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a b s t r a c t

Photocatalytic degradation by ultraviolet (UV)/TiO2 combined with Fenton reagent was employed in 
treating high concentration n-propanol solution. The influence of the TiO2 dosage, the concentration 
of ferrous ion, the integral H2O2 dosage and the optimizing H2O2 adding program were investigated 
by a series of batch experiments. The increasing injection of the hydrogen peroxide during the reac-
tion will make the reaction rate constant (k1) 6.9% higher than the average injection when the integral 
H2O2 dosage is fixed. The optimized parameters of the combined process can be listed as follow: 
[Fe2+] was 0.30 g/L, [TiO2] was 0.08 g/L, and average [H2O2]b was 3.85 g/L (which was divided into 
six different parts, and the increasing gradient was 5%). After 6 h degradation under the ultravio-
let (UV) photocatalytic irradiation, more than 88% removal of n-propanol was observed. When the 
wastewater is treated with the combined process, the degradation of n-propanol can be taken as the 
pseudo-first order reaction. Based on the experimental data, a semi-empirical model for estimating 
the reaction rate constant k1 in cylindrical reactor was built, which will help to investigate the effect 
of system parameters and support further engineering design. 

 Keywords: Photocatalytic degradation; Fenton reactions; n-propanol; Kinetics

1. Introduction 

N-propanol is a category of ubiquitous organic sol-
vents [1,2] in chemical products, such as ink, coating [3], 
paint, and spice. Due to its excellent miscibility with water 
[4], a huge amount of wastewater containing n-propanol 
was produced from the cleaning procedure of the react-
ing containers in these chemical industries. Generally, the 
concentration of n-propanol in wastewater is higher than 
1%. Conventionally, the biological treatment is considered 
as a typical process for the decontamination of natural 
organic matters. Unfortunately, the wastewater is difficult 
to be treated by activated sludge process. The difficulty is 
caused by the five characteristics of the wastewater: toxic 
impurity, high concentration, little amount, fluctuating flow 
and far discharge port from the sewage treatment plant. 
Though the organic matter, such as dye that is difficult to be 

degraded by biomass, can be treated through absorption by 
activated carbon (AC) [5,6], the process is still unsuitable for 
the wastewater with high organic molecule concentration 
due to the low capacity of AC.

Currently, advanced oxidation processes (AOPs) exhib-
its itself as a promisingly effective approach for treating 
organic industrial effluents which are not biodegradable, 
such as azo-dye in textile industry [7–9], colored coffee 
effluent [10,11], olive mill effluent [12], wastewater of chem-
ical industries and pharmaceutical wastewater [13,14]. The 
main feature of AOPs is that the direct oxidants in the reac-
tion system are hydroxyl radicals (·OH), which are mainly 
responsible for degradation and mineralization of organic 
pollutants into CO2 and water. Recently, various AOPs, 
such as O3/UV, O3/H2O2, UV/H2O2, Fenton reagent, UV/
Fenton and UV photo-catalysis [15–18], have been used to 
treat wastewater with high load of organic matters.

It is economic that the ultraviolet (UV) catalysis process 
(UV/TiO2) produces hydroxyl radicals by UV light irradiat-
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ing the TiO2 particles. Besides, it operates simply and runs 
without any toxic matters generation. However, the chal-
lenge for this technology is that the efficiency in produc-
ing ·OH radicals is still low. Many efforts have been made 
to intensify its ability to degrade the hardly-decomposed 
organic matters. Nevertheless, limited papers have been 
documented to study the effects composed of operating 
parameters for photo-reactors on degradation of n-propa-
nol with high concentration by the hybrid process. There-
fore, a better understanding of the oxidation procedure can 
lead to rational design and scaling up of photo-reactors. 

In this study, a process combining UV/TiO2 with Fenton 
reagent [Fe(II)/H2O2] had been designed for the fast degra-
dation of n-propanol with small amount of oxidation agent. 
The synergies and impacts of the hybrid process were stud-
ied by a series of experiment, and the operating parame-
ters were optimized by a mathematic model. Additionally, 
combining a simplified radiation emission model of the 
light source with a simplified radiation absorption-scatter-
ing model in the photo-reactor is very practical and useful 
for engineering design and scale-up [19]. To the best of our 
knowledge, no systematic investigation has been reported 
on the development of model for degradation of n-propa-
nol by combining UV light photo-catalysis with Fenton 
process. The purpose of this study is to develop a model 
utilized to design an internal light irradiation slurry pho-
to-reactor for the degradation of highly loaded n-propanol 
wastewater through the hybrid process. Effects of operating 
parameters, including the TiO2 dosage, the concentration of 
ferrous ion, the integral H2O2 dosage and the optimizing 
H2O2 adding program, on the degradation rate of n-pro-
panol have been systematically discussed. On the basis of 
the experimental data conducted with a range of operation 
conditions, the mathematic model was proposed to evalu-
ate the performance of hybrid process for the treatment of 
n-propanol wastewater.

2. Experimental section

2.1. Materials

The hydrogen peroxide (H2O2, 30% solution) with ana-
lytical grade used as oxidant in the experiment was pur-
chased from Juhua Co. (Zhejiang, China). The FeSO4·7H2O 
with analytical grade as the catalyst, n-propanel, potassium 
permanganate (KMnO4), sulfuric acid, sodium hydroxide 
and silver sulfate were purchased from Sinopharm Co. 
(Beijing, China). The titanium dioxide nanometer particle 
(TiO2, 99.8%, 10~25 nm anatase) was used as the photo-cat-
alyst, which was purchased from Aladdin Reagent Co., Ltd. 
(Shanghai, China). These chemicals were used without any 
further purification.

2.2. Experiments

The experiment was carried out in a stainless steel cylin-
drical column reactor, the diameter (DT) and height of which 
are 0.06 m and 0.50 m, respectively. The working volume is 
0.6 L. A 23 w low pressure mercury lamp (ZW23D15Y-Z436 
CNLIGHT Co., China) was employed as the UV light 
source, which offered the radiation peak at 253.7 nm and 
185 nm. The light intensity at light source per unit length for 

UV lamp, SL, was 6.2 w/m. The mercury lamp was located 
in the center of the cylindrical column photo-reactor. The 
distance between the photo-reactor surface and the lamps 
was 0.0175 m. An air inlet and an outlet were fixed in the 
reactor and the air was bubbled through the aeration during 
the reaction. The flow rate of air generated by an aeration 
pump was 6.7 L/min.

2.3. UV photo-catalysis/Fenton reagent degradation procedure

All the experiments were conducted in the batch mode 
at room temperature. The 1% (v/v) 1-propanel solution was 
prepared with the ultrapure water in the experiment as the 
simulated wastewater. The temperature of the reactor was 
maintained at 20 ± 1°C. 600 mL of 1% (v/v) 1-propanel solu-
tion was placed in the reactor. The order of adding chemical 
in the experimental was shown as follows: Firstly, H2O2 was 
added to the simulated wastewater and then the pH was 
adjusted to 3 by adding a few drops of H2SO4. Subsequently, 
FeSO4·7H2O and TiO2 were quickly added to the solution. 
Then the aeration pump and the UV light were turned on. 
Samples of the solution were taken by a gas-tight syringe 
hourly.

In this experiment, the main operation conditions are 
shown as follows: the adding programs of the hydrogen 
peroxide and the integral dosages of hydrogen dioxide, 
ferrous and TiO2. As the degrading duration was long, the 
hydrogen dioxide was added sequently with an interval of 
1 h, while the other reagents were added completely at the 
beginning. In order to investigate the effect of the hydrogen 
dioxide concentration on the degradation rate in the exper-
iment, three different kinds of adding procedure had been 
tested when the integral H2O2 dosage and the content of 
other chemicals remained unchanged. After the optimized 
adding process of H2O2 had been selected, the various 
degree of H2O2 dosage, Fe2+ and TiO2 had been optimized 
step by step while other conditions were kept constant.

2.4. Analytical method

The concentration of n-propanol was measured in 
term of CODCr following the Chinese national standard of 
GB11914-1989. It is worth noting that prior to the measure-
ment, a series of pretreatment should be done to purify the 
sample: a few drops of diluted KMnO4 solution was added 
in the sample to remove the residue of H2O2, then pH was 
adjusted to 7 with diluted NaOH solution to precipitate fer-
rous and the powder of TiO2. 

3. Theory

3.1. Mechanism

In advance oxidation processes (AOP), hydroxyl radi-
cals (·OH) generated in aqueous solution by Photo-catalysis 
and Fenton reactions are responsible for the degradation of 
organic pollutants. The overall mechanism of photo-cataly-
sis and Fenton reaction is shown in Reaction 1 to Reaction 4. 
At acidic conditions, the following photo-catalysis and Fen-
ton reaction produces hydroxyl radical, which is a powerful 
oxidizer capable of degrading many organic compounds:
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2 2 2H O O OH HO
TiO

h+ ν → ++ ⋅ ⋅ � (1)

2 3
2 2H O Fe OH Fe OH+ + −+ → +⋅ + � (2)

2
2Fe(OH) h Fe OH+ +→ + ⋅+ ν � (3)

2 2H O h 2 OH+ → ⋅ν � (4)

where TiO2 is UV photo-catalyst in the hybrid process, 
which produces two powerful oxidant: hydroxyl radial 
(·OH) and peroxide hydroxyl radial (·HO2) in presence of 
UV irradiation and O2. Fe2+ ion is another chemical catalyst 
in Fenton reaction, which produces hydroxyl radial (·OH) 
as well via reacting with hydrogen peroxide (H2O2). Mean-
while, iron cycle from Fe(II) to Fe(III) was initiated by the 
UV light irradiation. Furthermore, Fe(III) ion and oxygen 
could carry off the electron from the surface of the TiO2 par-
ticles, which could prevent the electron hole from reacting 
with electron so that the efficiency of photo-catalysis reac-
tion can be improved. Hydroxyl radicals and hydroperox-
ide radials generated in Reactions 1, 2 and 3 can degrade 
target organic contaminants as well.

The rate and extent of the Fenton and UV photo-catal-
ysis reactions mainly depends on operation parameters, 
namely light intensity, iron content, TiO2 dosage, hydro-
gen peroxide dosage, and pH. According to Pignatello 
[20], the photo-Fenton reaction can be optimized at pH 2.8 
where approximately half of the Fe(III) exists as the form of 
Fe3+ ions and half as Fe (OH)2

+ ions. Iron element is cycled 
between divalent and trivalent states. In this case, Fe(II) 
would not be depleted. Therefore, the production of ·OH 
radicals is only limited by the availability of light and H2O2. 
On the other hand, it is reported that in the illuminated TiO2 
system, the surface of catalyst is positively charged at pH 
values lower than 6.3. Electrostatic attraction between the 
surface of catalyst and the organic molecule occurs when 
the cationic organic compound is produced in reaction, it 
enhances the photo-degradation efficiency [21].

3.2. Kinetics

In this case, a model which is applicable for UV light 
irradiation and useful for design and scale-up of an internal 
light irradiation slurry photo-reactor has been developed. 
The model of photo-catalytic reactors consists of three 
sub-models: radiation field, mixing and reaction kinetics. 
For the radiation absorption in this study, the liquid-phase 
mixing was assumed to be homogeneous and the linear 
light source model with an absorption-scattering model 
was used. According to the model [22] provided to estimate 
the kinetics constant in photo-assisted Fenton degradation 
azo-dye Orange II, a first order kinetic model was applied, 
in which a first order kinetics constant, k1, in Eq. (5) can be 
expressed in the following simple way:

( ) 2
2 2 2 2 2

2
2 2

1 ) ( ( ) ( )  

( ; )

f ga d
H O H O TiO aveFe

H O Fe
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 = − − − − 
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� (5)

where CH2O2
 total consume of hydrogen peroxide, g·L−1; CFe2+ 

concentration of ferrous ion, g·L−1; CTiO2
 concentration of 

nanometer titanium dioxide particles, g·L−1: Iave average UV 
light intensity, W·m−2; k1 first-order reaction rate constant, h−1.

The proportionality constants K, the exponents a, d, f and 
g were determined by the experimental data obtained in the 
arrangement of experimental conditions. As the peroxide 
hydrogen provided hydroxyl radical (·OH) in the four ways 
given by Eq. (1)–(4), whose lives were in the range of 10–9 s 
and 10–8 s, there should be a minimum value of peroxide 
hydrogen concentration to improve the probability of the 
molecule’s receiving irradiation or approaching to ferrous 
ion, and then to increase the degradation efficiency of the 
target organism. The minimum value was presented as i. 
Except for these two main ways, there was another path-
way to consume peroxide hydrogen, which was self-de-
composition in first-order reaction following Eq. (6). So the 
total loss in a certain interval time increased linearly with 
the increase of the CH2O2

, the slope was presented as b.

2 2 2 22H O 2H O O→ + ↑ � (6)

Because all of the ferrous ions were added in the initial 
stage of the reaction, some of them came into the cycle from 
Fe2+ to Fe3+ or Fe(OH)2

–, and the loss of the concentration was 
denoted as c. 

The average light intensity over the cross-sectional area 
of the internal irradiation cylindrical column photo-reac-
tor, Iave, can be obtained by proper integration of local light 
intensity, I(r, θ) as follows:
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where I(r, θ) is a function of r and θ in the photo-reactor; r 
and θ as shown in Fig. 1 are the cylindrical radial and angle 
coordinate, respectively; A is the cross-sectional area of the 
photo-reactor. Considering the absorption of radiation by 
slurry solution, Lambert’s law was used and he light inten-
sity in the photo-reactor, I(r, θ) is written as:
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where I0(r0, θ) is a light intensity at the quartz tube of UV 
light. And the relationship of the light permeation ratio T is 
shown as follows:
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From Eq. (7) and Eq. (11), the value of Iave can be calcu-
lated:
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where SL is light intensity at light source per unit length, 
W·m−1.

4. Results and discussion

4.1. Optimizing the H2O2 adding program

The Fenton reagent in the combining process will pro-
duce more hydroxyl radials (·OH) when the concentration 
of hydrogen peroxide is increased. In the experiment, other 
conditions were unchanged: the concentration of n-propa-
nol in the simulated wastewater was 1% (v/v), the total 
consumption of H2O2 during 6 h was 25.9 g/L, the concen-
tration of Fe2+ was 0.44 g/L, TiO2 was 0.4 g/L and the pH 
was adjusted to 3. 

In order to accelerate the degradation, H2O2 was divided 
into 6 parts, and each was added into the reacting system 
in sequence at the beginning of each hour in the duration. 
Three programs were designed: Program A, there were two 
dosages, 4.54 g/(L·time) in the first 3 h and 4.09 g/(L·time) 
in the next 3 h; Program B, 5.45g/(L·time) was added at 
the beginning, and the next dosage was cut down by 0.45 
g/L orderly; Program C, 3.20 g/(L·time) was added at the 
beginning, and the next dosage was increased by 0.45 g/L 
orderly. The effect of combining treatment to degrade the 
target organic matter was shown in Fig. 1. (the three tests 
were started at different points-in-time, the interval was 1 h 
the other series tests operated the same as the present).

It can be seen from Fig. 1 that the integral removal rate 
of n-propanol was between 80% and 90%, and the CODCr 
declined obviously in the different adding programs. Since 
the value of ln(CODCr) declined linearly as a function of 
reaction time, the degrading reaction could be described by 
pseudo first-order kinetics reaction:

( ) ( )1 1lnorCr
Cr Cr

d COD
r k COD COD k t b

dt
= = = + � (13)

where k1 is the first-order reaction rate constant; b is the ini-
tial value of ln(CODCr). 

The CODCr was used to stand for the concentration of 
n-propanol in the simulated effluents. In the three tests, the 
value of k1 was –0.26, –0.29 and –0.31, respectively. It was 
revealed that the reaction rate had been increased obviously 
by adding hydrogen peroxide in program C. The hybrid 
process for treating the organic wastewater provided 
hydroxyl radial (·OH) by two ways: one was produced by 
UV light irradiation and the other was produced by Fenton 
reagent. While the quantity of hydroxyl radial (·OH) pro-
duced by Fenton reagent was determined by the concentra-
tion of hydrogen peroxide and the cycle of ferrous ions. As 
indicated in Fig. 1, the slope of the line was larger when the 
concentration went up in program C, which means Program 
C is available for treating highly loaded organic wastewa-
ter by the hybrid process. Since the self-decomposition of 
hydrogen peroxide occurs, it is better to add the hydrogen 
peroxide by stages, and to keep the dosage of which grow-
ing orderly, to improve the degrading rate when the con-
centration of target organic matters declines. 

4.2. The effect of the integral H2O2 dosage

In the combining process of UV photo-catalysis and Fen-
ton reagent, the consumption of H2O2 determines the cost 
of treatment. The experimental condition is shown below: 
the average dosage of the H2O2 were 3.39 g/L, 4.30  g/L, 
4.48 g/L and 4.73 g/L respectively in the four tests. The H2O2 
was added six times, and the dosage increased by 5% from 
the average value, and other operation parameters were 
kept constant. The decline trends of the ln(CODCr) in feed 
water and the effect of H2O2 dosage were shown in Fig. 2.

The reaction rate constant(k1) were –0.290 h–1, –0.297 h–1, 
–0.286 h–1 and –0.268 h–1 when the average dosage of H2O2 
went up from 3.39 g/L to 4.73 g/L (shown in Fig. 2). The 
model predictive value fitted the experimental data well, 
of which the curve correlation ratio (R) were 0.9986, 0.9970, 
0.9993 and 0.9972, respectively. Then, parameters including 
a, b and i in Eq. (5), were determined. According to the model, 
k1 reached the peak value when the dosage of the H2O2 was 

Fig. 2. Effect of H2O2 dosage on degradation n-propanol waste-
water by TiO2 combined with Fenton reagent ([n-propanol] = 
1%(v/v); [Fe2+] = 0.44g/L; TiO2] = 0.4g/L; the pH = 3; the dosage 
of H2O2 increased by 5% of the average value).

Fig. 1. Effect of adding H2O2 program on degradation n-propa-
nol wastewater by TiO2 combined with Fenton reagent ([n-pro-
panol] = 1%(v/v); total [H2O2] = 25.9g/L; [Fe2+] = 0.44g/L; [TiO2] 
= 0.4g/L; the pH = 3).
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adjusted to 4.30 g/L. It illustrated that the degradation was 
accelerated by increasing the concentration of the oxidant 
(H2O2) within a certain range; However, the self-decomposi-
tion effect of H2O2 would play a more important role when 
the average dosage of the H2O2 was higher than 4.30 g/L. 

4.3. The effect of concentration of ferrous ion

In the Fenton reagent, Fe2+ is a chemical catalyst to 
produce ·OH radicals, whose concentration inferences the 
reaction rate to a certain extent, while excessive Fe2+ in the 
experimental solution may block the ultraviolet light. In 
the experiment, the effect of three Fe2+ dosages, 0.22 g/L, 
0.44 g/L and 0.49 g/L, had been investigated, when the rest 
of the conditions were fixed: TiO2 dosage was 0.4 g/L, H2O2 
was added according to Program C with total dosage of 
25.9 g/L. Decline of the ln(CODCr) and the effect of ferrous 
ions were shown in Fig. 3.

Fig. 3 shows that the degradation reaction rate constant 
k1 had been obviously increased by adding 0.44 g/L ferrous 
ions, which was 7.5% higher than that with the ferrous dos-
age of 0.22 g/L and 4.3% higher than that with the ferrous 
dosage of 0.49 g/L. In addition, the parameters c and d in 
the model could be determined, then an optimized dosage 
(0.30 g/L) could be observed after mathematical analysis. 
This concentration of Fe2+ would be qualified to transfer 
electrons produced by the cycle from Fe2+ to Fe3+, and to 
produce ·OH radicals to degrade target organic matter. The 
suitable dosage of Fe2+ would enhance UV photo-catalysis 
by limiting the loss of photo-generated positive hole at the 
surface of TiO2 particles, which could be prevented from 
reacting with photo-generated electrons by absorbing the 
electrons in the cycle [21]. The UV light would also produce 
·OH radicals in irradiation of iron carbonyl in wastewater 
and recover the ferrous as demonstrated in Eq. (3).

4.4. The effect of the TiO2 dosage

The nanometer TiO2 with 10–25 nm diameter had been 
chosen to serve as photo-catalyst in the experiment. Less 
or excessive catalyst would make reaction rate low, because 
less catalyst made lower irradiation efficiency while exces-

sive suspending catalyst blocked the transformation of UV 
light. Thereby, a test had been designed to detect a suitable 
concentration of TiO2 for this hybrid process, and the react-
ing conditions in the experiment were shown as follows: 
0.3 g/L, 0.4 g/L and 0.5 g/L for the dosage of TiO2, 0.44 g/L 
for Fe2+, H2O2 was added according to Program C with the 
total dosage of 25.9 g/L. Declines of the ln(CODCr) and the 
effect of TiO2 dosage were shown in Fig. 4.

Fig. 4. Effect of TiO2 dosage on degradation n-propanol waste-
water by TiO2 combined with Fenton reactions ([n-propanol] = 
1%(v/v); [Fe2+] = 0.44g/L; the pH = 3; total [H2O2] = 25.9 g/L, 
the dosage from 3.20 to 5.45 g/(L·time), increased by 0.45 g/L 
per hour).

Fig. 5. Trends of the experimental reaction rate constants and 
the curves of the established model.

Fig. 3. Effect of Fe2+ concentration on degradation n-propanol 
wastewater by TiO2 combined with Fenton reagent ([n-propa-
nol] = 1%(v/v); [Fe2+] = 0.44g/L; [TiO2] = 0.4g/L; the pH = 3; 
total [H2O2] = 25.9 g/L, the dosage from 3.20 to 5.45 g/(L·time), 
increased by 0.45 g/L per hour).
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It could be found that the value of k1 would decline 
because the particles of TiO2 prevent the light from pass-
ing through. The value of k1 was –0.281 h–1, –0.249 h–1 and 
–0.222  h–1 when the concentration of TiO2 was 0.3 g/L, 
0.4 g/L and 0.5 g/L, respectively. The parameters f and g 
of the model could be ascertained and k1 reached its peak at 
–0.35 h–1 when the concentration of TiO2 was 0.08 g/L.

4.5. Fitted values of the constants in the semi-empirical model

The experimental data and the established model curves 
were shown in Fig. 5. Based on the calculated photo-reac-
tor parameters and the experimental data, the fitted values 
were listed in Table 1. 

The fitted curves concluded that the established model 
could describe the trends of the reaction rate constant k1 
as the operating parameters were changing. On the other 
hand, the model can help optimize the operating parame-
ters: [Fe2+] = 0.30 g/L, [TiO2] = 0.08 g/L, and average [H2O2] 
= 3.85 g/L, the dosage of H2O2 was divided into six different 
parts, and the gradient of increase was approximately 5%. 

After the degradation of n-propanol throughout the 
duration of 6 h under a 23w low-pressure UV mercury lamp 
irradiation, higher than 88% of the removal efficiency can 
be observed. The duration was cut down by 96% compared 
with the biochemical process, whose duration would be 
about 6.25 d. And the cost can be determined by the con-
sumption of H2O2, which was 48.6% lower than Fenton pro-
cess (the consumption was 45 g/L when the CODCr removal 
of organic waste water was 15000 mg/L). 

According to the formula E = hc/λ and the quantity of 
the hydroxyl radicals produced by UV irradiation or con-
sumed by the oxidization, the quantum efficiency of lamp 
is about 59%, where E is the power of a light quantum, λ 
was the wavelength of the light quantum (the wavelength 
of the low pressure mercury lamp was 254 nm (95%) and 
185 (5%)), c was the speed of light, and h was the Plank con-
stant with the value of 6.626 × 10–34 J·s.

4. Conclusions

After the discussion of the experimental results and the 
establishment of a semi-empirical model, following conclu-
sion can be reached:

(1)	The degradation reaction of the hybrid process com-
plies with pseudo first order kinetics. The step-by-
step increased dosage of the hydrogen peroxide can 
improve reaction rate constant k1 by 6.9%, compared 
to the procedure of the balanced adding. 

(2)	The operation parameters of the hybrid process can 
be optimized according to the established model: 
[Fe2+] = 0.30 g/L, [TiO2] = 0.08 g/L, and average 
[H2O2] = 3.85 g/L, the dosage of H2O2 was divided 
into six different parts, and the gradient of increasing 
dosage was about 5%. After the degradation through-
out the duration of 6 h under a 23 w low-pressure UV 
mercury lamp irradiation, higher than 88% removal 
of 1% (v/v) n-propanol can be observed. 

(3)	The trends of the experimental reaction rate con-
stant k1 fit well with the curves described by the 
established model, which illustrate the effect of the 
concentration of H2O2, Fe2+ and TiO2, the structure of 
reaction vessel, and the UV light irradiation.
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