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The relative rate constants for the reaction of ozone were determined for several substituted anilines
in aqueous solutions at pH 6.5 and 1.5. At pH 6.5, with the exception of m- and p-nitroaniline, the
rate constants obey Hammett’s equation: log(kX/kH) ) Fσ. The departure of m- and p-nitroaniline
may be explained by direct conjugation of the reaction center. The commonly used σp

- value of
1.27, which extends the range of applicability of the Hammett equation, was insufficient to account
for the conjugation effects on ozonation of p-nitroaniline; F ) -1.48 (R ) 0.973). Use of amine group
atomic charge determinations significantly improved correlations: (kX/kH) ) 48.7δ - 18.2 (R ) 0.996).
A linear plot of Hammett constants versus relative rate data at pH 1.5 showed poor correlation: F
) 0.72 (R ) 0.572). Poor correlation was similarly observed for amine group atomic charge
determinations, suggesting varied reaction mechanisms.
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INTRODUCTION

Linear free energy relationships have long been used
in physical organic chemistry to elucidate reaction
mechanisms and estimate reactivities of compounds
using known physical and chemical properties (1-5).
Linear free energy relationships have also been used
to study ozonation reactions for ring-substituted phen-
ylethylenes (6-9). The reactions showed a Hammett
dependence with an electrophilic mode of attack of ozone
on the phenylethylenes. When these relationships exist,
they can provide useful information to predict reaction
rates and postulate plausible mechanisms. This study
examines the effect of ring substituents on the ozonation
of substituted anilines to further the development of
treatment strategies for aniline-contaminated waste.

Anilines are present in a variety of industrial waste
streams. They are widely used in the synthesis of dyes
and, as such, they may be found in the waste streams
of many textile plants. They are also used in the
production of agrochemicals, pharmaceuticals, marking
inks, photographic developers, resins, varnishes, and
polishing agents (10-12). Many of the substituted
anilines are resistant to biological degradation, there-
fore, other processes are required to detoxify the aniline-
contaminated wastes (13). Aniline itself has been found
to react rapidly with ozone; k ) (90 ( 20) × 106 M-1 s-1

(14). However, the effects of ring substituents and pH
on ozone reactions have not been fully examined.

Ozonation studies of several substituted anilines were
carried out in aqueous solutions at pH 6.5 and 1.5.
Relative rate values were then compared to Hammett
constants and atomic charge determinations to establish

whether these parameters can be used to (1) predict
ozone reaction rates of the substituted anilines and (2)
provide an indication of the effect of substituents on
reaction mechanisms.

EXPERIMENTAL PROCEDURES

Materials. Stock solutions of aqueous ozone were prepared
by passing a 0.5 L/min ozone/oxygen gas stream through a
stirred reactor containing 0.5 L of pH-adjusted, distilled water.
The gas stream ozone concentration was maintained at 2-6%
and generated using a PCI ozone generator model GL-1B (PCI
Ozone Corp., West Caldwell, NJ). Solutions comprised either
a 50 mM phosphate buffer solution (pH 6.5) or distilled water
adjusted to pH 1.5 with sulfuric acid. Aniline and the series
of ortho-, meta-, and para-substituted anilines were of analyti-
cal grade (98% or greater) and were obtained from Sigma
Chemical Co., J. T. Baker Chemical Co., Eastman Kodak Co.,
or Aldrich Chemical Co. tert-Butyl alcohol (99%) was obtained
from Sigma Chemical Co. Analytical grade (99.5%) sodium
nitrite, which was used to determine relative reaction rates
for aniline and m-nitroaniline at pH 6.5, was obtained from
Sigma Chemical Co., as were analytical grade (98%) cresol and
phenol, which were used for relative rate determinations at
low pH.

Ozonation. Contaminant ozonation rate constants were
determined either by direct measurement or by the relative
rate method. For direct measurements, ∼20 mg of the target
compound was dissolved in 10 mL of methanol, of which 100
µL was added to rapidly mixed 125 mL flasks containing 40-
50 mL of either phosphate-buffered (pH 6.5) 10 mM tert-butyl
alcohol or distilled water previously adjusted to pH 1.5 with
concentrated sulfuric acid. tert-Butyl alcohol was added to
scavenge hydroxyl radicals (15). Aqueous ozone was then
added in 5-fold excess to the flask. At regular time intervals,
a fixed amount of ozone/organic reaction mixture was pipetted
into vials containing enough sodium hydrosulfide to quench
the reaction. Alternatively, sodium hydrosulfide was added
directly to reaction flasks at various time intervals. Rate
constants were determined by eqs 1 and 2
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where [O3]av is the average of the initial and final ozone
concentrations, which usually changed by e15%.

Studies in which initial and final ozone concentrations
changed by >15% were disregarded. The pseudo-first-order
rate constant, kexp, was determined from linear plots of ln([M]0/
[M]t) versus time. The method resulted in good first-order fits,
R2 > 0.98, for the compounds studied. Aqueous ozone concen-
trations were determined using the indigo method (16) or
through iodometric titration (17). In studies involving the
direct addition of sodium hydrosulfide to reaction flasks, final
ozone concentrations were determined using duplicate flasks.

The relative rate method described by Hoigne and Bader
(14) was used to measure rate constants that were too fast to
observe directly and to provide a direct comparison between
anilines with similar substituents. Ozone stock was added to
a rapidly stirred approximately equimolar mixture of com-
pound M and a reference compound R. Samples were collected
for analysis after the addition of ozone. The rate constant was
determined from eq 3

where M0 and Mt are the initial and final concentrations,
respectively, of compound M and R0 and Rt are the initial and
final concentrations, respectively, of the reference compound.

Analysis. Samples were analyzed directly by HPLC em-
ploying a Waters (Milford, MA) model 616 LC and a Millen-
nium system equipped with two 510 pumps, a model 717
autosampler, and a model 996 photodiode array detector.
Separations were achieved using a mobile phase of 20-30%
acetonitrile in water, at a flow rate of 1.25 mL/min on a
Beckman (Fullerton, CA) C-18 (ODS-5 µm), end-capped, 4.6
mm × 25 cm, steel-jacketed column. Peak identification was
established by comparison of the retention times and UV
spectra with standards.

Nitrite determinations were performed by ion chromatog-
raphy using a Dionex DX-120 ion chromatograph (Sunnyvale,
CA), equipped with an Ionpac AS9-HC column and an AG9-
HC guard column, a conductivity detector, an anion self-
generating suppressor ARSR II, and Peaknet 5.01 chroma-
tography software. The eluent comprised of 12 mM Na2CO3

and 5 mM NaHCO3, at 1.5 mL/min. Peak identification was
established by comparison to the retention time of standard
samples. For confirmation duplicate samples were collected
and analyzed according to the colorimetric method (16).

RESULTS AND DISCUSSION

The relative rate data (Table 1) for several substituted
anilines have been analyzed with the Hammett rela-
tionship

where kX is the rate constant for the reaction of a meta-
or para-substituted benzene derivative, in this case the
reaction of ozone with substituted aniline, and kH is the
rate constant for the reaction between ozone and un-
substituted aniline. The substituent constant, σ, is a
measure of the electronic effect of replacing H with a
given substituent and is, in theory, independent of the
nature of the reaction. As substituent constants are not
exclusive, their values may be applied to numerous
reactions. The slope of the Hammett plot is F, referred
to as the susceptibility or reaction constant, and is a
measure of the sensitivity of the reaction to the effects
of electronic perturbation. Thus, the magnitude of F
provides a measure of the degree to which the reaction
responds to substituents. Similarly, when the sign of F
is positive, the reaction rate is increased by electron

withdrawal, and when it is negative, the reaction rate
is increased by electron donation.

Reactions at pH 6.5. At pH 6.5, a linear plot was
obtained with F ) -1.48 (R2 ) 0.973) (Figure 1a). A
departure from Hammett behavior is evident for the

Table 1. Summary of Relative Rate Data and Hammett’s
Substituent Constants Used in the LFER Plots for the
Reaction of Ozone with Substituted Anilinesa

kX/kH

substituent σ F R pH 6 pH 1.5

3-Me -0.07 0.01 -0.18 1.34 ( 0.09 1.48 ( 0.09
2-OMe 0.02 1.23 ( 0.09
4-F 0.06 0.45 -0.39 0.88 ( 0.08 0.7 ( 0.1
4-Cl 0.23 0.42 -0.19 0.74 ( 0.07 2.2 ( 0.1
4-I 0.18 0.42 -0.24 0.66 ( 0.05 2.9 ( 0.2
3-F 0.34 0.45 -0.39 0.58 ( 0.04 1.91 ( 0.07
3-Cl 0.37 0.42 -0.19 0.56 ( 0.05 2.02 ( 0.09
3-I 0.35 0.42 -0.24 0.53 ( 0.04 2.8 ( 0.2
2-F 0.47 0.52 ( 0.05
3-NO2 0.71 0.65 0.13 0.17 ( 0.02
4-NO2

b 1.27 0.65 0.13 0.01 ( 0.002
a The σ, F, and R values were obtained from Hansch et al. (20)

and Shorter et al. (21). b Corresponds to σp
-.

Figure 1. Plot of relative reaction rates at pH 6.5 versus
Hammett substituent constants (a) and atomic charges (b).

kM ) kexp/[O3]av (2)

krel ) ln([M]0/[M]t)/ln([R]0/[R]t) (3)

log(kX/kH) ) Fσ (4)

3828 J. Agric. Food Chem., Vol. 49, No. 8, 2001 Pierpoint et al.



substituents when m- and p-nitroaniline are not in-
cluded in the regression; F ) -0.82 (R2 ) 0.964). This
suggests that m- and p-nitroaniline were less reactive
than predicted. This behavior was particularly evident
for p-nitroaniline, suggesting that the direct conjugation
effects at the reaction center are poorly predicted
(Figure 2). The effects of resonance on the Hammett’s
correlation for reactions of aniline and other similar
species, that is, those possessing loosely held lone pairs
of electrons coupled with substitutents capable of ac-
cepting a pair of electrons via conjugation, are well
established (1-3, 5). However, the commonly used σ
value of 1.27, which extends the range of applicability
of the Hammett equation, was insufficient to account
for the conjugation effects on ozonation of p-nitroaniline.
The deviation observed for m-nitroaniline is suggestive
of similar, although weaker, resonance stabilization
(Figure 2b).

The negative F values obtained by the plot indicate
that the rate-limiting step involves nucleophilic attack;
that is, the reaction is electrophilic. Among the substit-
uents used, the observed order of reactivity was 3-CH3
> 2-OCH3 > H > 4-F > 4-Cl > 4-I > 3-F > 3-Cl > 3-I >
2-F > 3-NO2 > 4-NO2. Thus, the addition of electron-
withdrawing groups to the benzene ring resulted in
decreased reactivity of the substituted aniline.

The electrophilic reaction process is further evidenced
by examining a plot of the reactivity data against atomic
charges at the amine group (Figure 1b). Atomic charge
determinations were performed using the molecular
modeling software HyperChem from Hypercube, Inc.,
Waterloo, ON, Canada. Low potential energy surface
conformations of aniline and the series of substituted
anilines corresponding to global minimums were deter-
mined using molecular mechanics in the MM+ force

fields, in the gas phase. Structures were further refined
and atomic charges determined by geometric optimiza-
tion and single-point calculations using the semiem-
pirical MNDO and AM1 methods. The conjugate gra-
dient (Polak-Ribiere) method was used as the optimizer
with an RMS gradient of 0.01 kcal/Å‚mol. Geometric
optimizations were made for p- and m-nitroaniline using
resonance structures shown in Figure 2. Single-point
calculations using the MNDO method were also per-
formed directly on empirically derived geometric opti-
mizations. The latter method was found to produce the
best correlation and was therefore used for comparison
to Hammett values (Table 2).

The use of amine group atomic charges showed an
improved correlation over Hammett values, with a
linear regression equation represented by log(kX/kH) )
-48.7δ - 18.2 (R2 ) 0.996), where δ is atomic charge.
The halogenated substituents were clustered, indicating
similar reactivity effects, and both p- and m-nitroaniline
were well predicted, demonstrating that the amine
group is the principal reaction site. In Figure 3, ortho-
and disubstituted anilines were included. The substi-
tuted anilines, 2-methoxyaniline and 3,5-dinitroaniline,
were well correlated. 2,6-Difluoroaniline and 2,6-dibro-

Table 2. Atomic Charges for Amine Nitrogena and Selected Aromatic Carbons for Substituted Anilines at pH 1.5 and 6.5

carbon, pH 1.5

substituent
amine N,

pH 6.5
amine N,

pH 1.5 1 2 3 4 5 6

3-Me -0.375 0.105 -0.168 -0.004 -0.065 0.030 -0.035b -0.013
2-OMe -0.376
4-F -0.373 0.107 -0.188 0.018 -0.076b 0.251 -0.076 0.018
4-Cl -0.371 0.103 -0.165 -0.005 -0.024b -0.054 -0.024 -0.005
4-I -0.370 0.102 -0.152 -0.018 0.006b -0.174 0.006 -0.018
3-F -0.370 0.103 -0.141 -0.056 0.198 -0.018 -0.009 -0.024b

3-Cl -0.368 0.105 -0.163 0.000 0.001 0.034 -0.030 -0.006b

3-I -0.374 0.105 -0.176 0.033 -0.227 0.062 -0.042 0.006b

2-F -0.371
3-NO2 -0.359
4-NO2 -0.336

a Atomic charge determinations were performed using HyperChem molecular modeling software. b Selected ring locations used for
correlations at pH 1.5.

Figure 2. Resonance structures of p-nitroaniline and m-
nitroaniline.

Figure 3. Plot of relative reaction rates at pH 6.5 of
substituted anilines with atomic charges.
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moaniline were poorly correlated, possibly due to steric
hindrance at the reaction center.

Through the relative rate method and using nitrite
as the reference compound, aniline was determined to
have a reaction rate of (14 ( 3) × 106 M-1 s-1 at pH
6.5, 10 mM tert-butyl alcohol. Hoigne and Bader (14)
reported a slightly higher reaction rate for neutral
aniline; k ) (90 ( 20) × 106 M-1 s-1, 10 mM tert-butyl
alcohol, although their reported pH range was 1.2-2.
At pH 2, the amine group of aniline is positively
charged; pKa ) 4.6. It is likely that the pH range was
reported inaccurately in their study, as anilinium is
expected to have a considerably slower reaction rate.
In fact, the reaction rate of anilinium, k ) (5.9 ( 0.9) ×
104 M-1 s-1 at pH 1.5, was found to be >2 orders of
magnitude slower than that of aniline and comparable
to those of other aromatics, such as phenol and cresol.

Reactions at pH 1.5. A linear plot of relative rate
data versus Hammett constants at pH 1.5 showed poor
correlation; F ) 0.72 (R2 ) 0.572) (Figure 4a). Generally,
the reactivity of the substituted anilines was found to
increase with decreasing electron-donating capacity of
the meta- and para-substituents, as suggested by the
positive slope, indicating a nucleophilic process. Al-
though reactivities were poorly correlated, the observed
order was 4-I > 3-I > 4-Cl > 3-Cl > 3-F > 3-CH3 > H >
4-F.

The high slopes associated with respective para- and
meta-substituents of fluoro-, chloro-, and iodoaniline
indicate strong electronic effects. However, the krel
values for para-substituents of chloro-, fluoro-, and
iodoaniline are not indicative of inductive effects of the
substituents, when compared to the variation of the
meta-halogenated substituents. Para-substituted fluo-
roaniline was found to have a reaction rate slightly less
than that of aniline, whereas chloro- and fluoroaniline
had reactivities 2-3 times higher than that of aniline.
This was not observed with the meta-halogenated
substituents. It is adequate to postulate that in the para
position, where the halogens interact with the electron-
deficient center through resonance, the resonance and
inductive components are of comparable magnitudes. In
the case of chlorine, bromine, and iodine, the inductive
factors are larger, so that a net electron-withdrawing
effect results and the observed reaction rate is some-
what larger. In the case of fluorine, the resonance effect
is slightly larger than that of the inductive effect,
resulting in a small net electron donation and a corre-
sponding decrease in reaction rate over that of the
unsubstituted aniline.

Although poorly correlated, the results of the Ham-
mett analysis suggest that the electronic effects of the
substituents are influencing the reaction rates. How-
ever, the degree to which the effects are correlated
varies depending on the position of the substituent and
not, to any significant degree, the individual substitu-
ents. Thus, it appears that the reaction sites vary, and
these reaction sites are affected by the electronic
demands of the substituents.

To confirm this, the data were plotted against atomic
charge determinations for the amine group and then for
selected reaction sites of the ring. Reaction sites were
determined by selecting ring locations with favorable
electrostatic potentials.

Figure 4b shows that the amine group atomic charges
were poorly correlated. Use of atomic charges at selected
ring locations significantly improved the correlation

Figure 4. Plot of relative reaction rates at pH 1.5 of
substituted anilines with ozone versus Hammett substituent
constants (a), amine group atomic charges (b), and selected
ring charge atomic charges (c).
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(Figure 4c), suggesting that the initial ozone reaction
with the substituted aniliniums occurs at the benzene
ring. The low reactivity of the ammonium ion and
protonated amino groups (14) further suggests reaction
at the benzene ring.

From the plot, the global reaction process also appears
to be nucleophilic in nature, with reactions of para-
halogenated anilines occurring at the meta-position to
the amine, and the reactions of meta-halogenated
anilines occurring at the ortho-position (Figure 5). Thus,
for para-halogenated anilines the electrophilic character
of the reaction site is mainly due to the nature of the
substituent group that activates the respective ortho-
position. The site is deactivated by meta-halogenation.

CONCLUSIONS

Ring substitution and pH effected ozone reaction sites,
as well as reaction rates. Reaction rates at pH 1.5 were
considerably slower than those at pH 6.5. Initial ozone
reactions at high pH occur principally at the amine
group, whereas at low pH benzene ring reaction sites
are indicated. Thus, although initial ozone reactions
with aniline in aqueous solutions at pH 6.5 are expected
to result principally in the formation of substituted
nitrobenzenes, reactions at pH 1.5 are likely to result
in hydroxylation of the benzene ring and possibly 1,3-
dipolar addition. Formation of nitrosobenzene and nitro-
benzene in neutral aqueous solutions of aniline exposed
to ozone have been reported (18). The order of reactivity
for the reaction of ozone with the substituted anilines
was comparable to that of reactions of pyridium chloro-
chromate with aromatic anils (19). At low pH, the
inductive effects of the ring substituents appear to
influence the location of the ring reactions, with reac-
tions occurring at locations of favorable atomic charge.

Although the selected values for Hammett substituent
constants could be improved by further refinement of
mesomeric substituents, they provide a good indication
of the nature of the ozone reactions. In addition to
providing useful information to predict reaction rates,
they can also provide an indication of reaction mecha-
nisms. Atomic charge distributions have the benefit of
improved correlation and provide a better indication of
reaction site. The predictive nature of this method
intimates its usefulness in determining the potential
effectiveness of ozonation processes for treating waste
contaminated with anilines and other benzene deriva-
tives.

The results of this study indicate that for best
treatment practices with the goal being minimization
of toxic byproduct formation, the process should be
conducted under strongly acidic conditions. This favors
direct ozonation and thus the formation of hydroxy-
anilines, known to be less toxic and more readily
biodegraded. Under neutral conditions, the breakdown
of the aniline pesticide derivatives would be significantly
faster, due to the formation of hydroxy radicals, yet this
process affords potentially toxic byproducts, that is,
nitroanilines.
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