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a b s t r a c t
In this study, central composite design (CCD) and response surface methodology (RSM) were applied 
to assess and optimise the solar photo-Fenton process (Fe2+/H2O2/solar UV) used as a post-treatment 
for a leachate from a landfill stabilisation lagoon system in João Pessoa, Brazil. Three variables were 
investigated: hydrogen peroxide (H2O2) factor, reagents ratio [H2O2]/[FeSO4] and initial pH of the 
reaction. The objectives were to maximise the removal of chemical oxygen demand (COD), turbidity 
and colour, and to minimise sludge generation in terms of settleable and total solids. According to 
the analysis of variance (ANOVA), all the response models using the selected variables were statis-
tically significant, with determination coefficient (R2) varying between 0.756 and 0.976. The optimal 
operational ranges were determined by overlaying contour plots: 0.83–1.50 (H2O2 factor), 3.70–5.40 
(reagents ratio), and 2.72–3.15 (pH). The contour plots defined by the models showed strong interac-
tions between the variables, whose values must meet the optimal ranges established in the study and 
follow these interactions to achieve COD removal >75%, turbidity removal >90%, colour removal >97%, 
generation of settleable solids <60 mL∙L–1 and generation of total solids <50 mg∙L–1. The validation tests 
proved an excellent fit of the model to the experimental data. Finally, it was demonstrated that the 
solar photo-Fenton process was effective as a post-treatment for a mature landfill leachate, and its 
optimisation improved the quality of the final effluent.
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1. Introduction

Landfills are one of the most widely used methods to 
manage municipal solid waste [1]. In this approach, the com-
bination of physical, chemical and microbiological processes 
transfers pollutants from the solid waste to the percolation 
water, generating landfill leachates [2]. In general, this results 

in a complex aqueous matrix with four groups of main pol-
lutants [3]: (i) dissolved organic matter, (ii) inorganic macro 
components, (iii) metals, and (iv) xenobiotic organic com-
pounds. These pollutants can induce severe adverse envi-
ronmental impacts such as soil pollution, contamination of 
surface water and groundwater, and cause genetic disor-
ders in animals [4–6]. Thus, various techniques are being 
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researched as alternatives to remove such pollutants, includ-
ing combined treatment with domestic sewage, aerobic 
and anaerobic biological treatments, chemical and physical 
processes (flotation, coagulation/flocculation, adsorption, 
chemical precipitation, ammonia stripping, ion exchange, 
chemical and electrochemical oxidation), membrane filtration 
(microfiltration, ultrafiltration, nanofiltration and reverse 
osmosis) and advanced oxidative processes (AOPs) [7–12]. 

AOPs have received great attention in the last two 
decades because of their capability to degrade recalcitrant 
molecules to biodegradable compounds or even to 
completely mineralise them to CO2, H2O and inorganic 
ions [13,14]. Among the AOPs, the photo-Fenton process 
(Fe2+/H2O2/UV) is a homogeneous photocatalytic process 
with a high efficiency to generate radicals that oxide organic 
matter (hydroxyl radicals – OH•) through the decomposition 
of hydrogen peroxide (H2O2) catalysed by ferrous ions (Fe2+), 
under acidic conditions in the presence of natural or artifi-
cial ultraviolet-visible radiation (UV-VIS; λ < 600 nm) [15]. 
The photolysis of Fe3+ complexes promotes Fe2+ regeneration 
[16], which favours the generation rate of OH• radicals. In 
addition, the efficiency of the photo-Fenton process compared 
with those of other AOPs has been demonstrated, such as in 
a study performed by Primo, Rivero and Ortiz [17], which 
analyses the efficiency of several AOPs in terms of COD 
removal from landfill leachates and defines the following 
relation, from least efficient to most efficient: UV < UV/H2O2 < 
Fenton (Fe2+/H2O2) < Fenton-like (Cu2+/H2O2) < photo-Fenton 
(UV/Fe2+/H2O2). Rocha et al. [18] and Starling et al. [19] have 
affirmed that AOPs are even more economically attractive 
when solar energy is used as a source of UV photons. 

In this context, the study of variables that may interfere 
with the photo-Fenton process is essential to achieve the 
ideal operational conditions, aiming to maximise treatment 
efficiency and minimise sludge generation as a by-product. 
The main variables of the photo-Fenton process are the 
reagents’ conditions – the ratios of ferrous [Fe2+] and ferric 
[Fe3+] ions and hydrogen peroxide [H2O2] – and the reac-
tion characteristics (pH, radiation flux, temperature and 

amounts of organic and inorganic constituents) [13]. When 
a combination of several variables and their interactions are 
considered, the response surface methodology (RSM) is a 
recognised tool for process design and optimisation with 
minimum experimental test numbers [20]. In addition, the 
optimisation of experimental variables for various responses 
could be done by overlaying critical responses on a single 
contour curve [21]. 

Although, there are relevant optimisation studies of the 
Fenton process performed with RSM [22–31], only few stud-
ies available mention the optimisation of the photo-Fenton 
process being applied to leachate treatment by RSM applica-
tion [32]. Hence, the objective of this research was to study the 
optimal conditions of the solar photo-Fenton process applied 
to the post-treatment of a mature and recalcitrant leachate 
from the system of stabilisation lagoons of the municipal 
landfill of João Pessoa (Brazil). The optimisation was aimed 
to maximise COD, colour and turbidity removal, and to min-
imise sludge generation based on the analysis of total and 
settleable solids. 

2. Materials and methods

2.1. Characteristics of the landfill leachate

Leachate samples were collected after biological 
treatment in the landfill stabilisation lagoons. The landfill is 
located at the metropolitan area of João Pessoa, Northeast 
Brazil, and has operated since 2003. Samples were sent to 
the laboratory at the Federal University of Paraíba (UFPB) 
and stored at 4°C. Table 1 shows the physical and chemical 
characteristics of the leachate used in this study, designated 
as raw leachate. Analyses were performed according 
to Standard Methods for the Examination of Water and 
Wastewater [33]. 

The leachate is an alkaline effluent, dark brown in colour, 
mature (>10 years old), stabilised, and of low biodegradabil-
ity (BOD5/COD equal to 0.22). These characteristics indicate 
the need for advanced treatment.

Table 1 
Characterisation of the landfill leachate

Parameter Loa Lvb Method code
Value n Value n

pH 7.6 ± 0.0 3 7.4 ± 0.1 3 4500-H+ B
Turbidity, NTU 293.0 ± 0.6 3 143.0 ± 1.0 3 2130 B

Conductivity, mS∙cm–1 5.8 ± 0.0 2 15.6 ± 0.0 2 2510 B

Alkalinity, mg CaCO3∙L–1 3,950.0 ± 35.4 2 5,750.0 ± 0.0 2 2320 B

Chlorides, mg Cl–∙L–1 3,173.6 ± 35.1 3 2,280.0 ± 70.1 3 4500-Cl– B

BOD5, mg O2∙L–1 448.0 ± 11.0 3 494.0 ± 7.1 2 5210 D

COD, mg O2∙L–1 2,038.4 ± 39.2 3 2,388.6 ± 17.7 2 5220 D

Total solids, mg∙L–1 7,610.0 1 10,023.3 1 2540 G

Total volatile solids, mg∙L–1 1,783.3 1 2,393.3 1 2540 G

Total fixed solids, mg∙L–1 5,826.7 1 7,630.0 1 2540 G

aLo: Leachate samples used in the optimisation process.
bLv: Leachate samples used in the experimental validation.
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2.2. Experimental design and statistical model

Central composite design (CCD) and RSM were applied to 
analyse the data and optimise the interfering variables of the 
solar photo-Fenton process: H2O2 factor, [H2O2]/[FeSO4] ratio 
and initial pH. The theoretical mass ratio for removal of COD 
through H2O2 was 1,000/470.6 = 2.125. That is, 1,000 mg∙L–1 of 
H2O2 theoretically removes 470.6 mg∙L–1 of COD by oxidation 
[34]. Therefore, the calculation of the theoretical concentra-
tion of H2O2 is presented in Eq. (1):

[H O ] H O factor COD2 2 2 2 raw leachate= × ×2 125. � (1)

where H2O2 factor is the multiplying factor corresponding 
to the percentage of the H2O2 quantity relative to the 
stoichiometric quantity of O2 needed to totally stabilise 
COD [35].

The values of the variables were chosen based on the liter-
ature [17,28,30,34,36,37]. The responses were defined based 
on the treatment goals: organic matter degradation in terms 
of COD (relevant response, also used by Ghanbarzadeh Lak 
et al. [26]; Amiri and Sabour [29]; Talebi et al. [27]; Erkan 
and Apaydin [30]); removal of suspended and dissolved 
solids in terms of turbidity and colour, respectively; and 
minimisation of sludge generation measured as settleable 
and total solids. Table 2 summarises the coded levels, the 
minimum (–1) and maximum (+1) factorial points, the min-
imum (–1.68) and maximum (+1.68) axial points, and the 
central point (0), as well as the respective decoded values of 
the three variables in the factorial design. A total of 18 tests 
were performed, eight in the full factorial design, six at the 
axial points, and four at the central point. The variables were 
in the following ranges: H2O2 factor between 0.33 and 1.67, 
[H2O2]/[FeSO4] ratio between 0.64 and 7.36, and initial pH 
between 2.16 and 3.84.

The experimental data were statistically analysed through 
the RSM procedure in the Statistica software (version 5.0, 
StatSoft) and fitted to an empirical second order polynomial 
model, as shown in Eq. (2) [21]:
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where Y is the response; β0 is the intercept constant, βi is the 
coefficient of the first order term of factor i, βii is the coefficient of 
the quadratic term of factor i, and β is the interaction coefficient 
between factors i and j. Xi and Xj are the decoded values of the 
factors, k is the number of variables, and ε is the residue. 

The terms of the model were selected or rejected based on 
a P-value of a 95% confidence level. The results were statis-
tically analysed by analysis of variance (ANOVA). The qual-
ity of the fit of the model to the experimental responses was 
expressed by the determination coefficient R2 and adjusted 
R2, and its statistical significance was checked by the Fisher’s 
F-test.

2.3. Simultaneous optimisation of the responses and optimal 
conditions

The optimal operational region of the variables that inter-
fere with the solar photo-Fenton process (Fe2+/H2O2/solar UV) 
was obtained from the contour plots generated by the Statistic 
software, post-edited in the Adobe Illustrator CS6 software, 
by overlaying the contour plots considering the optimisation 
criteria of the selected responses (Table 3). 

Contour plots are one of the most relevant ways to 
illustrate and explain response surfaces. They consist of 
bi-dimensional graphs (sometimes tri-dimensional) that 
show constant response contours (with an axis system that 
corresponds to specific pairs of experimental variables, Xi 
and Xj), while other variables are kept constant [21]. In this 
study, the values of the variables that were kept fixed were 
defined based on their meeting the limits established for each 
response, as shown in Table 3. 

2.4. Experimental procedures

All the reagents used in the experiments were of analyti-
cal quality. First, heptahydrate ferrous sulphate (FeSO4∙7H2O, 
99%, Vetec) was added to a beaker and diluted with 5 mL 
of distilled water [34]. Then, 200 mL of the sample of acid-
ified leachate was added. The pH was previously adjusted 
with sulphuric acid (H2SO4, 98%, Química Moderna) and a 
6 M sodium hydroxide solution (NaOH, Química Moderna). 
The defined amount of H2O2 solution (30% v/v, Química 
Moderna) was added in a single dosage. The photo-Fenton 
experiments were performed in 500 mL beakers, and the vari-
ation levels were according to Table 2.

All the tests were performed in sunlight, at ambient tem-
perature (28.4°C–30.1°C) and radiation intensity varying from 
856 W∙m–2 at 12 PM to 775 W∙m–2 at 2 PM, measured by the 
Automatic Meteorological Station (Vaisala, model MAWS 301) 
of the Brazilian Institute of Meteorology, installed at coordinates 
7°09’S, 34°48’W and an altitude of 34 m. A shaking table (Orbital 
SL 180/D) adjusted at 115 rpm [28] was used to achieve fast 
mixing. After 120 min of reaction time [25,38], the 6 M NaOH 
solution was added dropwise to adjust the pH to 8.0, to end the 
reaction and to precipitate the residual ferric ions [23,25].

Table 2 
Variation levels of photo-Fenton process variables in the 2³ 
central composite designs

Experimental 
variable

Symbol Coded and decoded variables
–1.68 –1 0 1 1.68

H2O2 factor X1 0.33 0.6 1.0 1.4 1.67
[H2O2] / [FeSO4] X2 0.64 2.0 4.0 6.0 7.36
pH X3 2.16 2.5 3.0 3.5 3.84

Table 3 
Optimisation criteria of the selected responses

Response Symbol Limit

COD removal Y1 >75%
Turbidity removal Y2 >90%
Colour removal Y3 >97%
Generation of settleable solids Y4 <60 mL∙L–1

Generation of total solids Y5 <50 mg∙L–1
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COD, turbidity and total solids analyses were performed 
as previously stated on section 2.1. The samples were centri-
fuged at 6,000 rpm for 15 min (Novatecnica NT 825) to reduce 
the interference of suspended particles in the COD and colour 
analyses. In order to prevent the interference of the residual 
H2O2 in the COD analysis, samples were heated in a water 
bath at 50°C for 30 min [26]. COD was determined with a Hach 
(model DR 1900) spectrophotometer. The volumetric method 
to determine settleable solids (2540 F- Standard Methods) was 
adapted for this test, considering that a 50 mL sample volume 
was used, and then, the amount of settleable solids in 1 L of sam-
ple was estimated. The colour number (CN) defined in Eq. (3) 
was used to characterise the colour, based on the determination 
of the spectral absorption coefficient (SAC in cm–1) in the visi-
ble range, at wavelengths of 436, 525 and 620 nm. The SAC was 
calculated for the absorbance value of a cell of thickness l (cm) 
with Eq. (4) [17]. The absorbance value was determined using 
an Agilent (model 8453) spectrophotometer. 

CN
SAC SAC SAC
SAC SAC SAC

=
+ +
+ +

436
2

525
2

620
2

436 525 620 �
(3)

SAC Abs
=

l �
(4)

3. Results and discussion

3.1. Formulation of the quadratic regression models

The coded variables, their experimental values (X1–X3), 
the reagents dosage and the observed responses (Y1–Y5) are 
shown in Table 4. The tests performed at the central points 
(tests 15–18) simultaneously met all the pre-defined limits 
(Table 3). 

The results obtained were analysed by ANOVA. 
Equations from the first ANOVA analysis were modified 
by eliminating the terms found statistically insignificant. 
Then, only the statistically significant terms (P-value 
< 0.05) were considered in the reduced quadratic model 
(Table 5). The coefficients of the reduced models in the 
polynomial expression were calculated by multiple 
regression analysis.

All the interactions between the variables were sig-
nificant for the removal of COD, turbidity and colour, as 
well as for the generation of settleable solids (Table 5). It 
would not be possible to consider the interactions between 
the variables in the one-factor-at-a-time method, where the 
behaviour of each variable affecting the process is studied 
individually. This demonstrates the advantage of multi-
variate analysis. Amiri and Sabour [29] have studied the 
influence of the initial pH, [H2O2]/[Fe2+] and [Fe2+] in the 
Fenton process with the goal of maximising COD removal 
from landfill leachates and reported an important second 

Table 4
Planning matrix and responses observed in the central composite design

Test No. Variables Responses
[H2O2] [FeSO4] pH Y1 Y2 Y3 Y4 Y5

Factor Valuea [H2O2]/[FeSO4] Value Value (%) (%) (%) (mL∙L–1) (mg∙L–1)
(X1) (mg∙L–1) (X2)b (mg∙L–1) (X3)

1 0.6 (–1) 2,598.9 2 (–1) 1,299.5 2.5 (–1) 74.2 84.3 93.3 120.0 68.2
2 0.6 (–1) 2,598.9 2 (–1) 1,299.5 3.5 (1) 73.7 86.3 94.6 80.0 56.2
3 0.6 (–1) 2,598.9 6 (1) 433.2 2.5 (–1) 48.7 93.3 96.4 60.0 50.2
4 0.6 (–1) 2,598.9 6 (1) 433.2 3.5 (1) 46.9 96.5 99.3 40.0 45.7
5 1.4 (1) 6,064.1 2 (–1) 3,032.1 2.5 (–1) 74.8 85.3 97.5 180.0 74.7
6 1.4 (1) 6,064.1 2 (–1) 3,032.1 3.5 (1) 76.2 88.7 99.3 100.0 68.6
7 1.4 (1) 6,064.1 6 (1) 1,010.7 2.5 (–1) 82.0 92.5 97.8 94.0 51.2
8 1.4 (1) 6,064.1 6 (1) 1,010.7 3.5 (1) 74.5 87.0 88.5 40.0 44.2
9 0.33 (1.68) 1,420.7 4 (0) 355.2 3 (0) 51.4 95.4 97.2 40.0 47.8
10 1.67 (1.68) 7,242.3 4 (0) 1,810.6 3 (0) 64.5 88.1 98.6 60.0 54.7
11 1 (0) 4,331.5 0.64 (–1.68) 6,768.0 3 (0) 78.4 59.0 95.8 150.0 117.9
12 1 (0) 4,331.5 7.36 (1.68) 588.5 3 (0) 61.8 94.1 98.4 40.0 44.6
13 1 (0) 4,331.5 4 (0) 1,082.9 2.16 (–1.68) 81.0 97.1 97.2 120.0 55.2
14 1 (0) 4,331.5 4 (0) 1,082.9 3.84 (1.68) 79.8 90.8 90.2 40.0 29.0
15 1 (0) 4,331.5 4 (0) 1,082.9 3 (0) 78.5 93.2 98.1 50.0 49.1
16 1 (0) 4,331.5 4 (0) 1,082.9 3 (0) 78.4 94.5 97.3 46.0 48.2
17 1 (0) 4,331.5 4 (0) 1,082.9 3 (0) 78.3 94.8 98.0 44.0 47.1
18 1 (0) 4,331.5 4 (0) 1,082.9 3 (0) 78.9 94.0 97.4 48.0 45.8

a[H2O2] = H2O2 factor × 2.125 × CODraw leachate (2,038.4 mg∙L–1)
b[H2O2/[FeSO4] ratio considering O2 stoichiometric quantities necessary for total COD stabilisation. 
Y1: COD removal, Y2: turbidity removal, Y3: colour removal, Y4: generation of settleable solids, Y5: generation of total solids.
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order effect (pH x [Fe2+]), indicating a close correlation 
between the variables. This kind of correlation strength-
ens the need to use multivariate analyses considering 
that one-factor-at-a-time approach would have certainly 
resulted in different conclusions. 

The reduced quadratic models were statistically ana-
lysed through ANOVA (Table 6). All five models were 
satisfactorily fitted to the experimental responses (R² 
> 0.75) and had P-values lower than 0.05, indicating the 
significance of the regressions. However, turbidity and 
colour removal models presented low predictability (with 
Fvalue/Ftable less than 4) and Adj. R² < 0.75, which could be 
explained by the weak relations between experimental 
variables and such responses. Even with this lack of fit, the 
models have been validated experimentally in this work 
(section 3.3).

3.2. Simultaneous optimisation of the responses and optimal 
conditions

3.2.1. H2O2 factor and pH 

The contour plots of the interaction between the H2O2 
factor (X1) and pH (X3) are shown in Fig. 1. The intersection 
between the contour plots according to the pre-defined limits 
(Table 3) was obtained to determine the optimal region (in 
grey, Fig. 2).

It was observed (Fig. 2) that COD removal and the gener-
ation of total solids were responsible for the delimitation of 
the ideal H2O2 concentration. A lack of H2O2 would result in 
insufficient production of •OH to oxidise the organic matter; 
on the other hand, an excess of H2O2 would promote reactions 
that sequester •OH radical, reducing the pollutant degrada-
tion rate, which inhibits the removal process [23]. In addition, 

Table 5
Regression models in terms of decoded variables

Response Proposed quadratic model

Y1 Y X X X X X X X( ) = + − − − − + +58 37 77 66 1 99 9 87 45 51 0 75 2 631 2 3 1
2

2
2

3
2. . . . . . . 99 05 2 36 1 271 2 1 3 2 3. . .X X X X X X− −

Y2 Y X X X X X X X X X( ) = + + − − − −53 86 6 11 17 50 1 43 2 14 0 35 0 281 2 2
2

1 2 1 3 2. . . . . . . XX3

Y3 Y X X X X X X X X X( ) = + − − + +57 84 28 68 5 70 1 26 1 66 0 413 3
2

1 2 1 3 2 3. . . . . .

Y4 Y X X X X X X( ) = + − − + + +748 55 147 30 65 22 370 10 23 61 4 92 571 2 3 1
2

2
2. . . . . . .554 7 19 46 25 5 753

2
1 2 1 3 2 3X X X X X X X− − +. . .

Y5 Y X X X X X X X X( ) = + − + + − −49 71 17 55 27 06 48 25 2 85 9 84 3 021 2 3 2
2

3
2

1. . . . . . . 22

X1: H2O2 factor, X2: [H2O2]/[FeSO4] ratio, X3: pH.
Y1: COD removal, Y2: turbidity removal, Y3: colour removal, Y4: generation of settleable solids, Y5: generation of total solids.

Table 6
ANOVA chart of the response models

Response Source of 
variation

Sum of 
squares

Degrees of 
freedom

Mean square Fvalue Ftable Fvalue/

Ftable

R² Adj. R² P-value

Y1 Regression 2,175.14 9 241.68 28.55 3.39 8.42 0.970 0.936 <0.0001
Residual 67.72 8 8.47
Total 2,242.87

Y2 Regression 1,023.39 6 170.57 7.80 3.09 2.52 0.810 0.706 <0.01
Residual 240.68 11 21.88
Total 1,264.08

Y3 Regression 114.42 5 22.88 7.44 3.11 2.39 0.756 0.654 <0.01
Residual 36.91 12 3.08
Total 151.33

Y4 Regression 30,672.77 9 3,408.09 35.45 3.39 10.46 0.976 0.948 <0.0001
Residual 769.01 8 96.13
Total 31,441.78

Y5 Regression 5,406.51 6 901.09 16.71 3.09 5.41 0.901 0.847 <0.0001
Residual 593.07 11 53.92
Total 5,999.58

Y1: COD removal, Y2: turbidity removal, Y3: colour removal, Y4: generation of settleable solids, Y5: generation of total solids.
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it was observed that a pH between 3.11 and 3.15 favoured 
a wider range of the H2O2 factor. To explain this behaviour, 
it is assumed that this pH range enables faster reactions 
between [Fe(H2O)]2+ and H2O2, reduces the sequestration of 
•OH radicals by the H+ ions, favours the reactions between 
Fe3+ and H2O2, and propitiates the predominance of more 
photoreactive iron complexes [36]. Assuming that sludge is 
formed from the precipitation of Fe3+ as iron oxy-hydroxides 
[39], this explains how pH and a H2O2 concentration out of 
that range resulted in higher sludge generation and lower 
oxidation efficiency.

Regarding the ideal pH, COD removal and total sol-
ids removal delimited the lower limit, while the COD 
and colour removal delimited the upper limit. This can 
be attributed to the effective role of the pH range in the 
oxidation of organic matter, not just its coagulation, which 
resulted in less sludge generation [29], reduction of the 
supernatant’s COD, and higher removal or transforma-
tion of the compounds that give colour to the effluent. The 
removal of the leachate’s colour can be attributed to the 
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Fig. 1. Contour plots as a function of the H2O2 factor (X1) and pH (X3) for the responses: (a) COD removal (Y1), (b) turbidity removal 
(Y2), (c) colour removal (Y3), (d) generation of settleable solids (Y4) and (e) generation of total solids (Y5). Reagents ratio (X2) = 4.

Fig. 2. Optimal region of the following variables: H2O2 factor 
(X1) and pH (X3). Reagents ratio (X2) = 4. All variables are in 
decoded form. Y1: COD removal >75%, Y2: turbidity removal 
>90%, Y3: colour removal >97%, Y4: generation of settleable 
solids <60 mL∙L–1, Y5: generation of total solids <50 mg∙L–1.
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elimination of humic substances responsible for the strong 
brown colour of leachates [11], which demonstrates the 
capability of the photocatalytic process to remove com-
pounds that colour the effluent. 

3.2.2. Reagents ratio and pH

The contour plots of the interaction between the 
reagents ratio (X2) and pH (X3) are shown in Fig. 3. The opti-
mal region resulted from the intersection between the contour 
plots (Fig. 4). 

COD removal and generation of settleable solids simul-
taneously delimited the maximum reagents ratio and the 
minimum pH (Fig. 4). In fact, a very low pH had negative 
effects on the Fenton reaction, and low iron concentrations 
relative to H2O2 concentrations resulted in insufficient gen-
eration of •OH radicals, increased reaction time, propitiated 
a high H2O2 residue level, and contributed to the sequestra-
tion of •OH radicals by the excess H2O2 [36]. The lower limit 
of the reagents ratio was defined by the colour removal and 

 80 
 75 
 70 
 65 
 60 

1 2 3 4 5 6 7

X2

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

X
3

 95 
 90 
 85 
 80 
 75 
 70 

1 2 3 4 5 6 7

X2

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

X
3

 98 
 96 
 94 
 92 

1 2 3 4 5 6 7

X2

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

X
3

 240 
 200 
 160 
 120 
 80 
 40 

1 2 3 4 5 6 7

X2

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

X
3

 100 
 80 
 60 
 40 

1 2 3 4 5 6 7

X2

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

X
3

(a) (b)

(c) (d)

(e)

Fig. 3. Contour plots as a function of the reagents ratio (X2) and pH (X3) for the responses: (a) COD removal (Y1), (b) turbidity removal 
(Y2), (c) colour removal (Y3), (d) generation of settleable solids (Y4) and (e) generation of total solids (Y5). H2O2 factor (X1) = 1.

Fig. 4. Optimal region of the following variables: reagents ratio 
(X2) and pH (X3); H2O2 factor (X1) = 1. All variables are in decoded 
form. Y1: COD removal >75%, Y2: turbidity removal >90%, Y3: col-
our removal >97%, Y4: generation of settleable solids <60 mL∙L–1, 
Y5: generation of total solids <50 mg∙L–1.
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generation of total solids. It must be highlighted that excess 
iron contributes to the increase of sludge generation caused 
by the precipitation of iron oxy-hydroxides, mainly at a high 
pH [40], in addition to favouring •OH sequestration [36], 
which results in a reduction of the compounds’ degradation 
efficiency, particularly of those related to the leachate colour. 
Amiri and Sabour [29] have emphasised the importance of 
an optimal reagents ratio, considering that when this is not 
achieved, •OH radical sequestration reactions may occur 
because of the excess of one of the reagents, and this reduces 
the pollutants’ removal rate and inhibits the process. 

pH was delimited on the upper side (Fig. 4) by COD 
and colour removal, while its lower limit was determined 
by the COD removal and the generation of settleable solids, 
which demonstrates the importance of these responses for 
defining the initial pH of the reaction, as discussed in the 
previous section. 

3.2.3. H2O2 factor and reagents ratio

The contour plots of the interaction between the H2O2 
factor (X1) and the reagents ratio (X2) are shown in Fig. 5. The 
optimal region results of the intersection of the contour plots 
are presented in Fig. 6.

The upper limit of the H2O2 factor was determined by COD 
and colour removal (Fig. 6). High H2O2 concentration reduces 
the removal of organic matter and effluent colour because of 
the combination of excess H2O2 with •OH radicals [25]. The 
upper limit of the reagents ratio was defined by the removal 
of COD and colour. In fact, [H2O2]/[FeSO4] ratios above 
the optimal region affected the removal of organic matter 
and colour because of the lack of catalyst and the excess of 
H2O2, which hindered the generation of radicals that oxidise 
organic matter.

COD removal and generation of total solids determined 
the minimum values of the H2O2 factor and the reagents ratio 
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Fig. 5. Contour plots as a function of H2O2 factor (X1) and reagents ratio (X2) for the responses: (a) COD removal (Y1), (b) turbidity 
removal (Y2), (c) colour removal (Y3), (d) generation of settleable solids (Y4) and (e) generation of total solids (Y5). pH (X3) = 3.
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at the same time. Very low H2O2 concentrations combined 
with relatively high iron concentrations were not the ideal 
conditions to maximise the generation of •OH radicals, 
which hindered the removal of organic compounds and 
favoured higher formation of sludge. In addition, higher 
than the ideal Fe2+/COD ratios do not result in a significant 
increase of the COD removal, do not increase the pollutant 
degradation rates, and cause higher sludge generation [17].

3.2.4. Optimal ranges of the variables

The optimal ranges of the variables (Table 7) were 
determined from the overlay of the contour plots 
(Figs. 2, 4 and 6), considering the most restricted values.

The ideal range of the H2O2 factor varied between 83% 
and 150% of the H2O2 amount relative to the stoichiomet-
ric quantity of O2 necessary to totally stabilise COD. In 
other words, the ideal H2O2 range varied between 1.764 
and 3.188 g of H2O2 per g of COD of initial leachate in the 
process. The ideal [H2O2]/[FeSO4] ratio ranged from 3.7 to 
5.4, which is [H2O2]/[Fe2+] molar ratio between 30.24 and 
44.13, in accordance with previously reported values in 
the literature [36]. Kim and Vogelpohl [41] have reported 
the use of [H2O2]/[Fe2+] molar ratios of 26.2 and 35.0 for the 
photo-Fenton and photo-Fenton-like processes, respectively. 
These values are significantly higher than those used in the 
conventional Fenton process, which results in lower use 
of iron, lower costs, and reduction of sludge generation. 
Moreover, the optimal pH range was in accordance with 
the values adopted for the photo-Fenton process [42,43]. It 
is important to be mentioned that the operational conditions 
of the variables under study are intrinsically related, so they 
must be determined together through the optimal region 
graphs (Figs. 2, 4 and 6), which stresses the importance of 
multivariate process optimisation. Finally, extra tests were 
conducted within the optimal range of the variables to 
confirm if the results were in agreement with the values pre-
dicted by the models.

3.3. Experimental validation

Three tests were performed to validate the optimisation 
process under the following conditions suggested by the over-
lay plots: H2O2 factor = 1, [H2O2]/[FeSO4] = 4, and initial pH of 
~2.9. The results of the experiments were compared with the 
values calculated by the models, as shown in Table 8. The error 
between the calculated and the experimental values varied 
between 0.5% and 5.5% with a standard deviation between 
0.2% and 3.0%, probably because of non-controllable process 
variables, such as reaction temperature and incidence of solar 
radiation. The results show that the model can be reproduced 
within the studied range and that the optimisation process 
can be considered valid. 

4. Conclusion

An investigation on a real municipal solid waste landfill 
leachate was conducted to analyse the effectiveness of the 
solar photo-Fenton process as a post-treatment stage, apply-
ing CCD and RSM in order to develop a predictive model 
and to determine the optimal conditions. The following 
results were obtained out of this study:

•	 Solar photo-Fenton process as a post-treatment method 
proved to be effective in removing recalcitrant organic 

Fig. 6. Optimal region of the following variables: H2O2 factor 
(X1) and reagents ratio (X2); pH (X3) = 3. All variables are in 
decoded form. Y1: COD removal >75%, Y2: turbidity removal 
>90%, Y3: colour removal >97%, Y4: generation of settleable 
solids <60 mL∙L–1, Y5: generation of total solids <50 mg∙L–1.

Table 7
Critical range for each variable under study

Variable Critical range

H2O2 factor 0.83 ≤ X1 ≤ 1.50
[H2O2]/[FeSO4] 3.70 ≤ X2 ≤ 5.40
pH 2.72 ≤ X3 ≤ 3.15

Table 8
Validation tests under the optimal conditions based on the 
overlay plots

Response Test No. Actual Calculated Error 
(%)

SDa 
(±%)

COD 
removal (%)

1 75.4 78.7 4.3 2.4
2 74.4 78.7 5.5 3.0
3 75.5 78.7 4.0 2.2

Turbidity 
removal
(%)

1 90.9 94.2 3.6 2.4
2 92.7 94.2 1.6 1.1
3 93.2 94.2 1.1 0.8

Colour 
removal
(%)

1 99.1 97.6 1.5 1.0
2 99.1 97.6 1.6 1.1
3 98.1 97.6 0.5 0.4

Settleable 
solids
(mL∙L–1)

1 54.0 51.8 4.3 1.6
2 50.0 51.8 3.4 1.3
3 50.0 51.8 3.4 1.3

Total solids
(mg∙L–1)

1 48.1 49.7 3.1 1.1
2 49.4 49.7 0.7 0.2
3 48.9 49.7 1.7 0.6

aSD: Standard deviation
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compounds (>75%), turbidity (>90%) and colour (>97%) 
in a mature landfill leachate.

•	 A disadvantage of the photo-Fenton reaction was mitigated 
by the optimisation of the process in order to minimise 
sludge production, resulting in a generation of settleable 
solids <60 mL∙L–1 and generation of total solids <50 mg∙L–1.

•	 The statistical analysis of the proposed quadratic 
models seemed adequate. Since turbidity and colour 
removal models presented the weakest relations between 
experimental variables and such responses, the models 
have been validated experimentally.

•	 Operational conditions of the variables under study 
are intrinsically related, so they must be determined 
through the optimal region graphs. By the overlay plots, 
the relevance of a multi-response optimisation was 
demonstrated. Consequently, factorial design using a 
univariate approach or adopting a single response are 
incomplete and can lead to inconsistent results.

•	 To reduce the adverse environmental impacts and costs 
related to the photo-Fenton process, sunlight was used 
to potentiate degradation reactions, and two new sludge 
production responses were minimised (generation of 
settleable and total solids). It is suggested that other 
alternatives are researched on bench, pilot and real scale 
to make the process more sustainable, and to improve the 
performance of this process.
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Symbols 

Abs	 –	 Absorbance value
βo	 –	 Intercept constant
βi	 –	 Coefficient of the first order term of factor i
βii	 –	 Coefficient of the quadratic term of factor i
βij	 –	� Interaction coefficient between factors i 

and j
CN	 –	 Colour number
ε	 –	 Residue
k	 –	 Number of variables
l	 –	 Thickness, cm
R2	 –	 Determination coefficient
SAC	 –	 Spectral absorption coefficient, cm–1

Xi and Xj	 –	 Decoded values of the factors
Y	 –	 Response
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