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Abstract: Simultaneous photosensitized dechlorination and decarboxylation of 

isomeric mono- and dichlorobenzoic acids have been studied in the presence of 

naphthoxide ion in alkaline medium. The effects of the pH, concentration of 

the sensitizer, concentration of the substrate, the intensity of the light and the 

temperature on the rate of the dechlorination have been studied. The quantum 

efficiency of the photodechlorination has been evaluated. The mechanisms of 

the photodechlorination and decarboxylation have been suggested. The method 

is simple, economic and effective. 

Keywords: Photosensitized, Dechlorination, Decarboxylation, Chlorobenzoic acid (CBA), 

Dichlorobenzoic acid (DCBA), 2-Naphthol.  

Introduction 

Benzoic acid (BA) and its chloro derivatives are the class of compounds, which are used as 

preservative for glues, paints, as laboratory reagents and intermediates. They are also used in 

the manufacture of fungicides and dyes
1
. Chlorobenzoic acids are used in the study of metal 

ion complex formation
2
, metal extraction

3 
and hydrogen bonded adducts

4
. Besides controlling 

pests like insects, diseases etc., the pesticidal chemicals have the potentiality of affecting the 

life and environment adversely. Chlorobenzoic acids are hazardous and show toxicity to living 

beings. These compounds show toxicity mainly towards the different systems and metabolism 

of living beings
5-6

. Chlorobenzoic acid and their derivatives show hepatic changes in rats and 

other rodents
7
, toxic effects on mammalian brain

8
, cytotoxicity in cultured rat hepatocytes

9
, 

and genetic degradation
10

. Nowadays the degradation of chlorobenzoic acids has been studied 

widely in the world. Different methods including the biological or microbiological 

degradation; which are one of the useful techniques reported in literature
11-16

. 
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 The photochemical reactions have been used in the detoxification of chlorobenzoic 

acids. The photoassisted dehalogenation and mineralization of chloro/fluorobenzoic acid 

derivatives in aqueous media has been done by Hidaka H. et al.
17

. The photocatalytic 

degradation of chlorobenzoic acids using semiconductor like TiO2 has been reported as one 

of the widely used methods for the degradation of these pollutants
18-20

. Solar detoxification 

of various pollutants including chlorobenzoic acids has been demonstrated using titania 

photocatalysts by Jean-Marie H. et al.
21

. Literature shows that the research has been done to 

degrade mono- and dichlorobenzoic acids using UV light, O3 and O3 / H2O2 in UV light, 

ultrasound and Fenton's reagent
22-24

. 
 

In our previous publications, we have reported the photosensitized dechlorination of 

isomeric mono- and dichloronitrobenzenes as well as isomeric chloroanisidine
25-26

. The 

present study reports photosensitized dechlorination of isomeric mono- and dichlorobenzoic 

acids in alkaline medium. The naphthoxide ion has been used as photosensitizer, which has 

also been used as sensitizer in alkaline medium for different compounds
27-31

. The 

photodechlorination of isomeric mono- and dichlorobenzoic acids has been studied in visible 

light using a 100 W tungsten lamp for the irradiation. The effects of different parameters e.g. 

pH, concentration of the sensitizer, concentration of the substrate, the intensity of the light 

and the temperature on the rate of the photodechlorination, have been studied and reaction 

conditions have been established. The quantum efficiency of the photodechlorination has 

been evaluated using potassium ferrioxalate actinometer. The effect of the substrate 

concentration on quantum efficiency has been studied to evaluate the different excited state 

of the substrate molecule. The removal of chlorine from the substrate has been tested with 

silver nitrate. The mechanism of the photodechlorination and decarboxylation has been 

suggested. 

Experimental 

All chemicals that have been used for the experiments were of AR grade (Aldrich) and no 

further purification has been done. Absolute alcohol (99%) has been used after distillation. 

Milli-Q water has been used for the dilution. 

Instrumentation 

100 W tungsten filament light source (Phillips) has been used for the exposure of the sample 

solution. A convex lens has been used to converge the irradiation. A glass water jacket has 

been used to decrease the temperature of the solution. All the spectral measurements have 

been done on UV-Vis spectrophotometer (Spectrascan-2800-Cibacorning, England). pH of 

the solution has been measured using pH meter (Systronics, India). 

Procedure 

Four sets of experiment were prepared by withdrawing 2 mL of 1.0 x 10
-3

 M solution of 

chlorobenzoic acids in 1.0 x 10
-3 

M sodium hydroxide and 1 mL of 1.0 x 10
-1 

M sodium 

hydroxide solution in each 50 mL volumetric flask. 1.5 mL 1.0 x 10
-3

 M 2-naphthol solution 

was added to two flasks and solutions of all four flasks were made up to the mark with Milli-Q 

water. The final concentrations of chlorobenzoic acids and naphthoxide ion were 4.0 x 10
-5

 M 

and 3.0 x 10
-5

 M respectively. All the measurements were carried out between pH 11-12. 

 Two flasks, each containing 2-naphthol and without 2-naphthol were kept in the dark 

for 24 h while remaining similar flasks were exposed to visible light from 100 W tungsten 

lamp. The course of the reaction was followed by recording the spectrum of the exposed 

solution with a control solution in the range of 200-350 nm against reagent blank.  
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 The flask kept in the dark and flask exposed without sensitizer did not show any 

difference in the spectrum when compared to the control; while the exposed flask containing 

sensitizer showed decrease in the absorbance from the original spectrum, confirms that 

reaction takes place only in the presence of the naphthoxide ion on irradiation. Thus the 

reaction is photosensitized dechlorination and not normal or thermal dechlorination. 

 Free chloride was tested in the exposed solution with silver nitrate by observing white 

precipitate of AgCl. This was compared with the control experiment run as blank without 

sample in which the Cl¯  test was found negative. The temperature of the solution was 

maintained at 298° K using water jacket. The quantum efficiency (φ) of the 

photodechlorination has been evaluated using potassium ferrioxalate actinometer. 

Molar absorptivities  

The molar absorptivities of the substrates have been calculated by measuring the absorbance 

of a number of known concentration solutions (Table 1). In the case of 2,3-DCBA the molar 

absorptivity of reaction product, which is o-CBA has been calculated. 

The reaction rate 

The decrease in the absorbance of the reaction mixture has been measured with time. The 

rate of the reaction has been calculated by measuring the absorbance by withdrawing 5 mL 

aliquot of the reaction solution after different time intervals at 210 nm, 233 nm and 211 nm 

in the case of m-CBA, p-CBA and 2,3-DCBA respectively. 

 A plot of 2 + log (OD) (optical density) vs. time has been plotted and was found to be a 

straight line with a negative slope which indicates that the reaction follows first order 

reaction kinetics (Figure 1). The rate constant of the reaction has been determined by using 

the following expression: 

 
 

Figure 1. A typical run 

Results and Discussion 

Spectral characteristics 

The spectra of the exposed solutions of the substrates under experimental conditions were recorded 

between 200-350 nm after withdrawing aliquots of the exposed solution at different time intervals. 

The spectrum of m- and p-CBA showed change in the spectrum from the original compounds; 

while spectrum of exposed solution of o-CBA did not show any change (Figure 2a). 
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Figure 2a. Spectrum of o-CBA [o-CBA] = 

5.0x10-5 M, [2-Naphthol] = 5.0x10-5 M, light 

intensity=11.8x10
-8
 E sec

-1
, pH = 11.5, 

Temperature = 298 K 

Figure 2b. Spectrum changes of m-CBA with 

time [o-CBA] = 5.0 x 10
-5
 M, [2-Naphthol] =       

5.0x10
-5
 M, light intensity= 11.8 x 10

-8
 E sec

-1
, 

pH= 11.5, Temperature= 298 K 

 The spectrum of m-CBA and p-CBA, which shows λmax at 210 nm and 233 nm does not 
show any shift in the λmax but decrease in absorbance, was observed (Figure 2b, 2c). 
2,3-DCBA shows broad spectrum with λmax at 211 nm with other small peak at 242 nm. On 
exposure, the decrease in absorbance was measured at 211 nm and gradually all the peaks 
disappeared. The spectrum of 2,3-DCBA, which has a broad spectrum, shows the new λmax at 
212 nm, with lower molar absorptivity (Table 1), which corresponds to the spectrum of o-CBA 
(Figure 2d), indicating the removal of only one chlorine atom from the molecule. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2c. Spectrum changes of p-CBA with 
time [o-CBA] = 4.0 x 10-5 M, [2-Naphthol] = 
5.0 x 10

-5
 M, light intensity= 11.8 x 10

-8
 E sec

-1
, 

pH = 11.5, Temperature = 298 K 

Figure 2d. Spectrum changes of 2,3-DCBA 
with time 2,3-DCBA = 4.0 x 10

-5
 M, [2-

Naphthol] = 5.0x10
-5

 M, light intensity= 
11.8x10

-8
 E sec

-1
, pH =11.5,Temperature = 298 K 
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Table 1. Experimental values of molar absorptivities (ε) and effect of light intensity on rate 

of dechlorination and decarboxylation 

Compound Experimental λmax, nm Calculated ε value 

BA 224 11,975 

o-CBA 212 9240 

m-CBA 210 9845 

p-CBA 233 10,525 

2,3-DCBA 211 11,675 

k x 10
3
, min

-1
 Light intensity 

I x 10
8 
(E sec

-1
) BA

a
 m-CBA

b
 p-CBA

a
 

4.47 2.3668 0.6397 1.8424 

6.72 4.2154 1.2794 3.3227 

11.18 7.1823 2.0471 5.5272 

 [BA] = [m-CBA] = [p-CBA] = 4 x 10-5 M, a[2-Naphthol] = 2.5 x 10-5 M;  b[2-Naphthol] = 2.0 x 10-5 

M, pH = 11.5; Temperature = 298 K 

 These changes in the spectrum on exposure indicate that dechlorination and decarboxylation 

processes occur simultaneously in the cases of m-CBA, p-CBA, while in the case of o-CBA no 

reaction takes place. The spectrum profile of monochlorobenzoic acids and of pure benzoic acid 

(Figure 2e) are similar under experimental conditions, confirms that the formation of major 

product of the photodechlorination of m- and p-CBA are similar to the product obtained by the 

photodegradation of benzoic acid (Figure 2e). In the case of 2,3-DCBA, the spectrum of product 

was similar to o-CBA, which confirms the formation of o-CBA. This indicates the removal of 

only single chlorine atom from the molecule takes place. Excited state of o-CBA molecule gets 

stabilized and dechlorination and decarboxylation both processes do not take place. In the case of 

2,3-DCBA molecule undergoes only dechlorination and not decarboxylation. The product 

formed was o-CBA, which also does not undergo decarboxylation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2e. Spectrum changes of benzonic acid with time [BA] = 5.0x10-5 M, [2-Naphthol] = 

5.0x10
-5

 M, light intensity= 11.8x10
-8

 E sec
-1

, pH = 11.5, Temperature = 298 K 
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The rate of the reaction 

The decrease in the absorbance at particular wavelength was measured at different time 

intervals; which reaches to minimum and becomes constant, indicating the completion of the 

reaction. The decrease in the absorbance as a function of the substrate concentration, at 210 

nm, 233 nm and 211 nm has been used to calculate the rate constant for m-CBA, p-CBA and 

2,3-DCBA respectively. Here the product is o-CBA in the case of 2,3-DCBA; which absorbs 

at 212 nm and hence the rate has been calculated by measuring the decrease in absorbance at 

211 nm as both the wavelengths for the product and substrate are very close.  

 The rates of the dechlorination for m-, p-CBA and 2,3-DCBA have been calculated 
(Table 2). The photosensitized dechlorination shows different rates for different mono-and 
dichlorobenzoic acids in experimental conditions. The order of the dechlorination follows p- > m-
>o-chlorobenzoic acid. However o-CBA does not undergo dechlorination and decarboxylation 
reaction. It appears that excited state of o-CBA gets stabilized. The 2,3-DCBA shows that only 
chlorine atom of position 3 is removed, while chlorine atom of position 2 is retained. The excited 
molecule undergoes dechlorination but decarboxylation has not been observed. The λmax and 
molar absorptivity of the product are in agreement with o-CBA. The rate of the reaction is faster 
than m-CBA. It appears that the excited molecule of 2,3-DCBA ejects the m-chlorine atom faster 
to achieve the lower energy level of stabilized excited o-CBA. 

Table 2. Quantum efficiency and rate of dechlorination and decarboxylation 

S. No. Compound Φ-Value k x 10
3
, min

-1
 

1 BA
a
 0.1311 7.2163 

2 o-CBA - - 
3 m-CBA

b
 0.0434 2.0936 

4 p-CBA
a
 0.1052 5.5830 

5 2,3-DCBA
a
 0.0602 3.0706 

[BA] = [m-CBA] = [p-CBA] = [2,3-DCBA] = 4.0 x 10-5 M, a[2-Naphthol] = 2.5 x 10-5 M;                     
b[2-Naphthol] = 2.0 x 10-5 M , Light intensity = 11.18 x 10-8 E sec-1; pH = 11.5; Temperature = 298 K 

Effect of the variables  
Effect of the pH 

The photosensitizer effect of 2-naphthol has not been observed in the acidic and neutral 
medium. The rate constant of the photosensitized reaction has been calculated for m- and 
p-CBA at different pH between 10.5-12.5 with 0.5 pH interval. It has been observed that as pH 
decreases the rate of the reaction decreases and it becomes very slow below pH 10 (Figure. 3).  

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Effect of pH m-CBA with time [p-CBA] = 4.0x10-5 M, a[2-Naphthol] = 2.0x10
-5
 M,  

b[2- Naphthol] = 2.5x10
-5
 M, light intensity= 11.8x10

-8
 E sec-1, pH = 11.5, Temperature = 298 K  
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 In the range of pH 11-12, optimum rate constant values have been obtained and so the 

pH of the solution was maintained between 11-12 in subsequent study. The increase in OH
¯
 

ion concentration increases the sensitivity of the sensitizer, which shows higher proton 

transfer of 2-naphthol
32

. 

C10H7OH + OH
¯
      C10H7O¯  + H2O 

 This equilibrium between naphthol and naphthoxide ion is sensitive to OH
¯
 ion 

concentration of the solution. It has been reported that fluorescence of naphthoxide ion is 

sensitive to pH of the solution. The maximum fluorescence has been observed at pH 12 and 

decreases as pH decreases
32

. Similar effect of OH¯  ion concentration has been observed in 

the present study. 

Effect of the concentration of the sensitizer 

The effect of the different concentrations of naphthoxide ion on the rate of the 

dechlorination has been studied by calculating the rate constants for m- and p-CBA by 

using the different concentrations of 2-naphthol in the range of (1.0 - 4.0) x 10
-5

 M. The 

reaction rate increases as the concentration of 2-naphthol increases, but after a limiting 

value of 2.0 x 10
-5

 M for m-CBA and 2.5 x 10
-5 

M for p-CBA respectively, it decreases 

(Figure 4). The λmax of all compounds studied lie below 300 nm; which do not absorb 

visible light. 2-Naphthoxide ions absorb light at 330 nm and get excited; which on 

collision with the substrate molecules, transfer energy to them, which undergo 

dechlorination and decarboxylation. The increase in the rate of photodechlorination by 

increasing the concentration of the sensitizer is due to the enhanced collision of excited 

sensitizer molecules with substrate molecules up to a limiting value. The higher 

sensitizer concentration increases the deactivation of the excited sensitizer molecule by 

intermolecular collision. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of concentration of sensitizer [m-CBA] = [p-CBA] = 4x10
-5

 M, light 

intensity= 11.8x10
-8

 E sec-1, pH = 11.5, Temperature = 298 K.  
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Effect of the concentration of the substrate 

The effect of the different initial concentrations of m- and p-CBA on the rate of the reaction 

has been studied. The rate of the reaction was calculated with the different initial 

concentrations of the substrates in the range of (4.0 – 8.0) x 10
-5

 M. The rate of the reaction 

remains constant with increase in the concentration of the substrate showing that the rate of 

the reaction is independent of the initial concentration of the substrate. 

Effect of the light intensity 

The increase of light intensity [Einstein / second (E sec
-1

)] shows positive effect and the rate 

of the dechlorination increases as the light intensity increases. The number of the excited 

molecules of the sensitizer increases with higher light intensity as the number of photons 

increases and corresponding rate of the reaction increases (Table 1). A linear relationship 

has been observed between the light intensity and the rate of the reaction. 

Effect of the temperature 

The effect of the variation of the temperature has been studied between 298-328 K on the rate 

of the reaction with 10° K temperature interval. The rate of the reaction remains constant with 

the increase in the temperature in the above range. This indicates that the rate of the reaction is 

independent of the temperature and thermal condition does not affect the photodechlorination. 

The temperature independent nature of the rate of the reaction also indicates that the product 

formation takes place directly from the excited species without any intermediate stage. 

φ - Value 

The quantum efficiency has been calculated by using standard potassium ferrioxalate 

actinometer. φvalues have also been calculated for the chlorobenzoic acids at different initial 

concentrations of the substrate. (Table 2). The plot of the quantum efficiency versus the 

concentration of the substrate (CBA) has been found to be linear with zero slope suggesting 

that the φvalues are independent of the initial concentration of the substrate. The plot of the 

inverse of the quantum efficiency versus the inverse of the concentration of the substrate 

(CBA) has been found to be linear with zero slope
33

. 

Mechanism 

Isomeric chlorobenzoic acids absorb below 300 nm but naphthoxide ions absorb at 330 nm; 

which is close to visible region and are fluorescent. The excited naphthoxide ions; which are in 

singlet state, undergo Inter System Crossing (ISC) to triplet state and emit fluorescence
32

 in 

alkaline medium. In the presence of an acceptor (CBA), the naphthoxide ions; which are in 

triplet state, transfers the energy to acceptor molecules (Scheme 1). The dechlorination of CBA 

occurs by homolytic fission at C-Cl bond. Here simultaneous decarboxylation also takes place 

by forming the benzene radical, which accepts a proton from the solution and forms benzene 

(Scheme 2). In the case of o-CBA, it does not undergo dissociation under experimental 

condition suggesting a stable excited state. The plot of the inverse of the quantum efficiency 

versus the inverse of the concentration of substrate (CBA) is linear with zero slope; which 

indicates the decomposition of singlet excited state of acceptor molecule to the product
33

. 
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Conclusion 

Isomeric mono- and dichlorobenzoic acids undergo photosensitized dechlorination in the 

presence of naphthoxide ions in alkaline medium in the visible light. The spectral profile of 

the exposed solution suggests that the product of the reaction is benzene in the case of 

m- and p-CBA but o-CBA in the case of 2,3-DCBA. However o-CBA does not undergo 

photosensitized dechlorination under experimental condition suggesting a stable excited 

state. The rate of the dechlorination is independent of the temperature and initial 

concentration of the substrate but increases with increase in the sensitizer concentration, 

OH
¯
 ion concentration and light intensity. The rate of the reaction shows the order p->m->o-

chlorobenzoic acids and φ value also shows similar effect. 

 This method is simple, economic and effective for the dechlorination and 

decarboxylation of isomeric mono- and dichlorobenzoic acids using visible light source and 

2-naphthol as a photosensitizer. The biggest advantage of this method is one can use direct 

sun light as a visible light source for bulk quantity and the cost of electricity for visible light 

source can be saved. 
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