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Abstract:  The degradation of phenol with iron (III) and uv radiation has been 

carried out at room temperature in an annular photoreactor of 1.6 L 
volume. From the experimental results it can be observed  a high TOC 
reduction when iron (III) was presented in the aqueous solution. 
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INTRODUCTION 
 
 The oxidation processes involving hydroxyl radical have shown their potential to 
destroy toxic organic compounds in wastewater effluents. The main interesting 
characteristics of hydroxyl radical are its very high oxidation potential (bigger than ozone 
and only smaller than fluorine) and the possibility of its generation by different ways. The 
most common ways to generate this radical  are the combination of ozone with ultraviolet 
light, ozone with hydrogen peroxide, hydrogen peroxide with ultraviolet light, hydrogen 
peroxide with ferrous or ferric ion  and by a semiconductor (commonly titanium dioxide) 
in combination with visible or UV radiation and molecular oxygen [1], [2], [3], [4]. But it 
is also may be produced by the simple photochemical reaction between iron (III) and 
water  

Fe3+ + H2O      hν →       Fe2+ + H+ + •OH  
 

This reaction can not be considered as a powerful source of hydroxyl radicals if 
it is compared with the generation of •OH radicals when hydrogen peroxide is presented 
in the aqueous solutions and UV radiation is used, but constitutes an important and 
cheap source of this oxidant specie [5]. For these reaction, the quantum yield is 
sufficiently high (near 0.2 molecule/photon at the wavelength 310 nm) and. 
Additionally, this reaction is very relate with the typical Fenton reaction (iron II plus 
hydrogen peroxide) 

Fe2+ + H2O2      →       Fe3+ + OH- + •OH  
 

and let to regenerate the necessary iron II from iron III.  
  
MATERIALS AND METHODS 
  
 The experiments with  phenol and ultraviolet radiation were carried out in a stirred 
annular reactor. A diagram of the experimental device is shown in Figure 1. It consists of 
an annular photoreactor, a jacket, a lamp and a filtering solution circuit. 
 The annular photoreactor is a hollow cylinder of 1.62 litres capacity with the 
following dimensions: 6.20 cm high, 3.0 cm in internal radius and 9.65 in external radius. 
The inner wall is made of quartz and the outer wall is made of Pyrex (Corning 7740). 
There are two stirrers to guarantee a good mixing in the reactor. Between the lamp and the 
annular photoreactor chamber, there is an annular space (jacket) through which a filtering 
solution flows in order to keep constant temperature and to eliminate certain wavelengths. 
 The jacket is a cylinder of annular section made of quartz. The radius of the 
internal cylinder is 1.7 cm and the radius of the external cylinder is 3.0 cm. This last 
measure also corresponds to the inner radius of the reaction chamber. 
 The radiation source is a mercury lamp (Philips HPK 125w), which is 3.0 cm long 
with a radius of 0.6 cm and with a wavelength range of 240-540 nm. 
 The filtering solution flows continuously through the annular space of the 
photoreactor by means of a recycle pump (Figure 1). The valves, V, were used to regulate 
the flow rate, which was measured by a flowmeter, FI. Temperatures in the filtering 
solution circuit and in the reactor chamber were measured by thermometers, TI. There was 
a temperature control ,TIC, a heat exchanger and a filtering solution tank in order to keep 
the temperature in the filtering circuit constant. 
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 Water was used instead filtering solution to obtain the desired experimental 
temperature. Using the uranyl oxalate actinometer (Vicente and Esplugas, 1983) it was 
determined the flux of photons which enter the reactor in this wavelength range, We = 60 ± 
2 µeinstein/s. (einstein is a common unit used in photochemistry and photophysic and 
corresponds to one Avogadro´s number of photons) 
 

 
 

 Figure 1. Experimental device. 
 
 Aqueous solutions of phenol (reactive analytical) nearby 1 mmol.L-1 (approx. 94 
ppm) where prepared in distilled and degassed water with different content in FeCl3 
ranging from 0.37 to 4.64 mmol.L-1. All experiments were carried out at room 
temperature and no buffering solutions were used. The initial pH of the phenol FeCl3 
aqueous solutions were 2.3-2.8 depending on FeCl3 initial concentration. 

The samples were taken at appropriate time intervals and analyzed immediately 
by high pressure liquid chromatography (HPLC) using a Waters chromatograph. The 
analyses were made in reverse phase with an ODS2 SPHERISORB column eluting the 
injected sample (20 µL) with a mixture of acetonitril-water (50:50 v/v) with a flow rate 
of 1 cm3.min-1. In addition, several samples were also analyzed to determine the total 
organic carbon (TOC), using a Dohrman DC-190 high level TOC analyzer. 
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EXPERIMENTAL RESULTS 
  
 Initials experiments were designed in order to evaluate the influence of iron III 
concentration on the elimination of phenol. According to it, the Figure 2 shows the 
variation of the dimensionless phenol concentration with the irradiation time for 
different initial concentrations of  FeCl3. Both iron trichlorure and phenol absorb the 
ultraviolet radiation emitted by the lamp (wavelength range 240 - 540 nm) but in 
different zones. FeCl3 absorbs in the wavelength range 300 - 500 nm, whereas phenol 
absorbs between 240 and 300 nm. The flux of photons absorbed by the phenol at 1 
mmol/L concentration and FeCl3 up to 0.5 mmol/L was 17.4 µeinstein.s-1 and 30.1 
µeinstein.s-1 respectively. 
 The quantum yield for the ultraviolet degradation of phenol was evaluated using 
the experimental results obtained in the absence of iron trichloride obtaining a quantum 
yield of  11.2 ± 2.0 mmol/einstein.  This value is in agreement with similar organic 
compounds. Additionally, in the experiment carried out in the absence of  FeCl3 the pH 
of the solution drops from 5.7 to 3.6 . That indicates that acidic species are formed in 
the photodegradation of phenol in aqueous solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 2. Influence on initial concentration of FeCl3. 

 
 

The effect of the iron (III) in the degradation rate of phenol is not very high but 
in 3 h the phenol was completely removed from the solution. It can be observed that at 
initial times the degradation rate increases as the initial iron (III) concentration 
increases. More iron (III) gives more degradation rates but at long periods of irradiation 
the best initial concentration of iron (III) does not correspond to its maximum value 
tested. The maximum initial degradation rate obtained was at initial times for iron (III) 
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trichlorure concentration 3.50 - 4.64 mmol/L and corresponds to a value of 156 mg of 
phenol/h (1.6 mmol phenol/h).  

 
 

 
 

Figure 3. Influence on initial concentration of FeCl3 on the conversion reached. 
 
 
Figure 3 shows  the conversion reached at 5 hours of irradiation for the different 

initial FeCl3 concentration tested. It can be observed that the degree of conversion 
reached increases with iron (III) concentration for small values of FeCl3 and looks 
proportional to this concentration. But for values greater than 1.23 mmol/L and increase 
in iron (III) concentration  decreases the conversion reached. There is an inhibitor effect 
for moderate high iron (III) concentrations. Similar effect has been found in others 
Advanced Oxidation Processes as UV/hydrogen peroxide and ozone/hydrogen peroxide. 
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[FeCl3] initial (mmol/L)

 Conversion at 5h
            (%)

iron (III) conc
mmol/L 

slope 
(1/min) 

0.000 (0.593 ± 0.016).10-2 
0.370 (0.684 ± 0.042).10-2 
0.740 (0.981 ± 0.015).10-2 
1.233 (1.116 ± 0.032).10-2 
1.726 (1.050 ± 0.013).10-2 

  
 Table 1. First order kinetic constants 
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Because of the fact that lines describing the degradation of phenol against the 
irradiation time for different initial concentrations of iron (III) (Figure 2) looks like an 
exponential decay, the experimental results were fitted to a pseudofirst order kinetics. 
As figure 4 shows, there is a good agreement between the experimental results and the 
fitting lines.  

 
 

 
             Figure 4. Logarithmic fitting of experiments. 
 
 
Only the experiments with irradiation times lesser than 150 minutes were used in 

the evaluation of the kinetic parameters. The least squared method was used for the 
fitting given the kinetics constants values showed in Table 1 with a confidence 
coefficient of 95%. 

In order to know the mineralization degree reached Total Organic Carbon (TOC) 
analysis were carried out for several experiments. Figure 5 shows the changes in TOC 
for the experiments without iron trichloride and with a concentration of iron trichloride 
of 1.23 mmol/L. For the experiment carried out without iron (III) it can be observed that 
in 300 minutes of uv irradiation the TOC removed was less than 10% of the initial, 
whereas the phenol removed was (see figure 2) near the 80% of the initial value. As it 
can be noticed before the hydroxyl radical transform the phenol in other organic 
compounds more oxygenated and ,in consequence, the TOC reduction is small 
compared with the phenol reduction reached. In the experiment with initial 
concentration of iron (III) of 1.23 mmol/L the remove of phenol was practically 
achieved at 300 minutes of irradiation, but in this case there is a TOC remaining of 20 
ppm. That means that there was not completely mineralization, but better results than 
the degradation without iron trichloride. The photoproducts of the degradation of phenol 
may give complexes with iron ion which can be destroyed by the ultraviolet radiation. 
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In 150 minutes a reduction of 30% of the initial TOC was reached with a elimination of 
the 75% of the initial phenol. 

 

 
Figure 5. Influence on initial concentration of FeCl3 on TOC. 

 
 
 
CONCLUSIONS 
 

The quantum yield for the ultraviolet degradation of phenol was 11.2 ± 2.0 
mmol/einstein in the wavelength range 240 - 300 nm. The presence of Iron (III) 
increases the photodegradation rate of phenol in aqueous solutions and gives more 
mineralization (less TOC) of this organic compound. The degradation rate and the 
conversion reached depends strongly of the concentration of iron (III) and there is an 
optimun ratio iron (III)/phenol.  
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