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a b s t r a c t
The potential of photo-Fenton treatment to remove organic pollutants was already demonstrated in 
the last decades. However, the strategies to perform it at neutral pH are frequently associated with 
the reduction in efficiency when compared to the system performed at pH around 3. The objective 
of this work was to study the color removal optimization at acidic and neutral pH using NTA–Fe+2 
complex with posterior application for the disinfection of a secondary effluent. The Doehlert matrix 
and the rotatable central compound designs were used for the system optimization and H2O2, Fe2+ 

and dye concentrations were used as variables. The importance of each variable for the system at 
neutral and acidic pH was analyzed by means of Pareto charts and their relations were analyzed by 
the response surface methodology. The optimized conditions using NTA–Fe were able to achieve a 
reduction of more than 4 logs in total coliforms and 6 logs for E. coli at the end of 60 min of treatment.
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1. Introduction

Advanced oxidation processes (AOPs) are proposed as 
alternative treatments for the removal of organic contami-
nants and disinfection of wastewater. These processes have 
the advantage of generating highly reactive radicals, most 
of the time by the interaction of UV radiation with chemical 
agents. The formed radicals are able to oxidize organic and 
inorganic compounds, mainly those resistant to conventional 
treatments [1–4]. Among AOPs, the Fenton process appears 
as an interesting and simple alternative. It is based on elec-
tron transfer between the hydrogen peroxide (H2O2) and a 
metal catalyst (Fe2+) to produce hydroxyl radicals (HO•). This 
reaction is propagated by the regeneration of Fe2+ due to the 
reduction of Fe3+, thus generating highly oxidizing radicals 
[5–7]. The use of Fenton reaction combined with UV or solar 
light to improve the process is known as photo-Fenton. Many 
aspects of it have already been studied such as catalyst con-
centration, effects of salts presence and H2O2 concentration. 

In addition, the removal of different types of pollutants, that 
is, pesticides and pharmaceuticals has been evaluated and 
found to present good results [8–12].

Since Fenton and photo-Fenton process uses Fe2+ as 
catalyst, its precipitation in the medium is prevented by 
performing the treatment in acidic medium, generally pH 
around 3 [13–15]. Nowadays, photo-Fenton became an effi-
cient method to treat effluents containing different types 
of contaminants [16,17]. Despite the remarkable benefits of 
this process, its use is still limited due to the high operat-
ing costs related to the short pH range to which it has to 
work. Thus, the acidification of the medium and subsequent 
neutralization is an important drawback for its application in 
real wastewater [18,19]. In this context, the scientific commu-
nity has been looking for strategies to perform it at circum-
neutral pH in order to make it feasible to treat wastewater. 

In the last decade, organic chelates have been used in 
order to increase the solubility of the metals and avoid their 
precipitation in waters near neutral pH, making possible 
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the treatment of effluents with circumneutral pH [20–22]. 
In a recent work, nitrilotriacetic acid (NTA) was used as 
chelating agent to avoid iron precipitation, obtaining good 
results using molar proportions of 1:1.5 of Fe:NTA [23]. 

To perform photo-Fenton using chelating agents with 
maximum efficiency, the variables of the system need a 
proper optimization. Fe2+, H2O2 and chelant concentration 
need to be adjusted to the best value, since unnecessary 
amount of chelant can add to the system additional organic 
matter, increase toxicity and cause remobilization of metals 
after the effluent disposal. Multivariate experimental design 
allows the optimization of more than one variable at the 
same time, thus reducing the number of experiments and 
saving time and resources. The rotatable central compound 
designs (RCCD) provide suitable results requiring a small 
number of experiments, while the Doehlert matrix (DM) 
offers the possibility of reusing the same experiments even 
though the limits have not been well chosen at first [24–26]. 

The aim of this study was to optimize the photo-Fenton 
process in terms of HO• radical production at acidic pH, 
in this case represented by methylene blue (MB) removal. 
Afterwards, the system was optimized to work at circum-
neutral pH with the use of NTA as chelating agent to keep 
the iron soluble during the reaction. In order to perform the 
optimization, DM and RCCD methodologies were applied. 
The optimum condition at neutral pH was tested to inacti-
vate E. coli and total coliform in a municipal secondary efflu-
ent sample. 

2. Materials and methods

The first part of this investigation dealt with the pho-
to-Fenton optimization at acidic pH to remove MB. To per-
form that set of experiments, MB solution was prepared in 
pure water and then treated by photo-Fenton. Before experi-
mentation, pH of the methylene blue solutions was adjusted 
to 3 with HCl. After that, the Fe2+ (FeSO4) was added to the 
solution and stirred until complete dissolution. The solution 
was put into a photoreactor and the photo-Fenton reaction 
started when H2O2 was added at the same time when UV 
lights were turned on. Photo-Fenton experiments were car-
ried out in a 1.2-L capacity catalytic bench photoreactor with a 
UVA radiation system composed of three high pressure (8 W) 
mercury (Hg) lamps (BLBF8T5, Philips, The Netherlands) 
emitting at the wavelength near 365 nm and photon flux 
around 4.05 × 10–5 Einsteins s–1. The lamps were placed inside 
borosilicate tubes allowing uniform irradiation and homoge-
neity was kept by means of a magnetic stirrer. The reaction 
time was set in 30 min and samples were taken at 0, 5, 10, 15, 
20 and 30 min for the analysis of MB concentration by mea-
suring the absorbance at 620 nm. The absorbance was mea-
sured in a spectrophotometer model DR/3900 (Hach, USA).

To perform the 23 factorial experimental designs, the 
influence of the three systems variables on two levels was 
studied. The level values of those variables were determined 
in preliminary tests measuring methylene blue removal. The 
first tested methodology was the DM. In that experimen-
tal design, 13 experiments were performed based on the 23 

factorial experimental design. The variable and levels of 
the DM methodology are presented in Table 1. The second 
method ology, the RCCD, allows designing 15 experiments, 

including the central point, which was carried out in tripli-
cate. The variable and levels of the RCCD are presented in 
Table 2.

After optimization in acidic pH, the experimental 
design was also used to optimize the system at circum-
neutral pH. In this set of experiments, the chelating agent 
nitrilotriacetic acid (NTA) was used to form the soluble com-
plex and avoid iron precipitation. The wastewater samples 
used in this work came from a pilot plant from the School 

Table 1
Methylene blue degradation after 30 min of photo-Fenton 
treatment at acidic pH (DM). Concentrations in mg L–1

DM

Essay
H2O2 + UV + Fe2+ 

% Degradation
[H2O2] [Fe+2] [MB]

1 70 2.0 20 96.3
2 100 2.0 20 95.6
3 85 2.9 20 95.0
4 85 2.3 28 94.1
5 40 2.0 20 92.3
6 55 1.1 20 92.8
7 55 1.7 11.8 96.5
8 85 1.1 20 94.0
9 85 1.7 11.8 97.4
10 55 2.9 20 95.5
11 70 2.6 11.8 97.4
12 55 2.3 28.2 58.0
13 70 1.4 28.2 72.4

Table 2
Methylene Blue degradation after 30 min of photo-Fenton 
treatment at acidic pH (RCCD). Concentrations in mg L–1

RCCD

Essay
H2O2 + UV + Fe2+ 

% Degradation
[H2O2] [Fe+2] [MB]

1 40 1 10 96.7
2 100 1 10 95.5
3 40 3 10 97.7
4 100 3 10 98.8
5 40 1 30 90.5
6 100 1 30 92.3
7 40 3 30 92.5
8 100 3 30 95.7
9 70 2 20 96.3
10 19.57 2 20 93.8
11 120.46 2 20 96.6
12 70 0.318 20 59.6
13 70 3.682 20 95.7
14 70 2 3.18 93.8
15 70 2 36.82 86.9
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of Technology of the University of Campinas (Brazil), which 
was composed by a hybrid reactor: septic tank - anaerobic 
filter. The amount of hydrogen peroxide, Fe2+ and the ratio 
NTA: Fe2+ were the variables of the new experimental design 
(using only RCCD methodology).

In the preparation of the Fe2+-NTA chelating solution, 
500 mL of sewage was used. The pH was adjusted first to 
3 using sulfuric acid (H2SO4) and the correct amount of 
Fe2+ was added. Then, NTA was added and the sample was 
homogenized for 15 min. After, the pH was slowly adjusted 
to 8 using sodium hydroxide (NaOH), stirring for 120 min 
was carried out in order to completely chelate the iron. 
Subsequently the volume was completed with secondary 
effluent sample to 1,000 mL, adjusted to pH 7 and stirred for 
15 min. This strategy allows achieving almost 100% of iron 
chelation by NTA [23]. 

The disinfection experiments using photo-Fenton with 
NTA–Fe at neutral pH were carried out with the best condi-
tion obtained in the previous optimization. For this purpose, 
the secondary effluent samples were inserted in the pho-
to-reactor and treated by photo-Fenton using the complex 
Fe2+-NTA. Thus 10 mL samples were taken at 0, 30, 45, 60 
min to verify the efficiency of photo-Fenton with Fe2+-NTA 
for disinfection. The disinfection rate was evaluated by the 
analysis of Escherichia coli and total coliforms inactivation 
by means of Collilert® test.

3. Results and discussion

3.1. Optimization at acidic pH

The first part of the optimization had the objective to test 
different operational conditions in order to find the optimum 
condition to remove MB from aqueous solutions by pho-
to-Fenton at acidic pH. Color/MB removal in this case was 
used indirectly to measure the HO• formation during the 

treatment since MB is highly reactive with HO•. The determi-
nation of the optimized condition at acidic pH is important 
to compare with the optimized at neutral pH since chelated 
iron usually loose its catalyst efficiency in comparison with 
the soluble form.

The response of the factorial designs of photo-Fen-
ton treatment at pH = 3 was MB removal percentage after 
30 min. To ensure that our results were consistent, two 
experimental design methodologies were used (DM and 
RCCD). The variables and the levels were chosen accord-
ing to previous experiments. Table 1 presents the results of 
DM optimization, which demonstrates that, as expected, 
the photo-Fenton at pH 3 was very efficient on MB removal. 
In average, MB removal reached 90.5%. H2O2 concentration 
was an important variable since higher MB removal was 
obtained when H2O2 relative concentration toward MB was 
higher, that is, in the experiment number 9 (Table 1). To con-
firm the significance of the variables, the Pareto Chart was 
built (Fig. 1a). In the Pareto chart, the lengths of the bars are 
proportional to the estimated effects value, which help com-
pare the relative importance of the effects on the system. 
Fig. 1a shows that MB concentration had a significant effect 
on the degradation process, the negative value of (–5.67) of 
the most significant effect indicates that experiments with 
minimum concentration level of [MB] is the most efficient. 
At lower MB concentration, the relative H2O2 concentra-
tion to remove it is higher. The relative H2O2 concentration 
regarding the MB and iron concentration was proven to be 
significant as it can be observed in the Pareto Chart, which 
shows that the interaction between ([H2O2], [Fe2+]) and 
between ([MB] and [H2O2]) are statistically significant.

In order to understand the influence of the H2O2 concen-
tration in the process, mainly its relation with MB concentra-
tion a surface response was built (Fig. 1b). The visualization 
of the graphic helps in the process of optimization because 
it relates two variables with the response. In Fig. 1b, the 
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Fig. 1. (a) Pareto chart of standardized effects on MB removal; (b) response surface for MB removal as a function of MB and H2O2 
concentration (DM).
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influence of H2O2 concentration on different concentrations 
of MB is clear. At lower MB concentration, H2O2 seems to be 
in excess and the removal did not change much with H2O2 
concentration increase. The inhibition of H2O2 promoted 
by HO· scavenging is evident at higher H2O2 concentration. 
When MB concentration is increased, the H2O2 influence is 
more evident since higher H2O2 promoted the increase of MB 
removal. According to the graphic, maximum MB removal is 
achieved near a H2O2 concentration near 70 and MB around 
10 mg L–1.

To complement the optimization study, the RCCD model 
was also applied. Table 2 shows the results of the optimi-
zation obtained by the RCCD model, from which it can be 
observed that the efficiency in MB degradation was also 
high (around 92%). Comparing experiments number 4 and 
number 12 which are the most efficient and last efficient, 
respectively, it is possible to verify the high influence of the 
H2O2/MB concentration ratio as well as the influence of Fe2+ 
concentration. RCCD results agreed with DM in respect to 
the H2O2 relative concentration and add iron concentration 
also as an important variable. To properly observe the signif-
icance of each variable the Pareto chart was built (Fig. 2a). In 
this case, Fe2+ concentration was the most significant effect; 
the value of 8.45 of effect indicates that the maximum con-
centration level of Fe2+ is the more efficient for the use as a 
catalyst of the system. The surface response was also plotted 
using the RCCD results. Fig. 2b presets the response surface, 
which shows MB removal efficiency vs. the relationship 
between [Fe2+] and [MB]. A considerable curvature points 
out the optimum iron concentration around 3 mg L–1, which 
was the optimum for that set of experiments.

3.2. Optimization at neutral pH

Once the system was optimized in acidic pH, the inves-
tigation was devoted to the optimization of variables at 

neutral pH. The key factor to perform photo-Fenton at neu-
tral pH is the solubilization of iron. One of the most usual 
strategies to keep iron soluble is the iron chelation [27]. In 
this study, NTA was used as chelant as it had in previous 
works showed to be able to chelate iron with good results 
on the removal of organic pollutants [23]. For this part of 
the investigation only the RCCD methodology was used. 
The studied variables were H2O2, Fe2+ and NTA concentra-
tion. H2O2 and Fe2+ concentration levels were based on the 
results obtained on the optimization at acidic pH. In the 
case of NTA, the NTA/Fe2+ ratio (1.5:1 M) found on literature 
was the base for the levels chosen in this set of experiments. 
MB concentration was kept at 25 mg L–1 and 17 experiments 
were performed and analyzed inside the RCCD methodol-
ogy, which in that case had central point. The central point 
was measured in triplicate in order to obtain the experi-
mental error (±0.09) (Table 3).

It was remarkable that the tested variables were not sig-
nificant on the used levels, as observed in the Pareto chart 
(Fig. 3a). At neutral pH, the complex NTA–Fe had a very 
low catalytic capacity in comparison with the system with 
free iron. When iron was on its chelated form, the influ-
ence of other variables such as the H2O2 concentration was 
reduced. In this case, it shows the existence of an important, 
but not statistically significant, effect between Fe2+ concen-
tration and NTA. It is very close to the level of significance 
(p = 0.5) and deserves attention.

In order to assess the relation between iron and H2O2 
concentrations in the process using NTA–Fe, a response 
surface graph was constructed (Fig. 3b). The H2O2 effect 
on the production of HO radicals is influenced by the che-
lated iron concentration. At low iron concentration, the 
H2O2 is directly proportional to the augment of MB degra-
dation. However, when the chelated iron concentration is 
increased, the increase of H2O2 did not improve the effi-
ciency of the process. The inhibition of HO· formation in 
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Fig. 2. (a) Pareto chart of standardized effects on MB removal (RCCD); (b) response surface for MB removal as a function of MB 
and Fe2+

 concentration (RCCD).
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high iron concentration could be related to the presence of 
high concentration of the chelant agent (NTA), which may 
consume the produced radicals and disturb the system. The 
NTA con centration seems to act as scavenging at higher 
concentration.

Fig. 4 shows the degradation curve of MB under the 
best conditions achieved at acidic and neutral pH. It is clear 
that after 30 min of treatment the MB degradation at acidic 

pH is more efficient than at neutral pH. A possible expla-
nation for the very low removal of MB at neutral pH is the 
HO• scavenging potential of NTA along with the reduction 
of efficiency of chelated iron when compared with it in the 
soluble form at acidic pH.

3.3. Application of photo-Fenton using NTA–Fe for wastewater 
disinfection

Using the best results of the photo-Fenton optimization 
at neutral pH, a set of runs were carried out to verify its effi-
ciency in disinfection even if the MB removal was limited. 
The experiments were carried out at laboratory scale with 
a secondary effluent coming from a pilot wastewater treat-
ment plant of the school of Technology of the University of 
Campinas (Brazil). The pilot plant was composed of a hybrid 
reactor (septic tank and anaerobic filter). The experiments 
were performed for 60 min, in which samples of 10 mL were 
withdrawn at different reaction times (0, 30, 45 and 60 min). 
Afterwards, E. coli and total coliforms were measured by the 
Collilert® method.

Fig. 5 presents the inactivation of total coliforms and 
E. coli using the best conditions provided by the results 
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Fig. 3. (a) Pareto chart of standardized effects on MB removal (RCCD) at neutral pH. (b) Response surface for MB removal (RCCD) 
at neutral pH.

Table 3
Percentage of Methylene Blue degradation by photo-Fenton at 
neutral pH

(RCCD). Concentration in mg L–1

Essay H2O2 + UV + Fe2+ % Degradation

[H2O2] [Fe+2] [NTA]/[Fe+2]

1 40 1 1.5 0.2
2 100 1 1.5 7.7
3 40 2 1.5 6.7
4 100 2 1.5 8.5
5 40 1 2 8.2
6 100 1 2 8.8
7 40 2 2 7.4
8 100 2 2 5.8
9 70 2 1.75 6.0
10 70 2 1.75 5.8
11 70 2 1.75 5.9
12 19.5 2 1.75 2.3
13 120.5 2 1.75 2.2
14 70 0.318 1.75 7.3
15 70 3.682 1.75 0.2
16 70 2 1.33 7.7
17 70 2 2.17 6.7

– Neutral pH; –Acidic pH. 
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Fig. 4. Degradation curves of MB at acidic and neutral pH.



J.G. Cortes, R.F. Dantas / Desalination and Water Treatment 169 (2019) 287–293292

of the optimization. Although the best condition for the 
optimization of photo-Fenton at neutral pH was not able 
to remove MB from water, when the same condition was 
tested to inactivate the bacteriological indicators it was able 
to inactivate the microorganisms. Both E. coli and total coli-
forms were constantly inactivated during the reaction time. 
Total coliform was the more resistant bacteria; however, at 
the end of the treatment time the inactivation percentage 
was higher than 60%. In the case of E. coli, almost 100% was 
achieved after 60 min of photo-Fenton treatment using Fe/
NTA at neutral pH. A possible explanation for the reduction 
of more than 4 logs for total coliforms and 6 logs for E. coli at 
the end of 60 min of treatment while no MB being affected 
for the same experimental condition may be due different 
radicals formed during the photo-Fenton using NTA–Fe 
when compared to it carried out at acidic pH. NTA–Fe com-
plex may form radicals with low reactivity with MB but 
enough to promote the inactivation of the cited bacteria. 
Table 4 shows the percentage of MB removal and bacteria 
inactivation in different photo-Fenton conditions. The opti-
mization of the system importantly increased color removal 
in both acidic and neutral pH, however the percentage of 

MB removal was very low at neutral pH using the complex 
NTA–Fe instead of soluble Fe2+. Concerning the disinfection, 
the photo-Fenton using the NTA–Fe complex was able to 
inactivate around 100% of the bacteriological indications at 
the end of the reaction time.

4. Conclusion

The RCCD and DM methodologies allowed the optimi-
zation of photo-Fenton variables with a reduced number of 
experiments. The optimization at acidic pH was effective to 
improve MB removal from water. When the optimization 
was tested in the system at circumneutral pH with the use 
of the NTA–Fe complex instead of Fe, the best results had 
a very limited MB removal efficiency. However, when the 
optimized condition of the photo-Fenton with NTA–Fe was 
used to disinfect a wastewater sample, a high level of inac-
tivation was achieved. It seems that the produced radicals 
with the NTA–Fe complex form radicals able to inactivate 
bacteria while their efficient in color removal is very limited. 
A possible drawback of the system is related with the quan-
tity of NTA used in the system, since high concentrations of 
it may consume the formed radicals and consequently dis-
turb the treatment. The application of photo-Fenton using 
NTA–Fe to disinfect municipal wastewater was promising 
since that strategy allowed to perform the treatment at 
circumneutral pH. However, a careful evaluation of NTA 
quantity and preparation of the complex should be taken 
into account for a correct and efficient disinfection.
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