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Abstract
The release of azo dyes into the environment is a continuing hazard 

resulting from industrial wastewater being released into the ecosystem. The 
industrial wastewater contains azo dye runoff that is used to color textiles, 
food, cosmetics, and other industrial products1-3. Oxidative decolorization 
is a potential method to remediate azo dye contamination1-3. Horseradish 
peroxidase (HRP) is an enzyme with a wide substrate range for organic 
compounds and strong oxidative power, making it a potential catalyst for azo 
dye decolorization.  The oxidative strength of HRP is due to the Fe(III)-heme 
prosthetic group that reacts directly with hydrogen peroxide (H

2
O

2
) to form 

the high valent Fe-oxo species known as compound I (cpdI) and a subsequent 
intermediate, compound II (cpdII)4-8. These enzyme-bound high valent Fe-
oxo species extract single electrons from a range of organic compounds via 
a collisional reaction, generating free radical species in solution.  The radical 
species undergo radical quenching via different chemical routes, resulting 
in a wide range of products from a single organic substrate4-8.   Previous 
research has shown that HRP catalyzes the oxidation of several azo dyes.  
The research described here focuses on the oxidation of the azo dye Orange 
IV (OIV).  Initial research showed that OIV is oxidized to form a product, 
denoted as P-1, via a multistep process; however, further work showed that 
the reaction continued at a slower rate.  The research described here utilized 
transient kinetic techniques to examine the slower reaction to elucidate 
a more complete mechanism for the oxidation of OIV and aid in future 
environmental remediation techniques.
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Environmental Implications
Azo dyes are used as colorants in industrial manufacturing in products 

such as paper, food, cosmetics, textiles, leather, and medical treatment/
analysis1-3.  But, colorant losses up to 10-15% can occur in wastewater 
during certain stages of manufacturing2-3.  These dyes in the wastewater are 
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a serious concern because of their toxicity and stability in the ecosystem. 
The dyes reduce light penetration resulting in damaged photosynthetic 
activity, oxygen deficiencies, and high mutagenicity1-2.  Effective and efficient 
methods from removing or degrading azo dyes from industrial waste streams 
are needed to mitigate the negative impact of these dyes in the environment.

Many methods for azo dye decolorization and removal are in 
use and are currently being studied. These techniques include biological 
treatment, coagulation, electrochemical techniques, adsorption, flocculation, 
flotation, ozonation, membrane separation, reduction, and oxidation1-2. 
The most common treatment used today is adsorption using activated 
carbon1-2. Although activated carbon works efficiently, it is very expensive 
and has issues with regeneration1-2. These high costs have caused scientists 
to consider naturally occurring adsorbents and other low cost materials1-2.  
Enzyme oxidation, catalyzed by the enzyme HRP, is the biological treatment 
method studied in this research.
Horseradish Peroxidase

HRP is a heme-based enzyme derived from the horseradish root4,7. 
HRP belongs to the peroxidase family of enzymes which utilizes hydrogen 
peroxide to oxidize a wide range of chemical components such as phenols, 
aromatic amines, thioanisoles, and iodide4.  HRP is made up of 308 amino 
acid residues with a heme pocket4. The N-terminal residue appears to be 
blocked by a pyrrolidenecarboxyl residue buried in the peptide chain4. At 
the C-terminus, peptide sequences appear with and without a serine residue 
which indicates an unstable asparagine-serine peptide bond4. In this enzyme, 
ferric iron has a 6-coordinated geometry with an open binding site for H²O². 
Positions 1-4 in HRP are bonded to four pyrrole nitrogen atoms and position 
5 contains an imidazole side chain of a histidine residue on the proximal side 
(Figure 1)4. The 6th position, located on the distal side, remains open and is 
used to bind the hydrogen peroxide. The distal heme pocket is created from 
arginine 38, phenylalanine 41, and histidine 424,6. These residues facilitate 
cleavage of the O-O bonds4,6 of H2O2 via general acid/base chemistry, 
resulting in the formation of a highly oxidized intermediate form of the heme 
group in the enzyme.  This formation initiates the catalytic cycle of HRP.  
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Figure 1. Native HRP heme group with distal histidine sidechain 
depicted.

Catalytic Cycle
 HRP’s catalytic cycle is a three step mechanism consisting of the 

native HRP (Fe (III)), compound I and compound II (Figure 2)4. The first 
step in the catalytic cycle is the formation of compound I by the cleavage of 
H²O² and the release of water.   This reaction increases the oxidation state 
of the enzyme by two equivalents. Compound I contains an iron-oxo group 
(Fe+4=O) and a porphyrin -cation radical4.  This highly oxidized species 
oxidizes organic substrates, such as OIV, by a 1 electron transfer producing 
an organic radical intermediate and the second enzyme intermediate, 
compound II4. 

 Compound II contains an oxoferryl group4 and is one oxidizing 
equivalent above the resting enzyme.  A second organic substrate molecule is 
subsequently oxidized by a second 1 electron transfer reaction, thus reducing 
the enzyme back to its resting Fe(III)-heme form4,8 and releasing a second 
water molecule.  In the enzyme catalytic cycle, reduction of compound II is 
the slow step due its lower redox potential6,7.
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Figure 2. HRP heme group with distal histidine sidechain catalytic 
cycle of native HRP, compound I, and compound II.4,7

 The fate of the organic radical is less prescribed.  Unlike most 
enzymes, which discretely bind the substrate in an active site pocket and 
complete the conversion of substrate to final product, HRP extracts a 
single electron from the organic substrate via a collisional reaction with 
the oxidized iron-oxo heme group of compound I and compound II.  The 
resulting organic radical is free in solution to decompose to a more stable two 
electron oxidized product via any number of routes, typically resulting in a 
mixture of final products6,7.  

 Previous studies have shown that peroxidase enzymes oxidize azo 
dyes, resulting in complete decolorization of certain azo dyes, suggesting the 
loss of the azo linkage9.   The initial reaction of the azo dye OIV and HRP 
was extensively studied using transient kinetic techniques.  OIV is an azo dye 
with an amine group linking two phenyl rings (Figure 3).  The amine group 
may function as an oxidation site during catalysis, protecting the azo linkage 
from oxidation.

Figure 3.
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Figure 3. Structure of the azo dye, Orange IV sodium salt 

The results showed the formation of two intermediate species which 
decayed to a final product with an optical absorption maxima in the visible 
range at 350 nm and 450 nm [unpublished results]. 

  The structure of the final product was to be determined via liquid 
chromatography/mass spectrometry (LCMS) methods.  However, during 
product collection studies it was noted that the optical absorption spectrum 
of the dye product continued to change after 200 seconds, the time period 
of the initial kinetic studies, indicating an incomplete reaction.  The research 
described below are the transient kinetic studies of the reaction over 600 
seconds.  The rapid formation and decay of the initial intermediates is not 
well captured.  The analysis focuses on the decay of the substrate peak (450 
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nm) and the formation of the final product peak (350 nm). The lambda max 
of the final product is between 330 nm and 350 nm, but was fit at 350 nm 
for our analysis. The rate constants for the final step in the oxidation of OIV 
were obtained by fitting the kinetic data using a nonlinear regression fitting 
program.   It was expected that the final product was undergoing a slow 
intramolecular reorganization, independent of the enzyme or dye; however, 
as the results show below a second catalytic event may be occurring. 

Methods
Reagents 
0.05 M Ammonium Acetate Buffer

Ammonium acetate buffer was made from stock 1.0 M ammonium 
acetate buffer, pH 5.0 (University of Wisconsin – Stout) by dilution.
0.1 M Hydrogen Peroxide

Hydrogen peroxide solution was made by dilution from 30% 
hydrogen peroxide (University of Wisconsin – Stout) using 0.05 M 
ammonium acetate buffer solution.  The concentration of H2O2 in the 
final solution was confirmed by optical absorption spectroscopy (e240 = 47 
M-1cm-1)
Horseradish Peroxidase

HRP solution (HRP type VI – A enzyme (Sigma-Aldrich, St. Louis, 
MO) was made by adding a small amount of dehydrated enzyme to 0.05 
M ammonium acetate buffer. Concentration was determined using optical 
absorption at 403 nm (Ɛ₄₀₃ = 100 Mm-¹cm-¹)¹0.
Orange IV Dye

0.005 g Orange IV sodium salt (Sigma-Aldrich) was added to 4.0 
ml 0.050 M ammonium acetate buffer and 1 ml acetonitrile (University of 
Wisconsin – Stout). Acetonitrile was used to increase the solubility of the 
OIV sodium salt allowing for higher dye concentrations to be used in the 
experiment. 

Optical Absorption Spectroscopy
All spectroscopic measurements were conducted using a Hewlett 

Packard 8453A Diode Array Spectrophotometer using ChemStation Software 
version 10.   The stopped flow instrument is an Applied Photophysics Rapid 
Kinetics Spectrophotometer Accessory.  All kinetic data was collected at room 
temperature.
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Stopped Flow Data
Time and calculation methods for spectrophotometer were set as follows:
Acquisition Range:  190 nm – 1100 nm  
Run Time:   600 seconds   
Start Time:  0 seconds   
Cycle Time:  0.5 seconds   

Two syringes were used in this experiment with a reaction volume of 
500 ml.  One syringe contained both substrates, hydrogen peroxide and OIV.  
The second syringe contained the enzyme.  Trials were run in triplicate using 
differing enzyme and dye concentrations. Dye trials were accomplished using 
26.6 – 426. μM dye concentration. Enzyme trials were accomplished using 
0.497 - 15.9 nM enzyme concentrations. Concentrations of dye and enzyme 
were determined by optical absorption spectroscopy.  Hydrogen peroxide 
concentration was consistent at 0.050 M in the reaction.  Time traces at 
specific wavelengths were extracted at 350 nm and 450 nm to correlate with 
product and substrate absorbance, respectively.

Curve Fitting of Stopped Flow Traces and Exponent Extraction
Stopped flow traces were extracted at specific wavelengths as listed 

above for each trial. Traces were fit using an exponential decay equation 
with two or three exponential components using the curve fitting software, 
CurveExpert 1.4.  The exponential values were compiled for comparison and 
grouped into rate constants.  Rate constants that were within one order of 
magnitude were considered to represent the same rate constant. 

Results
Dye Decolorization

As the reaction occurs OIV does not lose all of its coloring.  As 
shown in Figure 4, the azo dye has an optical absorption maximum in the 
visible range at 450 nm.  The spectra show the absorption at this maximum 
decreasing while an absorbance peak below 370 nm increases.  The 
absorption peak that forms is stable at the end point of the reaction and 
results from the final product.  Because the newly formed absorption peak is 
within the visible range, albeit at the UV end of the spectrum, the product 
does have a distinct yellow color to the naked eye.  The known intermediate, 
with an absorption maximum at 580 nm, can also be observed as indicated in 
the figure; however, its formation and decay is largely missed over the longer 
time frame of this experiment.

Transient Kinetics Studies of Azo Dye Oxidation Catalyzed by Horsedish Peroxidase



134 Journal Student Research

Figure 4.

Figure 4. Multi time plot depicting absorbance separation of traces 
taken between 0 and 600 seconds. Traces were extracted between 0 seconds 
(···) and 600 seconds (- -). Solid lines (–) depict times between 0 seconds 
and 600 seconds throughout the reaction. The arrows represent absorbance 
changes as a result of ongoing reaction time.

Reaction Rates
Two different transient kinetic experiments were conducted.  In 

the first experiment the enzyme concentration was varied while the 
concentrations of azo dye and hydrogen peroxide were constant (Figure 
5).  In the second experiment the concentration of the azo dye was varied; 
enzyme and hydrogen peroxide concentrations were constant (Figure 
6).  The reaction traces (absorbance as a function of time) at the specific 
wavelengths of 350 nm and 450 nm were fit to a 2 exponent equation 
to determine the rate constants values. The fitted rate constants were 
subsequently grouped and analyzed as a function of enzyme and dye 
concentration respectively. Consistently the reaction traces fit to two 
exponents, resulting in two distinct rate constants, separated by an order of 
magnitude. Table 1 shows the fast and slow rates for the enzyme experiment, 
clearly showing the two rate constants, which are designated as fast and slow. 
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Table 1.

Table 1.   Rate constants for the fitted exponential data at different 
enzyme concentrations.  Reactions were run in triplicate and fitted using the 
non-linear regression program.    *A negative rate constant is not applicable 
to reaction kinetics.  The result was included because a second exponent was 
use to fit all of the data.

The slow rate exponential fit proved difficult to fit as it represents 
a relatively small total change in optical absorption.  In fact, twice, the 
slow exponent rate fit with a rate constant of a negative number, which is 
not applicable.  However, removal of the second exponent from the fitting 
equation resulted in a poor fit of the curve as indicated by the calculated 
residuals.

Comparison of the reaction rates shows that substrate decays at the 
same rate as product forms.  This suggests that there is a direct conversion 
of substrate to product.  However, the fact that there is not a tight isosbestic 
point between substrate and product spectra (~380 nm, Figure 4) indicates 
that there are likely unobserved intermediates between the substrate and 
product.  The formation and decay rate of any radical intermediate species 
are too fast to be observed under these reaction conditions.

Comparing the results of the two experiments shows that enzyme 
concentration and dye concentration affect the reaction rate differently.  
As shown in Figure 5B and 5D, the rate constants from product formation 
and substrate decay, respectively, are plotted as a function of enzyme 
concentration.  Both product formation and substrate decay show a linear 
dependence on enzyme concentration.   In contrast, the rate constants 
for product formation and substrate decay are independent of the dye 
concentration as shown in Figure 6B and 6D.  This difference has marked 
implications for the reaction mechanism indicating that the final step of the 
reaction is another electron abstraction catalyzed by the enzyme.

Transient Kinetics Studies of Azo Dye Oxidation Catalyzed by Horsedish Peroxidase
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Figure 5.

Figure 5.  Comparison of rate constants in varying enzyme 
concentrations measured at 350 and 450 nm with trace and residual examples. 
Residuals (- -) were plotted with spectrophotometer traces (—) at 350 nm 
(A) and 450 nm (C). Enzyme concentration variations measured at 350 nm 
(B) and 450 nm (D) were collected in triplicate using a nonlinear curve fit (). 
Exponents’ b and d represent different reaction constants (k). The fast rate 
(∆) and slow rate (ο) are both present with a linear trendline. 
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Figure 6.

Figure 6. Comparison of rate constants in varying dye 
concentrations measured at 350 and 450 nm with trace and residual 
examples. Residuals (- -) were plotted with spectrophotometer traces (—) at 
350 nm (A) and 450 nm (C). Dye concentration variations measured at 350 
nm (B) and 450 nm (D) were collected in triplicate using a nonlinear curve fit 
(). Exponents’ b and d represent different reaction constants (k). The fast rate 
(∆) and slow rate (ο) are both present with a linear trendline. 
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Difference in the Final Product Absorbance Spectra
Because final organic product formation occurs in solution via 

radical decomposition, it is possible that changing the concentration 
of dye or radical intermediate would change product composition.   
Differences in product composition with absorption in the visible range 
would become apparent by comparison of the final optical spectra for 
reactions.  The difference spectrum of the 600 s spectra for low and high 
enzyme concentration and dye concentration are shown in Figure 7 and 
8, respectively.  With the exception of more product formation at 350 nm, 
as expected, the spectra show no major differences caused by changes in 
concentrations in dye or enzyme.  This indicates that the substrate radical 
follows a single major decomposition route to form the final product.

Figure 7.

Figure 7. Difference in absorbance between 0.497 nM and 7.948 
nM enzyme concentrations at 600 seconds. Difference in absorbance as a 
function of wavelength for the 0.50 nM enzyme concentration versus the 
7.9 nM enzyme concentration at 600 seconds as described in methods. 600 
seconds is last recorded data time in the reaction.

Figure 8.
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Figure 8. Difference in absorbance between 26.6 μM and 425.6 μM 
dye concentrations at 600 seconds. Difference in absorbance as a function 
of wavelength for the 27. μM dye concentration versus the 425.6 μM dye 
concentration at 600 seconds as described in methods. 600 seconds is last 
recorded data time in the reaction.

Discussion
Oxidative Decomposition of Orange IV

Previous kinetic studies showed that HRP rapidly oxidized OIV 
resulting in the formation of an intermediate (I-1) that spontaneously 
decayed to a second intermediate (I-2) that subsequently decomposed to 
an initial product (P-1), as shown in Figure 9.  Based on the kinetic analysis 
it was proposed that both enzyme intermediates, cpd I and cpd II, generate 
the first intermediate (I-1).  Cpd II controls the reaction rate as its reduction 
is the known slow step of the catalytic cycle.  The structure of the initial 
product is unknown.  However, because the product retains strong optical 
absorption in the visible range, it is likely that the azo linkage (-N=N-) 
remains intact.  Oxidation of the amine group between the two aromatic 
rings may be a likely site for the initial reaction and formation of P-1.  

Figure 9.

Figure 9.  The proposed reaction scheme for the oxidation of Orange 
IV by HRP.  This reaction scheme shows the enzyme catalyzing two different 
reactions on OIV as well as the stepwise conversion of OIV to the final 
product, designated as P-2.
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P-1 was initially assumed to be the final product; however initial 
product analysis studies showed that the optical absorption spectra of the 
reaction continued to change at a slow rate, indicating the reaction was 
incomplete.  The study here confirms this observation.  There are two 
plausible explanations for the slow reaction given the reaction conditions.  
First, P-1 may undergo slow internal rearrangement to form the most stable 
final product since it is a large, conjugated structure.  Secondly, HRP may 
catalyze a subsequent oxidation of the initial P-1 product.  Because P-1 is an 
oxidized form of the azo dye, it is likely that further catalysis by the enzyme 
intermediates may occur at a significantly slower rate. 

The results here strongly indicate that the continued slow reaction 
is due to further enzyme catalysis of the initial product P-1.  Any slow 
intramolecular rearrangement of product or further decomposition would 
be independent of enzyme concentration.  Depending upon collisional 
interactions with the dye this type of reaction may have shown some 
dependence upon dye concentration.  As described above, the rate of 
substrate decay (450 nm) and product formation (350 nm) showed a strong 
linear dependence upon the enzyme concentration and was independent 
of dye concentration.  This indicates that this slow change in the optical 
spectrum of the dye is indeed enzyme-catalyzed.  A plausible mechanism 
accounting for this observation is proposed in Figure 9.  The rapidly formed 
P-1 is a stable 2 electron oxidized form of OIV.  This product is subsequently a 
substrate, albeit a poor substrate for HRP.  Cpd I and cpd II slowly oxidize P-1 
to another radical intermediate (I-3).  This radical rapidly converts to the final 
product, P-2 with an absorption maximum in the visible range at 350 nm.  The 
intermediate is not observed due to its rapid decay to the final product. 

Conclusion and Future Work
The results above indicate that there is a second reaction catalyzed 

by HRP, converting the initial product P-1 to a second product P-2.  There 
are two principle experimental methods to explore this possibility.  First, 
upon reaction completion the product solution will be subjected to analysis 
by LCMS in order to determine 1) the number of prevalent products and 
2) determine the structure of the product(s).  Preliminary results of HPLC 
product analysis indicated a single primary product but further work is 
needed.  Structural determination of the product(s) by mass spectrometry 
will facilitate determining if OIV underwent a single 2-electron oxidation or 
two 2-electron oxidation reactions, indicating 1 or 2 catalytic cycles by the 
enzyme per azo dye molecule, respectively.    

The second experimental method utilizes transient kinetic methods 
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in which the oxidizing agent, H
2
O

2
 is limited.  The stoichiometric addition 

of H
2
O

2
 at a 1:1 ratio to dye should limit the slow conversion of P-1 to P-2 

as there will be no further oxidizing equivalents available.  A difference in 
the slower reaction kinetics should be apparent and the optical absorption 
spectrum of P-1 obtained.  P-1 may then be subjected to analysis and 
structural determination by LCMS as well.

It is the hope that by elucidating the mechanism of OIV oxidation 
and its subsequent products, that more information will be present for 
environmental remediation techniques and lead to less azo dye pollutants. 

Transient Kinetics Studies of Azo Dye Oxidation Catalyzed by Horsedish Peroxidase
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