic studies of the catalyzed oxidation revealed a
strong substrate inhibition of the catalytic activity for some nitrophenols, the strongest being observed
for 4-nitrophenol. DFT calculations suggest that the inhibition is likely due to reversible binding of
nitrophenolate anions to the iron(lll) center of the resting state of the 1 catalyst, which compromises its

reactivity toward H202.

Introduction

Nitrophenols (NPs) are one of the most widely used chemicals
in the herbicide, agrochemical, pharmaceutical, rubber, and
munitions industries.” 2 The pesticides parathion, fluoridifen,
NP unit. 2-Amino-5-
nitrophenol and 2-amino-6-chloro-4-nitrophenol are used as

and fenitrothion incorporate the
colorants in hair dyes and in the production of azo dyes
(Solvent Red 8, Eriochrome Black T). Dinitro-o-cresol is a
potent herbicide.> 2-NP is a high production volume (HPV)
chemical exceeding one million pounds per annum in the
United States.* Di-zert-butylnitrophenol, formed by the nitration
of an antioxidant present in turbine lubricating oil, is a
submarine contaminant.’ Due to the extensive use, NPs are a
major class of anthropogenic pollutants which enter water
streams primarily as run-off from industrial waste." ¢ 2-NP, 4-
NP, 2.4-dinitrophenol, and 4,6-dinitro-o-cresol have been
by the United States
Environmental Protection Agency.” Nitrophenols are stable,

classified as priority pollutants

water soluble, environmentally persistent, and toxic to many

life forms." ® Slow biodegradation and bioaccumulation mark
these compounds that remain active in the environment for long

This journal is © The Royal Society of Chemistry 2013

periods."” > ¢ 2-NP is carcinogenic and 4-NP is an endocrine
disruptor showing estrogenic and anti-androgenic activities in
vivo.?

Due to numerous environmental problems associated with
NPs, several remediation technologies have been developed.
The more promising include direct photolysis by UV light,®
photo-catalytic degradation by TiO,> '™ ' and a carbon
nanotube/TiO, composite catalyst,'' laser flash photolysis,®
microbial fuel cell assisted photo-catalytic oxidation,'®
treatment with Os,'? Fenton and photo-Fenton processes,8
microbial degradation.! Although the processes degrade NPs,
many have distinct limitations. For example, the biological
treatment of contaminated hot-spots is slow and leaves other
toxic compounds in the mix. Effective biodegradation requires
adequate supplies of nutrients, optimal pH and temperature, and
eventual disposal of the activated sludge.> '* Photochemical
processes need special reactors and long reaction times (>12 h
for 1x10™* M 4-NP).® Fenton chemistry is typically run at
acidic pHs (2-3) with high loadings of iron salts.'* The iron
containing sludge generated by the process can lead to
unwanted growth of algae. Thus, the current technologies for
remediating NPs are far from ideal limiting real-world efficacy.

J. Name., 2013, 00, 1-3 | 1
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TAML activators (1, Figure 1) have demonstrated high
performance in the degradation of recalcitrant pollutants in

water.'>!7

We have previously reported on the 1/H,0,
catalyzed total degradation of pesticides Fenitrothion and
Parathion, which contain the 4-NP unit.'® 2,4,6-Trinitrotoluene
(TNT) and 1,3,5-trinitrobenzene (TNB) are also oxidatively
degraded by 1/peroxide in micellar aqueous media through the
intermediate formation of Meisenheimer complexes.!® Here we
demonstrate the efficacy of 1/H,0, system in the oxidative
(MNPs) and four

dinitrophenols (DNPs) as shown in Figure 1. All these priority

degradation of six mononitrophenols

NP pollutants are rapidly (3—45 min) and deeply degraded
under ambient conditions at pH 8. The fast oxidation of
individual NPs and their mixtures affords nitrogen and carbon
minerals with elimination of toxicity in bacterial assays.

OH OH OH OH OH OH
CrO,.0 O
=
o, M2 NO, ~
o N>—|—4N o f- NO, NO, NO, NO,
ﬁ e L+ 2-NP 3NP 4NP  2-Me-4NP 3-Me-d-NP 26-Me,-4-NP
a N £ OH OH oH oH
o) NO, /©/N02 ON N NO, ON
1 ON =

NO, NO,
2,6-DNP 2-Me-4,6-DNP

Figure 1. Structures of TAML activator (1), mono- and dinitrophenols used in
this work: 2-nitrophenol, 2-NP; 3-nitrophenol, 3-NP; 4-nitrophenol, 4-NP; 2-
methyl-4-nitrophenol, 2-Me-4-NP; 3-methyl-4-nitrophenol, 3-Me-4-NP; 2,6-
dimethyl-4-nitrophenol, 2,6-Me;-4-NP) and dinitrophenols (2,4-dinitrophenol,
2,4-DNP; 2,5-dinitrophenol, 2,5-DNP; 2,6-dinitrophenol, 2,6-DNP; 2-methyl-4,6-
dinitrophenol, 2-Me-4,6-DNP.

Experimental Section

Materials and Methods

Catalyst 1 (Figure 1) was synthesized as previously described®
and purified by column chromatography using C-18 reverse
phase silica gel and a gradient water/methanol mobile phase.
Reagent grade H,O, (30% w/w) was purchased from Fluka.
H,0,; solutions were standardized spectrophotometrically daily
(extinction coefficient 72.4 M' cm™' at 230 nm?!). Catalase
(from Aspergillus niger, 2350 U mg ') was obtained from
Sigma-Aldrich. Nitrophenols (MNP and DNP) of the highest
available purity were purchased from commercial sources
(Sigma-Aldrich, Fluka, Fisher, Acros) and further purified by
recrystallization from ethanol/water mixture according to
established procedures.?” tert-Butanol (99.5%) was purchased
from Aldrich. HPLC grade methanol, ethanol, and water were
purchased from Fischer. An aqueous solution of NaOH
(Aldrich) was used for pH adjustment of buffered solutions. Ion
chromatography standards for nitrate (1000 mg L") and nitrite
(1000 mg L") were purchased from Fluka Analytical and
formate (1001 pg mL ") was purchased from Alltech.

Methods

Kinetic measurements were performed at 25 °C using an
Agilent spectrophotometer (model 8453) equipped with a
thermostated cell holder and an automatic 8-cell positioner. The

2| J. Name., 2012, 00, 1-3

pH measurements were performed using a Corning 220 pH
meter calibrated with standard buffer solutions at pHs 4, 7, and
10. The degradations of NPs were followed by HPLC
SI). The end products of NP
degradation were quantified using ion chromatography (see the

(Supporting Information,

SI). Total organic carbon (TOC) analyses were performed by
Analytical Laboratory Services, Inc. Middletown, PA (USA) to
determine the extent of mineralization during degradation. The
reaction mixture was adjusted to pH 2 by addition of HCI (~6
M). Aquatic toxicity studies of the starting NPs and final
degradation mixture employed Vibrio fisheri Microtox”™ assays
and were performed at Coastal Bioanalysts Inc., Gloucester,
VA (USA). The degradation reaction mixture was quenched
with catalase and the pH of the solution was adjusted to neutral
(pH ~7) for these studies.

Stock solutions of nitrophenols (2x107* M) were prepared
in a tert-butanol/water (3:7) mixture. fert-Butanol was used to
increase the solubility of NPs. In a typical experiment,
appropriate volumes of buffer of desired pH, NP and 1 stock
solution were added in the reaction vial to attain the desired
molar concentrations. The reaction was initiated by the addition
of the appropriate volume of H,0,. UV-vis experiments were
For TOC
analyses, use of fert-butanol was avoided, as it interferes with

performed in disposable polystyrene cuvettes.
accurate measurement of organic carbon from NPs. In these
cases, dilute stock solutions of NPs (2x10* M) were prepared
in buffered aqueous solution (pH 8, 0.1 M phosphate).

Density functional theory (DFT) calculations were carried
out using Becke’s three parameter hybrid functional (B3LYP)
and basis set 6-31G provided by the Gaussian 03 (release D.01)
software package. The geometry optimization for complex 1
with 4-NP were terminated upon reaching the default
convergence criteria. The optimizations did not impose any
symmetry. Geometry optimizations for each species were
performed in absence of a solvent (in vacuum) and then a single
point calculation was performed in water (¢ = 78.3) using
polarizable continuum model (PCM).

Results and Discussion

Oxidative Degradation of Nitrophenols: Optimized Conditions,
End Product Quantification, and Toxicity Studies

OPTIMIZATION OF REACTION CONDITIONS AND DETERMINATION
OF END PRODUCTS

Addition of 1/H,0O, to the aqueous solutions of nitrophenols
resulted in the fast disappearance of the yellow color
characteristic of nitrophenolates with a concomitant absorbance
decay around 400 nm as monitored by UV-vis spectroscopy.
The reactivity of 1 and other TAML activators is pH

2325 and 1 exhibits maximal activity at pH 10,'> 2% %3

dependent
which is typically too basic for environmental applications.
Therefore, the experiments were performed at pH 8 which is
close to environmental conditions and at which 1 has a longer

lifetime under the operating conditions.'> The conditions were

This journal is © The Royal Society of Chemistry 2012
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then optimized (Table 1) to achieve total degradation (=99.5%,
HPLC data) in less than 30 and 45 min for MNPs and DNPs,
respectively, at pH 8 (0.1 M phosphate) using minimal loadings
of 1 and H,0,. Each nitrophenol (1x10™* M) required different
amounts of 1 ((0.2—4)x10"° M, Table 1), H,0, ((2—-5)x107% M,
Table 2) for their complete removal (=99.5%) over 3—45 min.
The mixtures were quenched after complete removal of the
parent NP (Table 1) and analyzed for mineralized nitrogen (IC
analysis) and carbon (IC and TOC, see experimental section).
The final reaction mixtures showed a significant release of
nitrogen as nitrite and nitrate (72-99 % of total N, Table 1).
The NP carbon was found as formate (0.96—7.17%, Table 1)
and CO+CO, (16-63%, Table 1), both with respect to total C.
Other small acids (oxalic, maleic, methyl maleic, glycolic) were
not detected (IC studies), though they have been previously
observed in oxidations of other organic pollutants by
TAML/peroxide systems.'® 2 Total mass balance for N and C
could not be achieved which, as has been previously argued,?”
8 is likely due to the presence of larger organic fragments that
could not be positively identified. However, the release of
nitrogen and carbon as minerals, the total (>99.5%) removal of
the parent NPs and the drastic reduction in toxicity (see below)
are indicative of deep and effective oxidations of the NPs and
the organic fragments produced. Multiple NPs often co-exist in
pollution hot-spots and therefore NP mixtures were also treated
with 1/H,0,. Mixture of all six MNPs (1x10~* M each, Figure
1S, see the SI) was treated with 1/H,0,. The amounts of 1
(6.9x10°° M) and H,0, (1.8x107' M) corresponded with the
optimal conditions determined for each individual NP (Table
1). All NPs in these mixtures were completely oxidized
(299.5%) within 30 min (Figure 1S). Similarly, mixtures of
four DNPs were completely destroyed (=99.5%) within 45 min
(Figure 28, see the SI).

ToxiciTy STUDIES

The toxicity reduction consequent to treatment is an important
marker of the environmental performance of the 1/H,0, system.
Solutions of 3-NP and 4-NP (both 1x10* M) and other NPs
(Table 2) were tested by Microtox® assays using the
bioluminescent bacteria Vibrio fisheri. ECsy values represent
the percentage of the test solution required to produce 50%
mortality of the bacteria in 15 min time. Thus, a lower number
is reflective of higher toxicity. Acute toxicity toward these
microbes is typical for 3-NP and 4-NP which manifests the
ECso values of 13.1 and 35.1%, respectively. Treatment of
solutions of 3-NP and 4-NP by 1/H,0, resulted in a drastic
reduction of toxicity (Table 2). This can be seen because the
treated solutions did not result in 50% reduction in the bacteria
population in 15 min, which correlates with ECs, values of
>100% (Table 2). Similar reduction of toxicity was also
observed for multiple DNPs (Table 2) demonstrating that the
treatment by 1/H,O, is extremely effective in mitigating the
toxicity of NPs (as measured by Microtox® assay). Of course,
these are rudimentary toxicity assays which do not capture
information associated with

on developmental toxicity

This journal is © The Royal Society of Chemistry 2012
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endocrine disruption,” where such studies are beyond the scope
of this work.

Table 1. Optimized conditions and quantified end products after the total
(>99.5%) degradation of mono- and dinitrophenols at pH 8 (0.1 M
phosphate) and room temperature (see experimental section for details).

Substrate® [1]° [H,0,]° Time  NO, + HCO,  CO+CO,
¢ NOs (%) (%) (%)
2-NP 2 40 30 87+0.6 3.240.1 20
3-NP 2 40 30 99+0.1  3.78+0.02 35
4-NP 13 40 20 99+0.5  7.17+0.07 63
2-Me-4- 0.6 20 9 73.0£6.3  2.89+0.01 24
NP
3-Me-4- 0.8 20 15 85.0+0.8  4.17+0.03 35
NP
2,6-Me- 0.2 20 3 98.0£1.4  0.96+0.05 e
4-NP
2,4-DNP? 4 50 45 75+1 2.120.1 46
2,5-DNP 1.8 40 40 82+2 2.5+0.8 35
2,6-DNP? 25 40 20 7242 3.40.7 16
2-Me-4,6- 3 50 40 88.0£0.3  4.7+0.1 20
DNPY

¥ [Nitrophenol] = 1x10*M; ® In yM L™";  In mM L™"; ¥ In min; following
disappearance of NP by HPLC; © could not be reliably measured. ” 1 and
H,0, were added in two equal aliquots at =0 and ¢ = 25 min; 91 and H,0,
added at =0 and #= 10 min." 1 and H,0, added at # = 0 and ¢ = 20 min.

Table 2 Aquatic toxicity studies with Microtox® assays for select
nitrophenols and their 1/H,0, catalyzed degradation mixture.

Initial Substrate (1 mM, Final Reaction Mixture

Substrate ECs) (ECsy)
3-Nitrophenol 13.1% (18.1 uM) >100%
4-Nitrophenol 35.1% (48.4 uM) >100%

2,4-DNP 71.6% (131 uM) >100% ©

2,5-DNP 6.8% (12.4 uM) >100% ©

2,6-DNP 32.6% (59.6 uM) 92.2% 9
2-Me-4,6-DNP 30.0% (59.1 uM) >100%°

ECs values reported are shown as percentage of testing solution required to
produce 50% mortality of Vibrio fisheri in 15 min. Absolute values for pure
compounds are also listed in parentheses ® [3-NP] 1x107° M, [1] 1x107° M,
[H20,] 4x107' M, ¥ [4-NP] 1x10° M, [1] 1x1075 M, [H,0,] 2x107' M, ©
[DNP] 1x107° M, [1] 2x107° M, [H,0,] 510" M, 9 [2,6-DNP] 1x107°> M,
[1]2x1075 M, [H,0,] 8x10™' M, pH 8, room temperature.

Kinetic, Mechanistic and DFT Studies of Nitrophenol Oxidation

TAML activators are small functional replicas of peroxidase
and short-circuited cytochrome P450 enzymes.?> *° They are
remarkably effective in the oxidative degradation of organic

substrates containing phenolic moieties.'> '® 8 19 26 The

J. Name., 2012, 00, 1-3 | 3
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intimate mechanisms of action for this family of catalysts has
been well deciphered (see below)? >> 3! and this provided a
tool for to advancing the conceptually based iterative design
process** 3° aimed at more robust and reactive catalysts. Our
mechanistic approach lends itself well to studying substrate
oxidations and in this contribution we investigate the kinetic
the decompositions of

and mechanistic dimension of

nitrophenols for the first time.

MONONITROPHENOL

The kinetic experiments performed in this work were planned
based on the general mechanism of catalysis by TAML
activators shown in Scheme 1.*® TAML activator (Fe"-TAML)
is reversibly oxidized by H,0, (k;, k) to form “Oxidized
TAML” which then attacks targeted substrates (ky;). The nature
of the “Oxidized TAML” depends on the pH which determines
the equilibration between aqua, hydroxo and oxo complexes.
Each of these have been kinetically implicated at the Fe'¥
oxidation state”> and a monooxo complex is now well
established for the FeV state.’® *” Both the iron(IV) and iron(V)
states are known to be oxidizing, the latter being the much more
powerful oxidant, and kinetic evidence for both 1- and 2-
electron processes has been obtained.’® Under steady-state
conditions, the reaction rate is expressed by eq (1), which was
derived by applying the steady-state approximation to
“Oxidized TAML” together with the mass balance equation
[Fe'™, = [Fe"-TAML] + [Oxidized TAMLY]. The rate constant
k-1 in eq (1) is negligible compared to the term (k[H,O,] +
ku[NP]).?® Equation 2 was obtained upon rearrangement of eq
1. The rate constant 4; should be independent of the nature of
NP, whereas the value of & depends upon it. According to
previous studies, &y and Ay depend strongly upon pH, which
originates from the Brensted acidity of axial water ligands on

iron? % and hydrogen peroxide.?

k
Fe''-TAML + H,0, TI—‘ (Oxidized TAML)
-1

k
(Oxidized TAML) + Nitrophenol ——» Fell'TAML + Oxidized Nitrophenol

fast )
Oxidized Nitrophenol > Final Product(s)
e

Scheme 1. General mechanism of catalysis by TAML activators.

kyky [H,0,][NP] [Fem]t
Rate =

"k + ky[H,0,] + ky [NP] @

[Fe'], 1 1

Rate ~ ki[H,0,] = ky[NP] @

The rate constants k; and Ay (Scheme 1) for the MNPs were
determined at pH 8.4 (instead of pH 8 used for total oxidative
degradation) to ensure that the concentrations of the
nitrophenolates were at least 10 times that of the nitrophenols in
accordance with the pK, for the
mononitrophenols (see Table 28, see the SI).

known values

4| J. Name., 2012, 00, 1-3

The initial rates of NP oxidation were measured using UV-
vis spectroscopy at 25 °C. A typical case is described here for
the 4-NP oxidation. The reaction between, for example, 4-NP
(1.1x10* M) and H,0, (4.9x107° M) was initiated by the
addition of peroxide to the solution of 4-NP and 1 (1.0x10°°
M). The corresponding spectral changes are shown in Figure 2.
The initial rate was calculated from the slope of the linear plot
(Inset to Figure 2) using the experimentally determined
extinction coefficient of 4-NP at A, at pH 8.5 (€401m
=17500+200 M ' cm™'). The rate of non-catalytic oxidation of
4-NP by H,0, in the absence of 1 (<5% of the catalyzed rate)
was subtracted from the measured rate in the presence of 1.

AbS010m

Absorbance

300 350 400 450 500 550 600
Wavelength / nm

Figure 2. Spectral changes associated with the catalytic oxidation of 4-
nitrophenol by 1/H,0O,. The arrow indicates a decrease in absorbance at 401 nm
due to oxidation of 4-NP. Conditions: [1] 1.0x10™° M, [H,0,] 4.9x107> M, [4-NP]
1.1x10™* M, pH 8.4 (0.1 M phosphate), 25 °C. Inset: The decrease in absorbance
at 401 nm as a function of time used for calculating the initial rate of oxidation.
Data were collected every 5 s and plotted for every 25 s for clarity.

The initial rate for NP oxidation increased hyperbolically
(for 3-Me-4-NP in Figure 3 and in most cases, see text) with
increasing [H,0,] (Figure 3A) and [NP] (Figure 3B) and
linearly (passing through the origin) with increasing [1] (Figure
4) as mandated by eq 2 and as observed for other organic
substrates.”* ® Consistent with eq 2, the inverse initial rate was
a linear function of the inverse of both [H,O,] (Inset to Figure
3A) and [NP] (Inset to Figure 3B. The rate constants 4y and Ay
(Table 3) were calculated from the slopes and intercepts of
these linear plots.

®
A 7 B .
1206 _ ,,{ﬁf—fff%*** 1.2¢-8
T o 4
2 // s
= , S19.0e-9
o 1.50+8 - g =
8.0e-7 | ¢ v 5
4 : [ s 1ses- 5
5 e 5 P T 6.0e-0
= 5l | g o g k]
4007 | c | Erend E
g 1ev6 | = g -
MH0z M = . | 50847 - U[3-Me-4-NP]/ ! #0e9
e 00 5o 10w 1802 2008 | 00 6ers 12015 10005 24015
o6 y ! . i . 4 : 4 . i 00
0 fe2 202 3e2 4e2 5e2 0 2¢5  4e5  Be5  B8e5  fe-d
[Hy051/ M [3-Me-4-NP] / M

Figure 3 Initial rates of oxidation of 3-Me-4-NP by 1/H,O, as a function of
[H,0,] (A) and [3-Me-4-NP] (B). Insets: double reciprocal plots of initial rates as
functions of [H,0,] (A) and [3-Me-4-NP] (B). Conditions: (A) [3-Me-4-NP]
5x107° M, [1] 5x1077 M; (B) [H,0,] 1.25x107° M, [1] 2.4x10"7 M; pH 8.4, 25 °C.

This journal is © The Royal Society of Chemistry 2012
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1.5e-7

1.0e-7

Initial Rate / M s™

5.0e-8

0.0

0.0 1.5e-7 3.0e-7 4.5e-7 6.0e-7 7.5e-7
M1/M
Figure 4 Initial rates of oxidation of 3-Me-4-NP by 1/H,0; as a function of [1].
Conditions: [3-Me-4-NP] 5x107° M, [H,0,] 1.0x1072 M; pH 8.4, 25 °C.

Table 3 Second-Order Rate Constants (k; and 4y, both in M s'l) for
Oxidation of MNPs by 1/H,0; at 25 °C, pH 8.4 (0.1 M phosphate).

H,0, Variation
Compounds

ki ku(x107)
2-Nitrophenol 154+£3 Y
4-Nitrophenol 33+2 1.3+0.3
3-Methyl-4-nitrophenol 90+1 9.5+0.7
2-Methyl-4-nitrophenol 19010 6.1+0.7
2,6-Dimethyl-4-nitrophenol 2100+100 3449

 could not be reliably measured

The rate constants k;; summarized in Table 3 increase in the
series 2,6-Me,-4-NP > 3-Me-4-NP > 2-Me-4-NP > 4-NP, i.e.
more electron rich molecules are oxidized faster as might be
anticipated. Substituted phenols behave similarly when
oxidized by Compound I of horseradish peroxidase (HRP)
consistent with the le oxidation of phenols in the rate-limiting
step followed by the loss of a proton to form the phenoxide
radical.®® Interestingly, HRP/H,O, (usually effective for
removal of phenols in wastewater treatment®®) was reported to
be inactive towards MNP (2-NP, 3-NP, 4-NP) and 2,6-DNP due
to the high reduction potentials of nitrophenols.*® This fact is
consistent with the recalcitrant behaviour of NPs in the
environment and reminds the reader that the ultimate
powertools that Nature possesses for cleansing the environment
of oxidizable contaminants are the oxidizing enzymes of
aerobic lifeforms. These findings also demonstrate the virtue of
mimicking the oxidizing enzymes with small molecule
synthetic catalysts were the reactivity can be controlled by
design to give more reactive systems than the enzymes can
muster.

The rate constant k; refers to the interaction between H,O,
and 1 and should not depend on the nature of substrate given
the mechanism in Scheme 1. However, in the oxidation of
MNPs by 1/H,0, the rate constants k; actually do vary broadly
(60-fold, Table 3) with the nature of MNPs. This behavior
signals the likelihood of substrate binding to the catalyst,
processes that should mute the catalyst and be subject to steric
effects. In fact, there is a systematic decrease in k; with a
decrease in steric crowding around the hydroxyl group of
MNPs. The rate constant 4 is the lowest for the least sterically
encumbered 4-NP (Table 3), where hydrogen is ortho to the

This journal is © The Royal Society of Chemistry 2012
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OH group and 4; is the highest for 2,6-Me,-4-NP, where the
ortho positions are occupied by methyl groups. The k; value for
2,6-Me,-4-NP is comparable to that measured for the oxidation
of Fe(CN)¢* to Fe(CN)s* by 1/H,0, (2410+30 M s, pH 8.4),
which proceeds via an outer sphere electron transfer mechanism
and can be reasonably considered to be absent of steric
effects.”® The close values of & in both cases suggests that the
same catalyst species are involved, i.e. that substrate binding to
the catalyst in kinetically insignificant for 2,6-Me,-4-NP.
However, the kinetics of oxidation of 4-NP (the MNP with the
lowest k;, Table 3) appeared to be inconsistent with the
mechanism in Scheme 1 because the initial rate first increased
hyperbolically to reach a maximal value and then decreased
sharply with increasing [4-NP] at fixed [1] and [H,O,] (Figure
5). The combined observations of the variation of 4, the value
of ky in the expected range for the sterically demanding MNP
(2,6-Me,-4-NP) and the unusual rate profile for 4-NP indicate a
change in the mechanism on going from 2,6-Me,-4-NP to 4-
NP.

Initial Rate / M s™"

0 1e-4 2e-4 3e4 4e-4
[4-Nitrophenol] / M

Figure 5 Initial rates of oxidation of 4-NP by 1/H,0, as a function of [4-NP].
Conditions: [1] 1.5x107° M, [H,0,] 1.25x107° M; pH 8.4, 25 °C. The solid line
was calculated using the best fit values of a; — a4 (eq 4, Table 4)

A minimalistic mechanism shown in Scheme 2 is sufficient
to explain the observed lowering of 4 and the rate inhibition by
4-NP. Its key features are (i) the binding of the conjugate base
of 4-NP to the Fe™ in 1 to form intermediate I, (K) and (if)
activation of H,O, by both Fe" (k;, ;) and 1, (kip, k.;p) to form
identical TAML reactive intermediate (ignoring the possibility
that the phenolato ligand may remain bound to “Oxidized
TAML”). The mechanism in Scheme 2 leads to eq 3 for the
reaction rate, assuming that &, is negligible,”® by applying the
steady-state approximation to “Oxidized TAML” and using the
mass balance equation [Fe™], = [Fe™-TAML] + [Oxidized
TAML] + [1;].

K
Fe''TAML + NP =— Iy

K
Fe!LTAML + H,0, —== Oxidized TAML

kq
K
l; +H,0, —<= Oxidized TAML + NP
kip

K
Oxidized TAML + NP ——> Fe!lL.TAML + Oxidized NP

fast

Oxidized NP — — —— Final Products
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Scheme 2. A minimalistic mechanism for the 1/H,O, catalyzed oxidative
degradation of MNPs which accounts for the experimental variations of & with
different MNPs and the rate inhibition by 4-NP.

(ki[NP]+kipK[NP]?)kyi[H; 0] [Fe!];

Rate = 0 T oK M0, INPT+ (e_ip +er) NP1+ (k1 p + D KINPT

(3)

Equation 3 can be rewritten as eq 4. The parameters a; — ay4, the
meaning of which is shown in Table 4, were calculated by fitting the
data in Figure 5 to eq 4 and their values are also shown in Table 4.

a;[NP]+a,[NP]?

Rate = az+a,[NP]+[NP]?

(4)

Table 4 The effective kinetic parameters for 4-NP oxidation by 1/H,0,
calculated by fitting kinetic data obtained at different concentrations of 4-NP
and H,0, to eq 3, respectively, at pH 8.4 and 25 °C.

Effective Values of Meaning of a, and b, parameters
Parameter Parameters in terms of eq 3
ay/M*s'? (8+6)x107" Jikn[H20,][Fe" /[ (koK ]
a/Ms'? ~3x107"° kipku[H20,][Fe" ]/ (kapt)
as/ M*® (5+2)x107"° k[H20,)/[(kap kK]
a;/M? (6£6)x107 1/K + kip[H205)/ (ko)
b /Ms'?  (1.6£0.1)x10°° kn[NP][Fe"],
by/ MY (6.2£0.9)x107%  {(kupt+ky)(1+K[NP])[NP]}/(ki+hipK[NP])

D 1] 1.5x107° M, [H,0,] 1.25x107° M; ® [1] 1.0x107° M, [4-NP] 1.0x10™* M.

The parameters a;—a, allow us to estimate a value for the
rate constant ky of 1.1x10° M s since ky = a/(as[Fe™],).
Equation 3 can also be rewritten as eq 5, which prescribes a
hyperbolic dependence of the rate on [H,O,] (Table 3). The
meanings of b, and b, are shown in Table 4 and their values
were calculated by fitting the kinetic data to eq 5. In this case,
ki = by/{[4-NP][Fe"]} = 1.6x10* M s (Table 4), a larger
value than that obtained from eq 4. This discrepancy is
expected to arise from the potentially oversimplified nature of
Scheme 2 when used for interpreting the data in Figure 5 and
the uncertainties in estimating the six unknowns, viz. a; — a4
and b; and b,. Equations 2 and 5 predict a Michaelis-type
dependence on [H,0,] so that the calculated k; values so-
obtained are close, 1.3x10* and 1.6x10* M s,
respectively (Table 3). No inhibition by excess of NP was
observed for other MNPs (highest [NP] tested ca. 5x107* M),
which is likely due to rather low values of K for 2-Me-4-NP
and 3-Me-4-NP. More sterically crowded 2,6-Me,-4-NP may
not bind with 1 at all. Higher concentrations of NPs could not
be achieved due their high absorbance.

viz.

Rate = bi[H,0,]
by +[H;05]

()

Supporting evidence for the binding of 4-NP to Fe"™-TAML
was found from density functional theory (DFT) calculations.*'
Probing the properties of the hypothetical complex
{Fe"™(TAML)(4-NP)} points to a stable adduct of the
nitrophenolate anion and Fe™ as shown in Figure 6 with a
calculated Fe—O bond distance of 2.06 A. The energies of all

species involved in the complex formation (eq 6) were

6 | J. Name., 2012, 00, 1-3

calculated (see materials and method section for details) to
show that the complex formation is energetically favourable.*?
Fe''(TAML)(H,0) + 4-NP — {Fe'(TAML)(4-NP)} (6)
The DFT study gives credence to the hypothesis that a stable
{Fe"(TAML)(4-NP)} adduct may form in water. The higher
concentrations of 1 that were found to be required for the total,
degradation of 4-NP (>99.5%, Table 1) compared to other
substituted nitrophenols is also consistent with the inhibition
found in the presence of excess of 4-NP. Inhibition of oxidation
processes by an excess of substrate has previously been
observed for the bleaching by both Fe-TAML/H,0,* and
[Fe(octaphenylsulfonato)porphyrazine]l/H,0,**  of  dyes,
Pinacyanol chloride and Orange II, respectively. In both cases,
the pre-equilibrium binding of the substrate to Fe' was
proposed to account for the observed inhibition.

4

Figure 6 Geometry of the DFT optimized structure of 4-nitrophenol bound to
Fe'(TAML). Hydrogen atoms are not shown for clarity. The Fe-O bond distance
is 2.06 A. (Colour code: Fe, lavender; O, red; N, blue; and C, gray)

DINITROPHENOL

The rate constants (k; and Ay, Scheme 1, Table 5) associated
with the degradation of three DNPs were measured as described
above. As with the MNPs, the rate constants k;; were found to
depend on the electronic properties of the DNPs. 2,5-DNP was
oxidized 7 times faster than both 2,6- and 2,4-DNP. The values
of k; obtained for DNPs are shown in Table 5. These rate
constants depend on the nature of the substrates and are all
much lower than expected (similar to 4-NP).

Table 5 Second-Order Rate Constants (k; and /) for Oxidation of DNPs by
1/H,O; at pH 8 and 25 °C.

H,0, Variation
Compounds

ki kn(x 1074
2,4-DNP 9+1 0.240.01
2,5-DNP 55+19 1.4+0.3
2,6-DNP 14+1 0.19+0.01
Conclusion

In summary, the present study establishes that 1/H,O, is an
ideal biomimetic catalytic system for the total removal of

This journal is © The Royal Society of Chemistry 2012
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persistent mono- and dinitrophenolic pollutants from water
under ambient conditions (pH 8, room temperature). The
studied nitrophenols were oxidized significantly to nitrogen and
carbon minerals rapidly (< 45 min), utilizing low catalyst
loadings (2x1077—4x10° M 1 for 1x10™* M nitrophenol). The
toxicity of the starting nitrophenols is substantially reduced and
in most cases completely removed (as determined by
Microtox® assays) by the 1/H,0O, treatment. The remediation
technology described herein requires no special infrastructure
and thus should be easy to apply in diverse pollution scenarios.
The kinetic, mechanistic and DFT studies of the oxidation
mononitrophenols described herein suggest that the substrates
bind to the iron(IIl) in the resting state of the catalyst subject to
steric suppression which, when present, manifests as substrate

inhibition.
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