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ABSTRACT 

The study of position and number of substituents on the photocatalytic removal of 

some mono-, di- and tri-, chloro- and nitrophenols, as well as more known initial TOC 

concentration effect, has revealed the noteworthy impact on the process efficiency. 

Despite the complex effect of multiple substituents directing the HO attack to their 

preferential positions, Hammett constant could be used to predict photocatalytic 

degradation performance. TiO2 P25 was able to mineralize initial TOC concentrations up 

to 25-50 mg·L-1. Higher TOC concentrations constitute a drawback and drive to residual 

parent pollutants and organic by-products, which become more important when raising the 

starting TOC loading. Increasing the number of chloro- or nitro- groups in the aromatic ring 

does not imply higher ecotoxiticy values; contrarily, the position of the substituent can lead 

to significant differences. TOC conversion values are hardly affected by the substituent 

position, but by the number of groups in the organic molecule, probably due to steric 

hindrance. The formation of chloride and nitrogen inorganic ions, inherent to photocatalytic 

degradation, fulfills the Cl and N mass balances. Finally, the effect of number, position and 

electronic nature of substituents on contaminant initial photocatalytic degradation rates 

was studied by corresponding Hammett constant correlations.  
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INTRODUCTION 

Nowadays, water pollution is one of the biggest issues of environmental protection field in 

the world [1]. From regulations, projects and awareness campaigns, politicians and 

scientists are working together to find better ways to manage wastewaters.  

Phenolic compounds are persistent organic pollutants commonly present in industry 

effluents from agriculture, dyestuffs, petroleum, pesticide, paper, pharmaceuticals [2,3,4]. 

Consequently, they can be found in wastewaters at low concentrations (10 – 100 mg/L) 

from cleaning containers or spills and also at high concentrations (~ 1000 mg/L) from 

wastewater generated in oil refinery or olive mill [5,6]. Specifically, substituted phenols 

(nitro- and chloro-) are characterized by a good water solubility, high toxicity and poor 

biodegradability and, consequently, most of them are included in the “Priority Pollutants 

List” by the US Environmental Protection Agency (EPA) [7,8].  

One of the most promising goals in the field of wastewater treatments is focused on the 

development of technologies able to remove these hazardous pollutants and obtain high 

quality water effluents before discharging into aquatic environment. Advanced Oxidation 

Processes (AOPs) are considered a potential alternative to deal with recalcitrant organic 

pollutants. Heterogeneous photocatalysis using TiO2, based on the hydroxyl radical 

generation through the e-/h+ pairs generated when the semiconductor is exposed to UV 

radiation,  is by far the most studied oxidation process for the mineralization of pollutants 

into harmless products (carbon dioxide, water and inorganics) [9]. Recently, other 

photocatalytic hybrid materials, based on metal-doped semiconductors [10,11], transition 

metal calcogenures [12], g-C3N4 [13], graphene derivatives [14,15,16], MOFs [17,18] have 
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been applied trying to combine different strategies, such as widen UV-Vis radiation 

harvesting, improve adsorption, increase lifetime of photogenerated charges, etc., to 

enhance photocatalytic processes efficiency.  

The main advantages of photocatalysis over other AOPs lie in the employ of a cheap, 

active and stable catalyst, no addition of chemicals, the operating conditions (ambient 

temperature and pressure) and the possibility of using renewable energy sources, which 

reduce treatment costs. Good results have been obtained by application of photocatalysis 

on the industrial wastewater with aromatics [19,20], pesticides [21,22,23], pharmaceuticals 

[24,25,26,27], as also on the application of photocatalysis in water disinfection [9,28,29].  

Photocatalytic efficiency of chloro- and nitro-phenols degradation has been demonstrated 

and studied in terms of initial pH, influence of anions, light intensity, dosage of catalyst, or 

using photocatalyst other than TiO2 [30,31,32,33,34,35]. Some previous studies, carried 

out for some specific chloro- and nitro-phenols, pointed to the influence of both electronic 

character and position of the substituent groups in the aromatic ring, as well as adsorption 

contribution to contaminants removal [36,37,38]. 

In this context, the main objective of this work has consisted on studying the influence of 

position and number of substituents on the photocatalytic degradation of mono-, di- and tri-

chloro- and nitro-phenols in aqueous effluents. For that a comparative study of the effect of 

TOC loading on ecotoxicity reduction along photocatalytic degradation of these 

chlorophenols (CPs) and nitrophenols (NPs) contaminants was performed, analyzing the 

different reactivity and riskiness of implicated compounds. Subsequently, corresponding 

Hammett constant will be used to achieve the definition of a generic correlation between 

the number, position and electronic nature of the substituents, and initial photocatalytic 

degradation rate of each CP and NP. TiO2 P25 photocatalyst was selected due to the 

3

This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



complete characterization studies previously reported [39,40] and wide knowledge about 

photocatalytic degradation performance [36,41,42,43]. 

2. EXPERIMENTAL SECTION

2.1 Materials 

Photocatalytic experiments were carried out employing commercial titanium dioxide P25 

Aeroxide® from Evonik Degussa. 

Analytical grade organic pollutants:  4-chlorophenol (4-CP), 2,4-dichlorophenol (2,4-DCP), 

2,5-dichlorophenol (2,5-DCP), 2,4,5-trichlorophenol (2,4,5-TCP), 4-nitrophenol (4-NP), 2-

nitrophenol (2-NP) and 2,4- dinitrophenol (2,4-DNP) were purchased from Sigma-Aldrich 

(now Merck) and used without further purification. Solutions of CPs and NPs were 

prepared in Milli-Q water at natural pH. All reagents used for chromatographic analyses: 

(Milli-Q water, methanol, 2,6-pyridinedicarboxylic acid, ortho-phosphoric acid, sulfuric acid, 

nitric acid, and sodium carbonate) were HPLC grade. 

2.2 Photocatalytic activity

Photocatalytic degradation runs were carried out in a stirred 1L cylindrical Pyrex semi-

continuous slurry photoreactor set in a Multirays apparatus (Helios Italquartz), previously 

described in detail [44]. The system was made up of highly reflective aluminum sheets 

enclosing the Multirays apparatus’ interior walls, to make the most of the scattered 

radiation, and ten lamps located around the cylindrical photoreactor, which provided a total 

irradiance value of 38 W·m-2 in the UV-A range (306-383 nm). Two different types of 15 W 

lamps (6 Narva BlackLight Blue and 4 Narva 865 cool daylight) were used. 
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Photocatalytic reactions were carried out under constant stirring at atmospheric pressure, 

room temperature and bubbling a continuous air flow (75 Ncm3·min-1). 1 L of solution of 

the corresponding organic pollutant concentration was poured into the photoreactor and 

then a previously optimized catalyst-loading equivalent to 200 mg·L-1 of P25 was added 

too. The suspension was mixed for 30 minutes to ensure the adsorption step was 

completed and mixture homogeneity achieved. Afterwards, all the lamps were turned on to 

start photodegradation experiments. Samples were taken out at given reaction times and 

filtered by using PTFE syringe filters (25 mm diameter, 45 µm sieving size). The study was 

performed in a wide range of concentrations, from 12.5 to 400 mgTOC·L-1.  

Chloro- and nitrophenols and their aromatic intermediates were identified and quantified by 

means of High Performance Liquid Chromatography HPLC (Varian 920 LC) with photo-

diode array detector. A Nucleosil C18 5 μm column (15 cm long, 4.6 mm diameter) was 

used as stationary phase at 40 ºC. Mobile phase flow was 0.8 mL min-1 and 20/80% v/v 

methanol/acidic water (0.1% phosphoric acid) mixture were used as solvents. 

Chlorides, nitrates, nitrites ions and short-chain organic acids were measured by Ion 

Chromatography with chemical suppression (Metrohm 883 IC) and a conductivity sensor, 

using a Metrosep A supp 7-250 column (250 mm long, 4 mm diameter) as stationary 

phase and 3.6 mM sodium carbonate as eluent. When Ammonium ions and other cations 

were detected the stationary phase was a Metrosep C 6-250 column (250 mm long, 4 mm 

diameter) and 1.7-1.7 mM nitric acid-dipicolinic acid was the mobile phase. 

TOC concentrations of extracted aliquots were detected by an infrared-detector TOC-

VCSH/CSN Shimadzu analyzer.  

2.3 Ecotoxicity evaluation: Microtox® test
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The ecotoxicity test was carried out in the Microtox M500 toxicity analyzer according to the 

standard procedure [45]. The lyophilized bacteria Vibrio fischeri was purchased from Azur 

Environmental. Toxicity units were calculated measuring the inhibition of the light emission 

by the bacteria after 15 min contact time with the samples. Moreover, EC50 values of each 

pollutant, which indicate the effective compound concentration causing 50 % reduction of 

light emission, were also obtained. 

3. RESULTS AND DISCUSSION

3.1. Influence of initial concentration 

Before photocatalytic degradation tests, blank experiments in the absence of photocatalyst 

and in dark conditions, were carried out, at the same operating conditions. Non-

photocatalytic degradation of contaminants was negligible. Contaminants removal due to 

adsorption was proportional to the number of Cl- substituents for CPs, being around 4% 

for 4-CP; 10% for 2,4-DCP and 2,5-DCP; and approximately 15% in the case of 2,4,5-TCP 

in concordance with previously reported results [32]. However, the NPs removal due to 

adsorption contribution was considerably lower and hardly achieved 5% of initial 

concentration, independently of initial concentration or number of -NO2 substituents, 

congruent with earlier findings [37]. 

The photocatalytic degradation of different concentrations of 4-CP and 4-NP has been 

followed versus irradiation time, analyzing the efficiency of the photocatalytic system. 

Whereas initial loadings of 4-CP lower to 50 mgTOC·L-1 concentration were completely 

photocatalytically degraded after 300 min (Figure 1A), longer times were required to 

photodegrade lower TOC concentrations, such as 25 mgTOC·L-1, in the case of 4-NP 

(Figure 1C). Conversion of contaminant, and organic matter in general, even diminishes 
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dramatically for higher initial TOC content (Table 1), what is associated with the formation 

of intermediates, most of them non-aromatic compounds in the case of the studied phenol 

derivatives [46,47,48,49]. 

The photocatalytic degradation pathway for 4-CP goes through the formation of 

hydroxylated intermediates (4-chlorocathecol and benzoquinone-hydroquinone) that 

further oxidize to short-chain organic acids (maleic, malonic, oxalic, acetic and formic), 

following the scheme showed in Figure S1, all of them detected by HPLC and IC, 

respectively. The generation of chlorinated-aromatic-intermediates seems to be the 

responsible of the ecotoxicity maximum found at middle irradiation times [50]. In the case 

of 4-NP, the photo-oxidation route also begins by the rapid hydroxyl radical attack to form 

the di-hydroxynitrobenzenes, followed by a second step where the aliphatic chains were 

slowly oxidized [51], before mineralization was reached. Whereas no aromatic 

intermediates (4-nitrocathecol, nitrohydroquinone-benzoquinone and 1,2,4-

trihydroxybenzene) [52,46] of the proposed mineralization pathway (Figure S1), were 

detected by HPLC, probably due to their short lifetime in the reaction medium; oxalic and 

formic acid (not shown), and ammonium, nitrite and nitrate ions were detected and 

quantified (Figure 1D). The short-chain organic acids found mainly corresponded to formic 

acid (0.1-0.4 mg·L-1) for 12.5 and 25 mg·L-1 initial concentrations of 4-NP, respectively, 

and some residual oxalic acid (∼ 0.2 mg·L-1) contribution for 50 mg·L-1 of initial 4-NP 

concentration. In both cases 4-CP and 4-NP photocatalytic degradation provokes an 

acidification of the reaction media from initial pH ≅ 5-6 to ≅ 3 and ≅ 3.5, respectively, due to 

the formation of the afore-mentioned short-chain organic acids. 

As expected, mineralization of 4-CP leads to an increase of chloride ion concentration 

(Figure 1B); in fact, the 85-100% of the initial chlorine content in original 4-CP was found 

as chloride in the reaction medium for initial TOC concentrations up to 100 mg·L-1 (Table 
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1) fulfilling Cl mass balance. 4-chlorocathecol was the predominant intermediate in the 

case of 4-CP concentrations higher than 100 mgTOC·L-1, reaching values of 54 mg·L-1 and 

40 mg·L-1, after 300 minutes of irradiation time, for 400 mgTOC·L-1 and 200 mgTOC·L-1 4-CP 

initial concentration, respectively. However, hydroquinone was more relevant for lower 

initial concentrations of 4-CP, with values among 0.7-10 mg·L-1, for 4-CP initial 

concentration under 200 mgTOC·L-1, indicative of a faster photocatalytic degradation.  

Contrarily, the photodegradation of 4-NP presented a nitrogen mass balance that always 

fulfils when the sum of unreacted 4-NP, minor 4-aminophenol (4-AP) and inorganic 

ammonium (NH4+), nitrite (NO2−) and nitrate (NO3−) was considered; what points to the 

absence of other relevant aromatic nitrogen intermediates. Then, all 4-NP oxidizes via a 

first step of denitrification that rapidly evolves to short-chain organic acids before complete 

mineralization. Consequently the nitrogen present in the system could be found as 4-NP, 

NH4+, NO2− and/or NO3− (Table 1). At the end of irradiation time, the composition of the 

reaction media varied from majority NO3− (6 - 9 mg·L-1) with traces of NO2− (3 - 0.3 mg·L-1) 

and 4-AP (0.14 - 0.24 mg·L-1), in the case of 12.5 and 25 mgTOC·L-1 initial concentration, 

respectively; to a larger number of intermediates in the mixture for higher initial 4-NP 

concentration (50 mgTOC·L-1), where NH4+ (maximum 0.3 mg·L-1) was detected at middle 

irradiation times, being oxidized to NO2− (3 mg·L-1) and NO3− (5 mg·L-1) after 300 minutes, 

indicating a lower oxidation step in this photocatalytic degradation reaction. 

Trying to analyze and compare the evolution of the organic and inorganic species 

generated along the photocatalytic degradation reaction of chloro- and nitrophenols, the 

initial rates of photocatalytic degradation and formation of the different identified species 

have been calculated for the different compounds and concentrations (Figure 2).  

The initial rate of NPs photocatalytic degradation follows similar trends regardless of the 

initial TOC concentration (Figure 2A-C) and only for 4-NP a slight decrease could be 
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observed from 12.5 to 25 mg·L-1 that was smoother when the initial concentration was 50 

mg·L-1 (Figure 2A). However, the initial rates of ammonium, nitrite and nitrate ions 

formation, coming from 4-NP photocatalytic degradation route, showed significant 

differences. While nitrite and nitrate generation becomes inhibited at higher 4-NP 

concentrations, ammonium performs the opposite (Figure 2A). This fact corresponds to 

species formed in the first step of the photocatalytic degradation route that suffer further 

oxidation until nitrite or nitrate. The origin could be the photocatalytic degradation of 4-NP 

taking place through the 4-aminophenol (4-AP) intermediate [53], which was detected in 

some cases but at very low concentration, almost in the limit of quantification (LoQ) of the 

HPLC instrument. Concerning 4-CP photocatalytic degradation, chloride formation did not 

depend on the initial TOC loading (Figure 2D), but 4-CP initial photocatalytic degradation 

rate became speeded up at higher initial 4-CP concentration. 

 

3.2. Influence of substituents: position and number. 

The photocatalytic degradation of phenolic compounds initially proceeds through the 

diffusion controlled addition of HO•, a strong electrophile, with high affinity for the electron-

rich sites of these aromatic compounds. In the case of p-substituted phenols, HO reacts 

with the unsubstituted positions more negatively charged. When more substituents are 

present, the concerted effects (electronic distribution and steric factors) in controlling the 

reaction site could drive to substitution (ipso addition + elimination) or ortho, meta-addition. 

In the case of 4-CP, both –OH an –Cl groups are electron-withdrawing and provoke a 

similar inductive effect in the atoms, but the dominant effect of –OH, reinforced by –Cl, 

favors the preferential addition of HO• to its relative ortho > para position, where a greater 

negatively charged density is located [54]. Meanwhile, the para position of another 

electron-withdrawing substituent, –NO2 group, in 4-NP helps to delocalize the electrons in 

9

This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



the aromatic ring and promote HO• addition in meta > ipso position (relative to –OH) 

where, in this case, more electron density was accumulated [55]. 

The confluence of multiple substituents on the aromatic ring could have additive effects as 

observed in the case on 4-CP, but the directed position to HO• addition was the sum of 

various factors: relative electronic density of each position, steric control, electron-

withdrawing character of substituents, and resonance effect. Even when both substituents 

have similar inductive behavior, the reinforced HO• attach positions could be different, 

depending on the charge distribution. 

In this sense, trying to elucidate the role of substituents position on the preferential HO• 

attack and the primarily formed by-products, the photocatalytic degradation of 2-

nitrophenol (2-NP) compared to 4-NP, and 2,4-dichlorophenol (2,4-DCP) versus 2,5-

dichlorophenol (2,5-DCP) was investigated along irradiation time (Figure 3A-D). 2-NP 

achieved hardly 5% more conversion than 4-NP (Figure 3 C-D) (69% and 66% of 2-NP 

and 4-NP conversion at 25 mgTOC·L-1 initial concentration, respectively), similar 

mineralization degree and slightly higher TOC initial rate (Table 2). Electron-donor 

substituents, such as –OH, increase electronic density on ortho- and para- positions 

favoring the HO• attack [50,54], while –NO2 promotes meta-directing HO• addition. In this 

situation 2-NP has available both position to initiate the photocatalytic degradation 

pathway, although the para-addition is reinforced by both substituents, where the main 

intermediate should be hydroquinones. Meanwhile, in 4-NP, both –OH and –NO2 

substituent strengthens ortho-attack [47]. In this situation, where initial steps could go 

through different intermediates, NPs and TOC initial photocatalytic degradation rates and 

conversions did not present a parallel behavior. Then, mineralization degree reached 

lower values than pollutant conversion at the different initial 2-NP concentrations (e.g. 29 - 

69 - 100 % of 2-NP, and 25 - 61 - 88 % of TOC conversion, were achieved for 12.5 - 25 - 
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50 mgTOC·L-1 initial concentration, respectively), with residual concentrations of short-chain 

organic acids, mainly formic (0 - 1.5 mg·L-1) and oxalic (0 - 0.8 mg·L-1) acids remaining in 

the reaction media together with nitrite (0 - 2.3 mg·L-1), nitrate (5 - 8.3 mg·L-1) and minimal 

amounts of ammonium (< 0.5 mg·L-1) ions, at final irradiation times. 4-NP presented a 

similar performance (e.g. 41 - 66 - 100 % of 4-NP, and 27 - 57 - 95 % of TOC conversion, 

for 12.5 - 25 - 50 mgTOC·L-1 initial concentration, respectively), with residual formic (0.1 - 

1.0 mg·L-1) and oxalic (0 - 0.6 mg·L-1) acids, nitrite (0.3 - 3 mg·L-1) and nitrate (9.1 – 6.0 

mg·L-1) ions, remaining in the reaction media at final irradiation times.  

2,5-DCP and 2,4-DCP were completely removed after 360 minutes of irradiation time, but 

the photocatalytic degradation progresses through different pathway. During 2,5-DCP 

photocatalytic degradation, hydroquinones and 4-chlorocathecol could be identified, 

revealing the directing action of –OH to ortho and para attack reinforced by –Cl in position 

5. Meanwhile, in the case of 2,4-DCP only hydroquinone could be detected due to the 

absence of empowered positions that results in the –OH direction towards para addition 

[56]. 

The study was completed with 2,4,5 trichlorophenol (2,4,5-TCP) and 2,4-dinitrophenol 

(2,4-DNP) looking for the role that the number of substituents could play throughout 

photocatalytic degradation and further mineralization of original compounds. Taking into 

account that halogen and nitro groups are highly electronegative, the increase of the 

number of these electron-withdrawing substituents reduces the electronic density of the 

aromatic ring that could provoke a lower affinity to photocatalytic oxidation [57]. This effect 

will be compensated in the case of halogens because they have lone pairs of electrons to 

be shared with the aromatic ring, explaining the more reactive character showed by 4-CP 

in contrast to 4-NP at the same initial concentration of 25 mgTOC·L-1. In both cases the 

photocatalytic degradation implies the addition of HO• in reinforced positions, mainly ortho 
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and para respecting to –OH [58,59], with steric hindrance conditioning the selectivity and 

kinetics of the reaction [56]. Therefore, the higher number of substituents the more difficult 

access of HO• that causes the CPs and NPs initial photocatalytic degradation rate to slow 

down, as can be observed in Figures 2 E and A-C, respectively. 

Considering the profile of 4-NP photocatalytic degradation versus 2-NP and evolution of 

2,4-DCP concentration versus 2,5-DCP (Figure 3C and 3A, respectively) during irradiation 

time, initial photocatalytic degradation rates (Figure 2A, B and E) were not significantly 

altered by the position of substituents. Similar results were observed for TOC initial 

photocatalytic degradation rate in the case of CPs (Table 2) [60]. However, higher 

concentration of chlorine in the parent pollutant for the same TOC content favored the 

generation of chloride in the reaction media (Figure 3B). On the other hand, the initial rate 

of chloride formation increased with the number of chlorine substituents (Figure 2E), 

observing no effect of their position on the aromatic ring in the kinetic parameters. The 

presence of nitrogen ions in the reaction media at final irradiation time was proportionally 

growing with the nitrogen content in the parent contaminant (Figure 3D), but the 

differences were not as remarkable as in the case of CPs, mainly due to its moderate 

reactivity that conduces to lesser conversion and inorganic ions concentration in solution, 

as corresponds to lower mineralization degree. Equally, the variation of initial rate of 

inorganic nitrogen ions formation appears affected by the higher number of nitro- 

substituents that led to faster nitrate generation at the first steps of 2,4-DNP photocatalytic 

degradation, while ammonium and nitrite barely change (Figure 2A-C). 

Respecting to ecotoxicity, initial toxicity of NPs was significantly lower than corresponding 

studied CPs (Table 3). The ecotoxicity for the studied chorophenols follows the sequence 

expressed as EC50: 2,4,5-TCP ≈ 4-CP > 2,4-DCP >> 2,5-DCP. In the case of nitrophenols, 

2-NP and 2,4-DNP present similar EC50 values while 4-NP was significantly more toxic. 
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According to these values, it is essential that photocatalytic degradation treatment causes 

a high removal rate of the chlorinated compounds to achieve a significant toxicity 

reduction. Moreover, a high mineralization degree is also desired in the case of reaction 

intermediates can provide more toxicity than starting pollutants to reaction medium [49]. 

Regarding to TU values obtained for reaction effluents, the photocatalytic treatments 

promoted a dramatically decrease of the ecotoxicity in all the cases, transforming the 

pollutants into innocuous products (Table 3).  

3.3. Hammett constant: Effect of the electronic character of substituents on CPs and 

NPs degradation. 

Since the pollutants investigated in this study were substituted phenols, it might be 

interesting to correlate their photocatalytic removal with the electronic nature, number and 

position of the substituents [61]. As a result, a prediction of their photocatalytic 

degradability could be made based on their electronic character. Previous studies 

correlated the Hammett constant (σ) to the disappearance of aromatic compounds 

[37,61,62] where it was found that photocatalytic degradation was faster in the case of 

groups that involved a greater electron density. 

The Hammett constant (σ) values are numbers that sum up the total electrical effects 

(resonance plus field effects) of a group when attached to a certain aromatic system, 

phenol in this study. A positive value of σ indicates an electron-withdrawing group and a 

negative value an electron-donating group. When the initial photocatalytic degradation 

rates (-r0) for the different used compounds were plotted, in Figure 4, against the Hammett 

constant values (σ) [37,63,64], a correlation could be established for each series of 

compounds, CPs and NPs, with R2=0.969 and R2=0.976 respectively, supporting the 
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influence of electronic character of Cl− and −NO2 substituents on the CPs and NPs 

photocatalytic degradation. 

Regarding CPs, the higher the number of -Cl groups, the slower the degradation rate as 

this implied a lower electron density in the aromatic ring. Some authors found no influence 

of the substituent position in the photocatalytic degradation except for dihydroxybenzenes 

[61]. However, Figure 4 showed the effect of –Cl positions in chlorophenols (CPs) 

degradation where CPs with a para- Cl atom, such as 2,4-DCP, were more easily removed 

because of the inhibitory effect of chlorine atoms at meta- position [63]. J. Araña et al. 

have also found that the meta- position was the less favored in the degradation of 

aminophenols [62]. As for nitrophenolic compounds the behavior was less sensitive to this 

parameter, due to a different electronic character, which caused a lower effect of the 

number of substituents and their positions on the initial photocatalytic degradation rate. 

Despite this, as the content of nitro groups increases the reaction rate decreases. 

4. CONCLUSIONS

The efficiency of 4-CP and 4-NP photocatalytic degradation depends on initial 

concentration and presents different limits for complete removal, being 50 and 25 mg·L-1 

respectively, in the studied experimental system. The photocatalytic degradation carries 

out with the formation of chloride and nitrogen inorganic ions in the reaction media that 

fulfills the Cl and N mass balances. The initial TOC photocatalytic degradation rate was 

not remarkably altered by the increase of pollutant concentration, although NPs are more 

initial concentration-sensitive.  
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The ecotoxicity of 4-NP is considerably lower than 4-CP, but after photocatalytic 

degradation both effluents resulted harmless, associated to the relevant conversion of 

pollutant.  

The higher number of substituents modifies differently the kinetics, while the initial rate of 

chloride and nitrate formation speeds up, the overall TOC photocatalytic degradation rate 

slows down, with barely any changes in nitrite and ammonium formation. The ecotoxicity is 

not directly related with the number of chloro- and nitro- groups in the phenolic compound 

but to the position. 

The effect of substituents position is complex to predict, with attack positions reinforced by 

the presence of substituents acting in concert. TOC photocatalytic degradation rate could 

be correlated to the electronic nature of substituents employing the Hammett constant. 

Chlorophenols resulted highly more affected than nitrophenols. 
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Figure 1. A) Evolution of 4-CP conversion, corresponding to 400-25 mgTOC·L-1 initial concentration. B) 

Formation of chloride. C) Evolution of 4-NP conversion, corresponding to 50-12.5 mgTOC·L-1 initial 

concentration. D) Formation of inorganic nitrogen ions (ammonium, nitrite and nitrate), calculated as NTotal.
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Figure 2. Initial rates of photocatalytic degradation and formation of ammonium, nitrite and nitrate ions for:

4-NP (A), 2-NP (B) and 2,4-DNP (C), at 12.5-50 mgTOC·L-1. Initial rates of photocatalytic degradation and

formation of chloride ion for: 4-CP at 25-400 mgTOC·L-1 (D), and 2,4-DCP; 2,5-DCP and 2,4,5-TCP (E), at 50

mgTOC·L-1 concentration.
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Figure 3. A) Evolution of CPs conversion at 50 mgTOC·L-1 initial concentration (4-CP evolution has been 

represented at 25 and 50 mgTOC·L-1 for comparative purpose), B) Formation of chloride; during CPs 

photocatalytic degradation reaction; C) Evolution of NPs conversion at 25 mgTOC·L-1 initial concentration, 

and D) Formation of inorganic nitrogen ions; during NPs photocatalytic degradation reaction.
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Table 1. Conversion of TOC, contaminants and inorganic ions, concentration of photocatalytic degradation inorganic products: Cl-, NO2
-, NO3

- 

and NH4
+, at 300 minutes of irradiation time, and kinetic parameters; for 4-CP and 4-NP. 

4-Chlorophenol 4-Nitrophenol

[TOC]0
1 (mg·L-1) 400 200 100 50 25 [TOC]0

1 (mg·L-1) 50 25 12.5 

XTOC (%) 7 15 30 73 99 XTOC (%) 22 57 95

X4-CP (%) 13 32 53 85 99 X4-NP (%) 34 66 99

[Cl]0 in 4-CP (mg·L-1) 184 105 52 27 13 [N]0 in 4-NP (mg·L-1) 9 4.8 2.5

[Cl-]f  in reaction media (mg·L-1) 12 22 24 21 13 [ΣNH4
+, NO2

, NO3
]f in reaction media

2 (mg·L-1) 2.1 2.5 2.3

[Cl-]f in Cl-intermediates
3 (mg·L-1) 13 20 1 1 0 [ΣN]f

 
in N-intermediates

4 (mg·L-1) 0 0.3 0.2

XCl (%) 7 21 46 76 99 XN (%) 24 52 89

(-rTOC)0 (mg·L -1·min-1) 0.13 0.13 0.12 0.11 0.13 (-rTOC)0 (mg·L -1·min-1) 0.015 0.047 0.063

1 
Theoretical values; 

2 
Calculated as Ntotal ; 

3 
4-Chlorocathecol, expressed as Cl

-
; 

4 
4-Aminophenol, expressed as N 

Table
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Table 2. Conversions at 300 minutes of irradiation time and TOC initial rates for the studied chloro- and nitrophenols. 

 

 
Chlorophenols 

(25 mgTOC·L-1) 

Chlorophenols 

(50 mgTOC·L-1) 

Nitrophenols 

(25 mgTOC·L-1) 

 
4-CP 4-CP 2,4-DCP 2,5-DCP 2,4,5-TCP 4-NP 2-NP 2,4-DNP 

XCP / NP (%) 100 96 85 87 80 66 69 57 

XTOC (%) 100 73 69 69 58 57 61 35 

(-rTOC)0 (mg·L -1·min-1) 0.13 0.10 0.12 0.10 0.13 0.047 0.057 0.028 
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Table 3. Reduction of ecotoxicity and TOC on photocatalytic degradation during 360 minutes for CPs and 300 minutes for NPs.

Chlorophenols (50 mgTOC·L-1) Nitrophenols (12.5 mgTOC·L-1)

4-CP 2,4-DCP 2,5-DCP 2,4,5-TCP 4-NP 2-NP 2,4-DNP 

EC50 (mg·L-1) 1.8 3.5 8.9 1.5 7.5 36.8 37.4

Initial ecotoxicity (TU) 52 33 14 98 3.8 0.85 0.75

Final ecotoxicity (TU) 11 14 2 5 0.1 0.1 0.1

∆TU1  (%) 79 57 87 95 100 100 100

XTOC
2
 (%) 88 83 83 71 95 92 88

1 
∆TU: reduction of ecotoxicity by Microtox test. 

2 
The irradiation time was longer for CPs to assure enough mineralization degree and absence of toxic 

intermediates.
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