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Owing to the toxicity and low biodegradability of aniline in water, its removal usually needs high cost processes such as adsorption
and advanced oxidation. The degradation characteristics of aniline during ozonation were studied. The influence of operation
parameters such as contact time, initial concentration, ozone dosage, temperature, and pH was also investigated. With ozone
dosage of 22mg/L, neutral pH, and room temperature, the ozonation removed aniline efficiently. After two hours’ ozonation, aniline
removal reached 93.57%, and the corresponding COD removal was 31.03%, which indicated most of aniline was transformed into
intermediates. At alkaline conditions, the aniline was more susceptible to being removed by ozonation owing to more hydroxyl
radicals’ production.The results of GC-MS indicated many intermediates appeared during the process of ozonation such as butane
diacid, oxalic acid, and formic acid. The intermediates produced during ozonation were more biodegradable than aniline; thus the
ozonation of such organic compounds as aniline could be integrated with biological processes for further removal.

1. Introduction

Aniline, the most typical compound in aromatic amines, is
a kind of colorless oily liquid with sweet smelling. Aniline
is an important raw material and intermediate for organic
chemistry [1], which is widely used in some industries such
as pesticide [2], medicine [3], oil paint, dyes [4], plastic
[5], military, and defense products [6]. Aniline is detri-
mental to both environment and human’s health. It enters
the human body by skin, respiratory tract, and digestion
system, resulting in carcinogenic, teratogenic, andmutagenic
effects on human being [7]. When aniline is discharged
into water bodies, it usually disturbs water environment and
brings about serious water pollution and even the death of
aquatic animals and plants [8]. Because aniline is widely
used in many industries, aniline exists in different kinds of
industrial wastewater and municipal wastewater. Due to the
high toxicity and accumulation of aniline in the environment,
more and more rigorous limits on the letting amount of
aniline have been established in many countries and districts
[9]. When aniline in wastewater exceeds a certain concentra-
tion, it will cause detrimental effects to microorganisms in

the treatment processes. Consequently, it must be removed or
transformed into biodegradable substances before biological
treatment processes.

The regular treatment methods for aniline removal
include physical treatment, chemical treatment, and biolog-
ical treatment [10]. In the physical methods, adsorption with
activated carbon and macroporous resin is widely used [11,
12]. There are also other methods such as organic solvent
extraction and membrane separation. However, the cost of
these methods is usually high. In the chemical methods,
advanced oxidation processes such as catalytic oxidation [13],
ozonation [14], electrochemical degradation method [15],
and ultrasonic degradation [16] have been proven effective
in aniline removal. Nevertheless, these methods also have
the problem of high cost and complicated maintenance
[17]. Moreover, most of these advanced oxidation methods
can only transform aniline into many intermediates, which
also cause adverse effect to water environment. There are
also some researches using biological processes as activated
sludge system [18], biological contact oxidation, and anaer-
obic treatment [19]. However, direct biological treatment
usually needs long time cultivation for the microorganisms
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to accommodate to the wastewater with high level of harmful
aniline [20]. It is also sensitive and fragile to shock load,
resulting in unstable performances.

In this study, aniline was disposed by ozonation. Aniline
removal and the corresponding COD (Chemical Oxygen
Demand) removal were determined during the ozonation.
The effects of contact time, initial aniline concentration,
ozone dosage, temperature, and pH on aniline and COD
removal were studied. The possible degradation routes and
intermediates during ozonation were also investigated. The
appropriate process with the integrated system of ozonation
and biological treatment was suggested.

2. Material and Methods

2.1. Reactor. 1 L of aniline solution with certain initial con-
centration was put into a graduated glass cylinder. An aerator
was connected with an ozone generator and then put at the
bottom of the cylinder. The influence of contact time, initial
aniline concentration, ozone dosage, temperature, and pH on
aniline degradation was investigated. Ozone was produced
with an ozone generator (CF-G-3, ozone generation capacity:
2.5 g/h, Qingdao Guolin Industry Co., Ltd., China) with dry
air. Ozone dosage was controlled in the range of 10–45mg/L
by calculation from the ozone gas composition changes
before and after the ozonation.

2.2. Water Matrix. The aniline solution was made with dis-
tilled water with certain dosage of aniline.The pH of the solu-
tions was adjusted with 1mol/L solutions of HCl or NaOH.
Aniline and the corresponding COD concentration during
ozonation were measured.

2.3. Analytical Methods. The samples were taken from the
cylinder reactor at certain time.The concentrations of aniline
and COD were analyzed according to the standard methods
[21]. The possible products of ozonation were measured with
a GC-MS (Trace DSQ, Thermo Fisher Scientific, Waltham,
USA). It used a DB-5S capillary column (30m × 0.25mm
× 0.25 𝜇m) with helium as the carrier gas at a flow rate of
1mL/min. The GC column oven temperature was held at
50∘C for 3min and then programmed heating from 50 to
280∘C at a rate of 10∘C/min, with a final hold time of 5min.
The sampling temperature was controlled at 260∘C. The
injection was conducted in the splitless mode with injection
volume of 1 𝜇L. The mass spectrometer was operated in the
electron ionization mode (70 ev) and a source temperature of
250∘C. Before GC-MS, the water samples were filtrated with
0.45 𝜇mpolyethersulfonemembrane and then extracted with
n-hexane at a dosage of 5mL for 25mL filtrate. The extracted
solution was used for GC-MS analysis.

3. Results and Discussion

3.1. The Effect of Contact Time on Aniline Ozonation. The
effect of contact time on aniline ozonation was studied at pH
7 and 20∘C with ozone dosage of 22mg/L. Figure 1 showed
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Figure 1: Effect of contact time on aniline removal. pH: 7.0; tem-
perature: 20∘C; ozone dosage: 22mg/L.

the variation of aniline andCODremovalwith time extension
during the ozonation.

During the ozonation, the concentration of aniline
decreased with contact time extension. In two hours’ ozona-
tion, aniline decreased from 103.81mg/L to 6.68mg/L with
removal rate of 93.57%, which indicated the excellent degra-
dation effect of ozonation on aniline.

Although the ozonation could removemost of the aniline
during the ozonation, the COD removal rate only attained
31.03% in two hours, which indicated most of the aniline
was transformed into intermediate products. During the
ozonation, aniline solution showed a series of colors as pink,
purplish red, reddish orange, orange, yellow, reddish brown,
and light yellow. These complicated colors during aniline’s
ozonation implied that many intermediate products were
produced from aniline’s transformation. According to the
results of GC-MS, the main intermediates during ozonation
of aniline were benzoquinone. There were also nitrobenzene
and nitroaniline. These products were related with orange,
yellow, and brown colors according to their concentration
and existing state during the ozonation. Because the azyl on
the benzene ring was susceptible to being attacked by ozone
and hydroxyl radicals, there were also some intermediates
such as benzenediamine, which showed the color of pink
and purplish red. The final solution color of light yellow
indicated that most of these intermediates were further
degraded during ozonation. However, these intermediates
could not be completely mineralized by ozonation due to the
formation of partial oxidation products relatively unreactive
towards ozone [22], which still represented much COD in
the solution. If the residual COD was to be removed, other
oxidation methods or biological processes would be needed.

3.2. The Effect of Initial Aniline Concentration on Ozonation.
At 20∘C and ozone dosage of 22mg/L, the influence of initial
aniline concentrationwas showed in Figure 2.With the initial
aniline concentration rise, both aniline and COD removal
decreased. At initial aniline concentration of 50mg/L, ani-
line and COD removal, respectively, reached 96.59% and
50.00% after two hours’ ozonation. When the initial aniline
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Figure 2: Effect of initial aniline concentration on aniline (a) and COD (b) removal. pH: 7.0; temperature: 20∘C; ozone dosage: 22mg/L.
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Figure 3: Effect of ozone dosage on aniline (a) and COD (b) removal. pH: 7.0; temperature: 20∘C; initial aniline concentration: 100mg/L.

concentration was increased to 250mg/L, the corresponding
removal rates of aniline and COD were only 68.28% and
21.44%, respectively.

When the initial aniline concentration was high, the ozo-
nationwas overloaded, and the organic compounds could not
be transformed into intermediates completely. At the lowest
initial aniline concentration, aniline was almost transformed
into intermediates, and about half of the intermediates were
further degraded into carbon dioxide and water. When
most of the aniline was transformed into intermediates, the
intermediates could be easily removed by further processes
such as biological treatment [23].

3.3. The Effect of Ozone Dosage on Aniline Ozonation. At
20∘C, pH 7, the effect of ozone dosage on aniline ozonation
was studied with ozone dosage ranging from 10mg/L to
45mg/L (Figure 3). The increase of ozone dosage accelerated
aniline and COD removal obviously. At ozone dosage of
10mg/L, aniline removal was 85.94% after two hours’ ozona-
tion. When the dosage was increased to 45mg/L, 97.19%

of aniline was eliminated in two hours, and the removal
at 80min reached 91.94%. These results indicated ozone
dosage rise accelerated the aniline’s degradation. Most of
aniline could be removed under these three levels of ozone
dosage from 10mg/L to 45mg/L. COD removal at these
three levels of ozone dosage after two hours’ ozonation was
19.31%, 31.03%, and 88.28%, respectively. Ozone dosage of
45mg/L got the highest COD removal, which indicated most
of the intermediates could be further degraded into carbon
dioxide and water with enough ozone. But this dosage was
much higher than the necessary ozone dosage for aniline’s
transformation, and there were still some intermediates that
could not react with ozone.

In this experiment, there was only aniline in water. If
there were other organic compounds coexisting in water, the
increase of ozone dosage would increase the production of
intermediates. Consequently, it is not economical to COD
removal with ozonation alone [24]. The main purpose of
ozonation should be to transform the complicated com-
pounds into easily biodegradable intermediates.
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Figure 4: Effect of temperature on aniline and COD removal. pH:
7.0; ozone dosage: 22mg/L; initial aniline concentration: 100mg/L;
contact time: 120min.

3.4. The Effect of Temperature on Aniline Ozonation. The
effect of temperature on aniline’s ozonation was studied
with the temperature changed in the range of 20∘C–60∘C
(Figure 4). It can be seen that the effect of temperature
variation was minor on aniline’s ozonation. With the tem-
perature rising from 20∘C to 60∘C, aniline removal only
decreased from 92.83% to 88.26%, while the corresponding
COD removal decreased from 41.43% to 30.00%. On one
aspect, the temperature rise decreased the solubility of ozone
in the water and accelerated the escape of ozone from the
water [25], which affected the effect of aniline’s degradation
by ozonation. On another aspect, the temperature rise also
speeded up the production of hydroxyl radicals with high
oxidation capability [26]. The two effects above happened
simultaneously and offset the influence of each other during
temperature rise. Consequently, the temperature variation
brought out slight effect on aniline’s removal, and the ozona-
tion of aniline could be operated at room temperature with
high efficiency.

3.5. The Effect of pH on Aniline Ozonation. With ozone
dosage of 22mg/L and temperature at 20∘C, the effect of pH
on aniline ozonation was studied with pH variation in the
range of 3–11 (Figure 5). With pH rise, the removal of aniline
and COD increased obviously. Aniline removal increased
from 58.61% at pH 3 to 97.00% at pH 11, while COD removal
increased from 31.43% to 80.00%. At pH 7, the ozonation
removed 88.68% of aniline and 63.57% of COD. These data
indicated aniline was susceptible to be degraded in alkaline
conditions. This might be caused by the fact that ozone
produced more hydroxyl radicals in alkaline conditions,
which had a higher oxidation potential and could react more
rapidly with most organic compounds compared with ozone
molecules [27, 28]. The hydroxyl radicals reacted with the
intermediates during aniline ozonation, which accelerated
both aniline removal and COD removal.

At different pH conditions, the ozonation of aniline
showed many colors’ variation. At alkaline conditions, there
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Figure 5: Effect of pH on aniline and COD removal. Temperature:
20∘C; pH: 7.0; ozone dosage: 22mg/L; initial aniline concentration:
100mg/L; contact time: 120min.

were drastic foams and offensive odor during aniline ozona-
tion, which indicated the fast degradation of aniline and
its intermediates during ozonation. At acid conditions, the
colors variation, foams, and odor were not so obvious. At
neutral pH, the ozonation got satisfying performance in
aniline removal compared with that at alkaline and acid
conditions. This is significant for aniline’s ozonation under
neutral pH with simple operation and low cost.

3.6. The Analysis of Intermediates and Degradation Routes
during Aniline’s Ozonation. The GC-MS spectrum of aniline
wastewater showed peak value at 4.95min (Figure 6(a)).
After two hours’ ozonation, the removal of aniline was
above 90%. Figure 6(b) showed the peak value at 4.95min
decreased greatly and many other peak values appeared at
7.58min, 11.57min, 14.00min, and so on.

During ozonation, the aniline was gradually degraded
into organic acids with low molecules such as butane diacid,
oxalic acid, and formic acid [29]. The degradation of aniline
during ozonation included tree processes: (1) the elementary
phase: themain product was benzoquinone; (2) organic acids
formation phase: the products of the elementary phase were
further degraded into organic acids. At the beginning, the
main product was butane diacid. After that, the concentration
of oxalic acid increased, indicating the further degradation
of organic compounds with long carbon chain; (3) the final
degradation phase: the organic acids were degraded into the
final products as carbon dioxide and water.

Except the compounds above, the azyl on the benzene
ring was susceptible to being attacked by ozone and hydroxyl
radicals. Consequently, there were many intermediates with
imine groups which were mostly colored products [30].

4. Conclusions

With ozone dosage of 22mg/L, neutral pH, and room
temperature, the ozonation removed aniline efficiently. After
two hours’ ozonation, aniline removal reached 93.57%, and
the corresponding COD could not be removed completely.
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Figure 6: Spectrum of GC-MS of aniline wastewater before ozonation (a) and after ozonation (b).

After two hours’ ozonation, the corresponding COD removal
was only 31.03%.

pH variation affected aniline removal obviously. At alka-
line conditions, the aniline was more susceptible to being
removed by ozonation owing to more hydroxyl radicals’
production.

The results of GC-MS indicatedmany intermediates were
produced during the process of ozonation such as butane
diacid, oxalic acid, and formic acid. In the later phase,
the proportion of organic compounds with low molecule
increased. There were also many colored intermediates.

The intermediates produced during ozonation were more
degradable than aniline; thus the ozonation of such organic
compounds as aniline could be integrated with biological
processes for further removal.
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