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ABSTRACT  

Phenol, as an extensively used compound, could be de-
tected in a great variety of environmental water. In this 
study, the environmental behavior of phenol photo-induced 
degradation in aqueous solution in the presence of nitrate 
(NO3

-) and nitrite (NO2
-) under simulated sunlight irradia-

tion was investigated. The results showed that the degrada-
tion of phenol followed pseudo-first order kinetics model 
in both NO3

- and NO2
- conditions and the phenol disappear-

ance rate decreased with decreasing nitrite concentration. 
The effect of environmental parameters including pH and 
humic acid on the phenol degradation by NO3

- and NO2
- 

were also performed. The photodegradation rates of phenol 
were strongly influenced by these parameters. In addition, 
the hydroxyl radical (•OH) formation was identified by the 
photoluminescence spectra (PL) using terephthalic acid as 
trapping molecule and the pathways of •OH generated in 
the phenol degradation by the NO3

- and NO2
- ions are pro-

posed. 
 
 
 

KEYWORDS: Phenol, Photodegrdation, Simulated sunlight, Ni-
trite, Nitrate, Hydroxyl radicals 

 
 
 

 
1. INTRODUCTION      

Phenol, one of the important organic pollutants, was 
discharged into the environment from the paint, pesticide, 
coal conversion, polymeric resin, petroleum and petro-
chemical industries [1,2]. Due to the harmful to organisms, 
phenol was considered as priority pollutants and the phenol 
content of drinking water should not exceed 0.002 mg/L 
(Chinese standard). Even though phenols have very low 
concentrations in the aquatic environment, long-term ex-
posure could deteriorate water environment and impose 
considerable risk to all life forms [3]. Therefore, it is im-
portant to study the environmental behavior of phenol. 
 

* Corresponding author; # Contributed equally to this work. 

Phenol could be degraded by abiotic or biotic environ-
mental processes [4-7]. Among the various environmental 
degradation processes, photodegradation from sunlight ir-
radiation is one of the most important factors for determin-
ing the ultimate fate of the persistent pollutants in aquatic 
environments [8-9]. Due to the lack of sunlight absorption, 
phenol direct photolysis is fairly weak [10]. Therefore, in-
direct photolysis is mainly process for the transformation 
of phenol in the environment [11]. For indirect photolysis, 
NO3

- and NO2
- reported play crucial roles, which are ubiq-

uitous in surface water and absorb sunlight radiation to 
reach an excited state, subsequently generating free radi-
cals comprised of reactive oxygen species (e.g., hydroxyl 
radicals (•OH), peroxyl radicals (ROO•), and singlet oxy-
gen (•O2)) and other non-ROS transients [12-16]. Among 
these reactive photochemically generated species in sur-
face waters, •OH plays a very important role in the photo-
transformation of organic pollutants because of its very 
high oxidizing potential [17]. 

 
The objective of this study was to determine the kinet-

ics of phenol photodegrdation induced by nitrite and nitrate 
ions in water under the sunlight irradiation. The effects of 
environmental factors, such as pH and humic acid on the 
phenol photodegreation by nitrite ion were carried out in 
this work. A special attention was given to the •OH gener-
ated in the presence of NO3

- and NO2
- ions under the sun-

light irradiation, which was useful to understand the role of 
NO3

- and NO2
- ions in the phenol degradation in the envi-

ronmental water under sunlight light irradiation. 
 
 
2. MATERIALS AND METHODS 

2.1 Chemicals 

All the chemicals were analytical grade and used as 
such without further purification. Phenol was purchased 
from Xinyang Company Ltd. with purity greater than 99%. 
NaNO3 (AR grade), NaNO2 (AR grade), NaOH (AR 
grade), HCl (AR grade), H2O2 (AR grade, >30%) and Hu-
mic acid (Fulvic acid > 90%) were supplied from Guoyao 
Chemical Co. (Shanghai, China). All the solutions were 
prepared with deionized water from a Millipore device 
(Milli-Q) in the experiments. 
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2.2 Photodegradation experiments 

Photodegradation experiments were carried out using 
a sunlight simulator (Sunlight-150, NBET Technology Co. 
China) with a 300W xenon lamp. An open quartz beaker 
(length: 11cm × diameter: 9 cm) was used as the sunlight 
photo-reactor, which was placed on a magnetic stirrer dur-
ing all experiments, under aerated conditions at 300 rpm 
and temperature of 25 oC. The average light intensity was 
300 mW/cm2 according to a broadband power meter (New-
port Corporation). Firstly, 10-3 M phenol stock solution 
was prepared, and then 250 μL stock solution was trans-
ferred to a 250 mL nitrogen ions aqueous solution. The 
aqueous solution with 10-6 M phenol and nitrogen ions was 
irradiated directly from the top by the sunlight simulator. 
A maximum of 5 irradiated samples (2mL each) were with-
drawn from the photo-reactor at different irradiation times 
for the kinetic study. The absorbance of phenol concentra-
tions were measured on the UV-Vis spectra at wavelength 
270 nm of the experimental samples and phenol working 
curve were recorded using a UV-Vis spectrophotometer 
(UV2450, Shimadzu) in a 2 mm path length quartz cuvette. 
Then the phenol concentrations were calculated by the ab-
sorbance of experimental samples and working curve. The 
experiments were performed under the different water con-
stituents, such as NO3

-, NO2
- , pH and humic acid. 

 
2.3 Detection of hydroxyl radicals 

To detect the hydroxyl radicals (•OH) groups in the 
process of phenol degradation by NO3

- and NO2
-, the fol-

lowing method was used: the 10-2 M of NO3
- or NO2

- was 
placed in a 50 mL aqueous solution of 1.0 × 10−4 M tereph-
thalic acid and 4×10−4 M NaOH in a beaker at ambient tem-
perature, and put in the same xenon lamp as the light source 
at the intervals of irradiation time (0, 30, 60, 90 and 120 
min). A 5 mL of the solution was collected. PL spectra of 
the 2-hydroxyterephthalic acid produced by the reaction 
between terephthalic acid and photogenerated hydroxyl 
radicals were recorded on a Shimadzu RF-5301 PC spec-
trometer using Excitation wavelength of 315 nm (EX = 315 
nm), and scanning light wavelength of 350-600 nm (EM = 
350-600 nm). 

 
 
3. RESULTS AND DISCUSSION 

3.1 Photodegradation of phonel by nitrite and nitriate 

We first investigated the photodegradation of phenol 
(10-6 M) in pure water and in the presence of NO3

- (10-2 M) 

and NO2
- (10-2 M), which was shown in Fig. 1. No obvious 

degradation was found for the phenol in pure water, which 
indicated that phenol was stable under the sunlight light ir-
radiation. It was also found that the phenol photodegrada-
tion by nitrite appears as more efficient than with nitrate. 
The degradation rate of phenol by nitrite and nitrate ion 
reached to 80.8% and 7.25%, respectively. It has been re-
ported that the pseudo first-order model was suitable to de-
scribe the kinetics of organic matter degradation by nitrite 
and nitrate ions [18, 19]. Therefore, the pseudo first-order 
model was employed to describe the kinetics of phenol 
degradation with nitrite and nitrate ions. The pseudo ki-
netic constants are 0.0136 and 0.0006 min-1 for NO2

- and 
NO3

-, respectively, which is shown in Table 1. This situa-
tion seems in agreement with the differences in the quan-
tum yields of production of the •OH radicals and the ab-
sorption characteristics of both inducers [20, 21].  
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FIGURE 1 - Photodegradation of phenol with NO3
- and NO2

- ions. 
 

The effect of the nitrite ion concentration on phenol 
photodegradation kinetics was carried out in this study. 
Fig. 2 shows the variation of the phenol absorbance as a 
function of irradiation time in the presence of 10-2 M NO2

-. 
The phenol absorbance clearly decreased with irradiation 
time. Fig. 3 shows the effect of the nitrite ion concentration 
on photodegrdation kinetics with NO2

- ranging from 10-5 to 
10-2 M in the phenol solution at pH 6.5. The disappearance 
rate of phenol decreased with decreasing nitrite concentra-
tion. This behavior can be interpreted as the result of an 
increasing production of the •OH species when the availa-
ble amount of inducer increased [19]. 

 
 
 

TABLE 1 - Kinetic pseudo-constants (k) and degradation rates of phenol degradation photo-induced by nitrite and nitrate ions. 


2NO /


3NO  k  (

min ) R 
Degradation rate 

(%) 
t1/2 (min) 


2NO  0.0136 0.9782 80.8 51 


3NO  0.0006 0.9311 7.25 1155 
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FIGURE 2 - Time dependent UV-vis absorption spectra of phenol by 
the 10-2 M NO2

- photo-induced degradation. 
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FIGURE 3 - The effect of nitrite ion concentration on phenol photo-
degrdation. 
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FIGURE 4 - Photo-induced degradation of phenol under the NO3
- 

and NO2
- coexist conditions. 

 
The NO3

− and NO2
− combine induced photodegrada-

tion experiments were performed with concentration ratio 
of NO2

− and NO3
− was 3:7, 5:5 and 7:3, respectively. The 

total concentration of nitrogen ions was 10-2 M. From the 
Fig. 4, the degradation rate of phenol increased with the 
concentration ration of NO2

− and NO3
− from 3:7 to 7:3 un-

der NO3
- and NO2

- coexist conditions. The degradation rate 
of phenol in the NO2

− and NO3
−  coexist system is lower 

than that in the  NO2
− alone, which should be attributed to 

the higher reactivity of NO2
− than that of NO3

−. These re-
sults demonstrate the role of NO2

- should not be neglected 
due to higher UV absorbance value and a greater quantum 
yield for •OH production compared to NO3

- under the sun-
light irradiation. 

 
3.2 Effects of water environmental parameters on the phenol 
degradation by nitrite ion 

The photodegradation process was clearly influenced 
by some of the environmental factors. Therefore, pH and 
humic acid were employed to test the effect of water envi-
ronmental parameters to the phenol photodegreation rate 
by nitrite ion.  

 
3.3 Effect of pH 

The effect of pH on nitrite induced photodegradation 
was studied in the pH range 3.5 to 9.5 using 10-2 M NO2

- 
solutions (Fig. 5). The decrease in pH accelerated the 
photo-induced degradation of phenol by nitrite, which is 
agreement with other report [18]. The pseudo-kinetic con-
stants of phenol by nitrite at different pH are shown in Ta-
ble 2. The obtained k values at pH 3.5, 6.5 and 9.5 are 
0.0170, 0.0136 and 0.0097 min-1, respectively. The half- 
lives of 41, 51 and 71 min were obtained at pH 3.5, 6.5 and 
9.5, respectively. The higher degradation rate of phenol at  
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FIGURE 5 - The effect of pH on phenol degradation by the 10-2 M NO2

-. 
 

TABLE 2 - Kinetic pseudo-constants (k) and degradation rates of 
phenol degradation photo-induced by nitrite at different pH. 

pH 
value  k  (min-1) R 

Degradation 
rate (%) 

t1/2 (min) 

3.5 0.0170 0.9187 88.9 41 

6.5 0.0136 0.9782 80.8 51 

9.5 0.0097 0.9955 67.6 71 
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acidic pH corresponds to an increased •OH formation and 
in the more efficient HNO2 form of the inducer. The NO2

- – 
HNO2 relative quantum yields accelerated the photodegra-
dation at lowering the pH. 

 
3.4 Effect of humic acid 

Humic acids are natural organic materials that play an 
important role in the photochemical processes that occur in 
surface waters [22]. It has been reported that the existence 
of humic acids could accelerate the degradation of organic 
matter under the light irradiation due to the photosensitiza-
tion of humic acids. In the presence of both humic acids 
and nitrite ions (10-2 M), phenol disappeared more slowly 
than in the presence of nitrite alone at pH 6.5. It could be 
seen that the degradation rate of phenol decreased with the 
increasing of humic acids. The k and t1/2 values are reported 
in Table 3. The inhibiting effect of humic acids on nitrate 
photolysis is due to a screen effect. The inhibition might 
have been partly due to the scavenging of hydroxyl radicals 
by humic acids [23]. 

 
TABLE 3 - Effect of humic acids on the kinetic pseudo-constants (k) 
and degradation rates of phenol degradation photo-induced by nitrite. 

humic acids  
concentration 

(mg/L) 

k   
(min-1) 

R 
Degradation 

rate (%) 
t1/2 

(min) 

1.5 0.0126 0.9844 78.3 55 

3.0 0.0118 0.9771 76.4 59 

4.5 0.0106 0.9749 72.9 65 
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FIGURE 6 - The effect of humic acids on phenol degradation by the 
10-2 M NO2

-. 
 
3.5 Formation of •OH radicals in the NO3

- and NO2
- system 

In general, the produced hydroxyl radicals (•OH) has 
been considered to be the major active species responsible 
for the photo-induced oxidation reactions by NO3

- and 
NO2

- [12-14]. To reveal the active species involved in the 
photo-induced degradation of phenol in the presence of 
process of NO3

- and NO2
-, the formation of •OH in the deg-

radation system under simulated sunlight irradiation was 
detected by the PL technique using terephthalic acid as a 
probe molecule, which readily reacts with •OH to produce 

highly fluorescent product, 2-hydroxyterephthalic acid [17]. 
The PL intensity of 2-hydroxyterephtalic acid at 425nm is 
proportional to the amount of •OH produced in the degra-
dation system in the presence of NO2

- and NO3
-. Fig. 7 (a) 

and (b) present the time course of fluorescence spectral 
changes with excitation at 315 nm under simulated sunlight 
irradiation in the presence of NO2

- and NO3
-, and aqueous 

basic solution of terephthalic acid. It could be found that a 
gradual increase in the PL intensity at 425 nm was observed 
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FIGURE 7 - Fluorescence spectral of terephthalic acid in the presence 
of NO3

- (a) and NO2
- (b); Fluorescence spectral changes in a 5 × 10−4 M 

NaOH solution of terephthalic acid for different nitrogen ion. 
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with increasing irradiation time both in the presence of 
NO2

- and NO3
-. The formation of •OH in the presence of 

NO3
- (reactions (1)-(3)) and NO2

- (reactions (4)-(6)) have 
been reported as follows [24,25]:  

 
NO3

-  +  hv                [NO3
-]*                                (1) 

[NO3
-]*                  ·NO2 +  O•-                                    (2) 

O•-  +  H2O                 •OH  +  OH-                           (3) 

NO2
-  +  hv                [NO2

-]*                          (4) 

[NO2
-]*                  ·NO +   O•-                                    (5) 

O•-  +  H2O                 •OH  +  OH-                            (6) 

 
The change of PL spectra based on irradiation time for 

NO3
- and NO2

- is shown in Fig. 7c. It can be seen that the 
PL intensity at 425 nm increased linearly with irradiation 
time, indicating that the produced •OH in the presence of 
NO3

- and NO2
- was proportional to the irradiation time. 

However, the PL intensity of NO2
- at 425 nm after irradia-

tion for 120 min is higher than that of NO3
-, which means 

more •OH generated in presence of NO2
- than that of NO3

- 
under the sunlight irradiation. Thus, the NO2

- has more 
photo reactivity under sunlight irradiation than the NO3

-, 
which was the reason that the phenol degradation by the 
NO2

- was higher than that in NO3
-. 

 
 
4. CONCLUSIONS 

The photo-induced degradation of phenol in the pres-
ence of NO3

- and NO2
- under simulated sunlight irradiation 

was demonstrated in this paper. The phenol degradation 
can take place in natural waters containing nitrate, nitrite, 
and a combination of nitrite and nitrate and the reactivity 
of phenol photo-induced degradation by the NO2

- is higher 
that of NO3

-. The reactions of phenol degradation by nitrite 
and nitrate ions followed pseudo-first order kinetics and the 
phenol disappearance rate decreased with decreasing ni-
trite concentration. The degradation rate of phenol by ni-
trite depended on several parameters, such as the concen-
tration of the inductor, pH and humic acids, which indi-
cated the importance of these parameters in risk assess-
ment. Moreover the results about the hydroxyl radical iden-
tified using terephthalic acid as trapping molecule shows 
that the hydroxyl radical formation rate in the presence of 
NO2

- is higher than that of NO3
-, which should be reason of 

higher reactivity of NO2
- than NO3

- in the degradation of 
phenol under the sunlight irradiation. 
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