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Abstract

Advanced oxidation technologies (AOTs) are processes affected by a large number of
parameters such as iron (Fe2+) and H2O2 concentrations, pH, temperature, light intensity
and chemical composition (organics and inorganics). In addition, for different industrial
chemical processes, there are different effluents, which greatly vary in chemical compo-
sition from each other, not allowing a unique approach for all of them. Thus, it is
necessary to adjust AOT parameters to the specific effluent to be treated. In such context,
statistical design of experiments (DoE) and response surface methodology (RSM)
emerge as important and widely used tools to determine the effects of multiple variables
on wastewater treatment processes such as photo-Fenton. A revision of academic stud-
ies based on degradation of antibiotics-containing effluents is presented. The chapter
also presents commercial cases of AOT and electrical efficiency considerations.

Keywords: design of experiments, planning of experiments, optimization, advanced
oxidation technology, Fenton’s reagent, pharmaceutic compounds, full scale,
figures-of-merit electrical efficiency

1. Introduction

Analgesics, hormones, anaesthetics, mainly antibiotics are pharmaceutical compounds that

can lead to damages to the environment and public health when are improperly discarded.

The main sources of contamination by compound drugs are due to wastewater, effluent and

inadequate disposal by pharmaceutical industries. Many studies related the presence of these
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compounds in surface water, groundwater, tap water and urban sewage samples. On the other

hand, social and legal demands on the impact of chemical effluents on the environment have

driven the development of many procedure and technologies in order to treat wastewater and

poisoning water by the presence of these compounds.

By this way, those technologies based on advanced oxidation technologies (AOTs) have been

extensively studied for the decomposition of a series of persistent and recalcitrant compounds

present in wastewater into less toxic and/or biodegradable substances. In many cases, these

technologies result in the formation of CO2, H2O and inorganic compounds of all non-oxygen

heteroatom from the oxidation of the organic matter present in the persistent compounds. The

AOTs were defined by Glaze et al. [1] as physicochemical processes involving the generation of

transient species of high oxidizing power, among which the hydroxyl radical (OH) stands

out [1]. This radical has a high oxidizing power (EPHHO•/HO +2.8V, 25�C) and can be generated

by photons (including sunlight) or by other forms of energy, being able to mineralize organic

pollutants to non-toxic as CO2 and H2O. Some AOTs, such as heterogeneous photocatalysis,

radiolysis and other advanced techniques, allow the transformation of toxic contaminants that

are not susceptible to oxidation, such as metal ions and halogenated compounds [2]. Among

the most studied AOTs, heterogeneous photocatalysis employing semiconductors and/or

H2O2/UV/semiconductor has played an important role in relation to emerging technologies

for water treatment, due to the large number of investigations on the subject compared to other

AOTs studied, which is most extensively presented in the literature [2, 3].

The catalytic oxidation of tartaric acid in the presence of ferrous salts and hydrogen peroxide

was reported by Fenton in the mid-1890s. The oxidation of organic compounds under UV

irradiation in the presence of ferric ion in acidic media was verified in the 1950s when it was

postulated that the electron transfer initiated by the irradiation resulted in the generation of
•OH, responsible for the oxidation reactions [4]. Degradation efficiency of different classes of

toxic organic compounds has made the photo-Fenton process activated by sunlight quite

attractive, investigating the use of AOT based on Fenton processes, Photo-Fenton, as well as

derived processes for different applications of environmental interest. In this way, the degree

of interest has led to the rapid technological development of this class of AOT. Consequently, it

is possible to find these pilot scale systems being tested for the final treatment of water for

supply and as tertiary stage of municipal sewage treatment in Canada and Spain [5, 6].

As scientific and technological advances are made involving the use of different advanced

oxidative technologies for effluent and wastewater remediation, the need to optimize these

processes in order to be commercially available for the mineralization and stabilization of

recalcitrant compounds is growing. In this sense, statistical tools based on chemometrics and

design of experiments (DoE) have been used to evaluate the figures of merit to extend the range

of commercially available systems. Chemometrics is defined as the application of mathematical

and statistical models and methods for the solution of chemical problems, in order to maximize

the data collection and to allow the extraction of useful information from the obtained data. The

development of analytical equipment and chemical processes has led to a need for advances in

experimental design methods, with the objective of obtaining secure information in a shorter

time span for instrumental calibration and process efficiency analysis [7, 8].
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Design of experiments (DoE) is defined as a set of statistical techniques applied to the plan-

ning, conduction, analysis and interpretation of controlled tests to find and define factors that

influence the values of a parameter or a group of parameters. Its basic principle allows varying

all the levels of all the variables, discrete or continuous, in a programmed and rational way,

reducing the number of experiments without limiting the number of factors to be analysed.

The use of complete factorial design becomes necessary when assessing the influence of vari-

ables, without running the risk of excluding factors or interactions that may be important [8].

Although for economical reasons, fractional factorial design is usually applied [7, 8].

However, only a small fraction of the scientific papers related to advanced oxidative tech-

nologies makes use of the electrical energy consumption figure-of-merit (EE/O). In our

understanding, one of the best response variables that could be used in the study of waste-

water degradation (pharmaceuticals or not) would be EE/O. With EE/O as variable response

in a design of experiments, not only the main factors associated to the advanced oxidative

processes (light source, catalyst, H2O2, O3, Fe
2+ etc.) but also the kinetics of the reaction and

the energy cost would be used in an experimental study to reach the objective of the process.

There is a gap in the scientific community regarding the use of the EE/O tool that could be

explored by researchers in conjunction with the traditional statistical tool design of experi-

ments.

In this sense, the aim of this chapter is to present the use of physicochemical systems based on

advanced oxidation technology (AOT) for the effluents remediation containing pharmacolog-

ical residues. In addition, it is intended to present the state-of-the-art about design of experi-

ments (DoE) and other statistical tools in order to evaluate the figures-of-merit of

photochemical reactors for the treatment of pharmaceutical effluent.

2. Basics of DoE

Design of experiments (DoE) is not a set of formulas but a technique used to plan experiments,

behind there is a theoretical support with good reasoning math. Basically, it looks good

statistical accuracy in response and a lower cost. Therefore, it is a technique of great impor-

tance for the industry and its use permits the obtaining of more reliable results and thus saving

time and resources.

Design of experiments, in statistics, refers to the whole area of studies that develops technical

planning and analysis of experiments. The main techniques of planning experiments are old;

however, the great many of these techniques requires a good amount of calculations being

essential to use the computational resources.

An experiment is nothing else than a procedure or test in which deliberate alterations are made

in input variables of a process to observe, identify and evaluate possible alterations in the

response variable, as well as the reasons of such alteration. DoE is a test, or series of tests in

which the changes in input variables of a process are known, for then, observe which changes

occur in the response variable.
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Why plan an experiment? To have a set of rules or way outline to obtain a mathematical model

that adequately describes the process investigated, using as few experiments as possible. The

planning will let efficiency and economy in the process.

The planning of an experiment investigates potential factors whose variation might impact the

response-variable (process output). The planning will be used to obtain valid results and

introduce objective conclusions. The planning must maximize the quantity of information that

can be obtained for each variation performed. The experimental factor is the variable that is

controlled to check its effect in the response; the factors can be classified into two types:

qualitative or quantitative. A proper planning has to take into consideration some items: a

DOE investigates a list of potential factors whose variation might impact the process output

• Recognition of the problem

• Set experiment objectives

• Define and know the resources

• Optimize resources to meet the objective

• Carry out the experiment and analysis of results

2.1. Recognition of the problem

The Fenton’s process consists in the use of H2O2/Fe
2+ and was first observed by Fenton in 1894.

In solution, ferrous ions (Fe2+) initiate and catalyze the decomposition of H2O2 and lead to the

formation of hydroxyl radical (•OH). Mixtures of Fe2+ and H2O2 are called Fenton reagent. If

Fe2+ is replaced by Fe3+, it is called Fenton-like reagent.

The efficiency of this process is directly linked or related to other experimental parameters,

such as pH, concentration of hydrogen peroxide, iron concentration, concentration of organic

matter, intensity of radiation UV-Vis, exposure time and volume of solution.

2.2. Set the experiment objectives

A good problem implies to define the goal of the experiment. This objective must be non-

biased, specific, measurable and should lead to a practical result. The aim is to answer the

following question: What do you want to investigate? It depends on the operational variables

(factors) to be studied, and the way they relate to each other (synergism or antagonism effects)

in the process. The DoE allows evaluating synergic and antagonistic effects of the operational

variables simultaneously and with a reduced number of experiments. Therefore, one must

investigate the changes in the input variables of this process and then observe which changes

occur in the response variable. The objective of experimental design is to optimize the experi-

mentation process to obtain as much information as possible.

2.3. Define and know the resources

One must choose and select the variables that are possible to be studied and which probably

interfere with the system. In the photo-Fenton process, the variables most studied are pH,
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concentration of hydrogen peroxide, the concentration of iron, concentration of organic matter,

intensity of radiation (UV-Vis) and time of exposure. The variable response must be chosen

with the assurance that the result really supplies useful information about the process under

study. One of the possible variables was chosen is the Total Organic Carbon (TOC) removal

rate.

The choice of factors and levels must encompass the ranges over which these factors will vary

and the specific levels in which each assessment will be carried out. The variables that were not

selected must be fixed during the entire experiment. Instruments, equipment, places, people,

reagents, time spent and cost of the process are external variables to the process that may

influence the application of the method after optimization.

2.4. Optimize resources to meet the objective

Optimization of resources (e.g. chemicals, materials, energy and staff) is a mandatory part of a

process. In this step, the sample size should be defined and which and howmany levels will be

used for each factor should also be known. Only factors that affect the response variable

should be selected. Moreover, the way the measures be carried out, the data acquisition

method, the equipment or instruments that will be necessary along the experiments should

also be defined. Assess whether the parameters involved can be harmed, and evaluate what

can go wrong (time, costs, company reputation, etc.). In the optimization of resources step,

even in a preliminary way, choose which statistical method will be used to evaluate results.

The choice of DoE involves consideration of sample size (number of replications), selection of

an appropriate order of experimental runs, formation of experimental blocks or other restric-

tions involved.

Plan experiments is to define an experimental data acquisition sequence to reach certain

objective, among the methods the factorial planning is most useful when the user wants to

study the effects of two or more variables, so that in each attempt, or replies, all possible

combinations of the levels of each variable are investigated.

2.5. Carry out the experiment and analysis of results

It is necessary to carry out the experiments with rigor—paying attention to minimum details in

each run—to ensure that everything is being performed according to the planning. Any errors

in the experimental procedure disable the experiment. In data analysis, statistical methods

must be used so that the results and conclusions are not an opinion but goals. If the experiment

was planned properly and was carried out in agreement to the planning, the application of

statistical methods would not be complicated. Excellent statistical packages exist to help in

data analysis and graphical methods are the simplest and easiest in data interpretation.

2.5.1. Software

Statistica—developed by Stat Soft—it is one of the systems with an easy-to-use look with a

good graphical interface, the software can make correlations, brings several descriptive statis-

tics, a wide range of tables and a variety of graphical analyses. http://www.statsoft.com/
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SAS—‘Statistical Analysis System’ Developed by SAS—It is one of the best systems used by

statisticians. SAS is an integrated system for data analysis applications, consisting of data

recovery, file management, statistical analysis, database access, generation of graphs and

generation of reports (http://www.sas.com/).

MINITAB—developed by Minitab—this is a classic software for statistical purposes. Its inter-

face is similar to a spreadsheet such as Microsoft Excel or Calc of OpenOffice/LibreOffice but

with the ability to perform complex statistical analyses. It offers tools of Quality Control,

Planning of Experiments (DoE), Reliability Analysis and General Statistics. http://www.

minitab.com/

ACTION STAT—developed by Estatcamp. Action Stat under R—which is a free software

environment for statistical computing and graphics, and one of the most widely used statistical

environments. Action Stat connects with Excel to provide a graphical interface for statistical

applications (http://www.portalaction.com.br/).

DESIGN EXPERT—Developed by Stat-Ease—it is a Windows®-based software intended to

optimize a product or process. It provides many statistical tools such as: two-level factorial

screening designs; general factorial studies; response surface methods (RSM); mixture design

techniques; combinations of process factors, mixture components and categorical factors and

design and analysis of split plots (http://www.statease.com).

3. Design of experiments applied to advanced oxidation technologies

Advanced oxidation technologies are affected by a large number of parameters such as iron

(Fe2+) and H2O2 concentrations, pH, temperature, light intensity, organic chemical content,

among others. In addition, for different industrial chemical processes there are different efflu-

ents, which greatly vary in this chemical composition from each other, not allowing a unique

approach for all of them. Thus, it is necessary to adjust AOT parameters to the specific effluent

to be treated.

This adjustment could be performed using the one-variable-at-a-time (OVAT) approach, but this

procedure is time-consuming and less effective due to multiple variable nature of AOT. Statistical

design of experiments (DoE) and response surface methodology (RSM) emerge as important and

widely used tools to determine the effects of multiple variables on objective functions to be

optimized. Different types of DoE used for AOT evaluation include two-level factorial design (2k

FD), central composite design (CCD) and Box-Behnken design (BBD), as can be seen on Table 1.

3.1. Two-level factorial design (2k FD)

Factorial designs are a widely used and efficient way to evaluate the effects of two or more

factors and the interactions among them on response variables. When compared to the one-

variable-at-a-time (OVAT) experiments, factorial designs exhibit higher relative efficiency,

avoid misleading conclusions when interactions are present and allow the effect estimation of
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Reference AOT Organic matter DoE Independent factor: range

Ay and Kargi [9] Fenton Amoxicillin BBD Amoxicillin concentration:

10–200 mg L�1

[H2O2]: 10–500 mg L�1

[Fe2+]: 0–50 mg L�1

Ay and Kargi [10] Photo-Fenton Amoxicillin BBD Amoxicillin concentration:

10–200 mg L�1

[H2O2]: 10–500 mg L�1

[Fe2+]: 0–50 mg L�1

Irani et al. [11] Coupled

adsorption/photo-

Fenton

Phenol and paracetamol BBD pH: 3–4

Phenol initial

concentration:

20–100 mg L�1

Paracetamol initial

concentration:

20–100 mg L�1

NaX to cobalt ferrite

nanoparticles ratio: 0.5–1.5

Diniz [12] Fenton Hospital sewage 22 FD [Fe2+]: 0.1–0.5 g L�1

[H2O2]: 0.1–0.5 g L�1

Marcelino [13] Ozonation Amoxicillin and cephalexin 22 FD pH: 5–12

O2 flow rate: 0.5–1 Lmin�1

Marcelino [13] Fenton Amoxicillin and cephalexin 22 FD [Fe2+]: 100–500 mg L�1

[H2O2]: 1000–1500 mg L�1

Marcelino [13] Photo-Fenton Amoxicillin and cephalexin 22 FD [Fe2+]: 100–500 mg L�1

[H2O2]: 1000–1500 mg L�1

Dwivedi et al. [14] Fenton Carbamazepine 23 FD pH: 2–6

[H2O2]: 0.5–3 g L�1

Contact time: 10–30 min

Silva [15] Photo-Fenton Amoxicillin 24 FD Amoxicillin concentration:

20–60 mg L�1

[Fe2+]: 5–15 mg L�1

[H2O2]: 50–150 mg L�1

UV light intensity: 0–96 W

Dwivedi et al. [14] Fenton Carbamazepine CCD pH: 1.37–5.62

[H2O2]: 0.34–11.65 g L�1

Pérez-Moya et al. [16] Photo-Fenton Sulfamethazine CCD [H2O2]: 176–1,024 mg L�1

[Fe2+]: 12–68 mg L�1

Silva et al. [17] Photo-Fenton Phenol CCD [NaCl]: 0.04–5,857.86 ppm
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Reference AOT Organic matter DoE Independent factor: range

[Na2SO4]: 0.04–5,857.86

ppm

Affam et al. [18] Modified Fenton

(FeGAC/H2O2)

Amoxicilin and cloxacillin CCD H2O2/COD molar ratio:

0.32–3.68

[FeGAC]: 1–6 g L�1

Reaction time: 39.55–140.45

min

Almeida [19] Photoelectro-Fenton Paracetamol CCD Electric current: 3.5–8.5 A

[Fe2+]: 3.30 � 10�4
–

1.17 � 10�3 mol L�1

pH: 1.37–4.36

Frade [20] Fenton Enrofloxacin CCD [H2O2]: 0.1–0.9 g L�1

[Fe2+]: 5.0 � 10�3
–

1.2 � 10�1 g L�1

Temperature: 0–40�C

Homem et al. [21] Fenton CCD [H2O2]: 4.2 � 10�4
–

4.28 � 10�3 g L�1

Amoxicillin [Fe2+]: 3.0 � 10�5
–

3.5 � 10�4 g L�1

Temperature: 20–70�C

Rozas et al. [22] Fenton and photo-

Fenton

Ampicillin CCD [Fe2+]: 5.3 � 10�5
–

8.7 � 10�5 mol L�1

[H2O2]: 2.3 � 10�4
–

5.7 � 10�4 mol L�1

pH: 2.3–5.7

Sarrai et al. [23] Photo-Fenton Tylosin CCD [Fe2+]: 6.4 � 10�4
–

7.36 � 10�3 g L�1

[H2O2]: 1.32 � 10�4
–

4.68 � 10�4 g L�1

pH: 1.89–3.9

Zaidan et al. [24] Photo-Fenton Phenol CCD [Fe2+]: 1.59 � 10�3
–

1.50 � 10�2 mol L�1

[H2O2]: 5.93–21.06 g L�1

Reaction time: 39.55–140.55

min

Arslan-Alaton et al. [25] Photo-Fenton-like Naphthalene sulphonic

acid (H-acid)

CCD Reaction time: 6–30 min

[COD]: 0.15–0.75 g L�1

[H2O2]: 1 � 10�2
–5 � 10�2

mol L�1

[Fe3+]: 5.0 � 10�4
–

2.5 � 10�3 mol L�1
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a factor at different levels of the other factors. The two-level factorial design with k factors (2k)

is the most important of these special cases. In this methodology, the factors vary from a ‘low’

level (also designated as �1) to a ‘high’ level (also designated as +1). The 2k factorial design (2k

FD) is a powerful factor screening tool at initial research stages, since it provides the smallest

number of experiments to be run when many factors are investigated [27].

The number of runs in a set of two level factorial design comprises 2k factorial points and

central points. A usual matrix (treatment combinations) for two (22) and three (23) factors are

presented in Table 2, in a coded representation.

In Table 2, runs 1–4 (for 2 factors, Table 2a) and 1–8 (for 3 factors, Table 2b) are called factorial

points and consists in all 2k possible combinations for the low and high levels of all factors.

Runs 5–7 (for 2 factors, Table 2a) and 9–11 (for 3 factors, Table 2b) are called central points and

are used to obtain an estimate of the error, in order to allow the identification of the significant

factors for a defined confidence interval. In general, three to five central points are

recommended to obtain a good estimation of response variance. At the central points, the

factors assume the mean value between their own low and high levels.

Geometrically, the space delimitated by the factors range of variation is represented by a

square and a cube, as can be seen in Figure 1, for two and three factors, respectively.

The results of 2k FD can be expressed using a first-order regression model (Eq. (1)):

y ¼ β0 þ
Xk

j¼1

βjxj þ
XX

i<j

βijxixj ð1Þ

Where y corresponds to the response variable, xj (xi) represents the coded factors, β0 is the mean

value of response variable, βj’s represent the linear coefficients and βij’s represent the interaction

coefficients. The relationship between the coded (x) and natural (actual) factors (X) is as follows:

x ¼
X� X0

Δ
ð2Þ

Δ ¼
Xhigh � Xlow

2
ð3Þ

Reference AOT Organic matter DoE Independent factor: range

Domínguez et al. [26] Integrated

Fenton/photo-Fenton-

like

Carbamazepine CCD pH: 2.5–4.5

[H2O2]: 0–1.68 � 10�4 mol

L�1

[Fe2+]: 0–1.68 � 10�5 mol

L�1

[Fe3+]: 0–1.68 � 10�5 mol

L�1

Table 1. Studies applying design of experiments for evaluation of advanced oxidation technologies.
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Where X0, Xlow, and Xhigh are the value of the natural factor at central point, low level and high

level, respectively. For the cases discussed above, Eq. (1) becomes:

k ¼ 2factors: y ¼ β0 þ β1x1 þ β2x2 þ β12x1x2 ð4Þ

k ¼ 3factors: y ¼ β0 þ β1x1 þ β2x2 þ β3x3 þ β12x1x2 þ β13x1x3 þ β23x2x3 ð5Þ

In Eq. (1), coded variables are preferably used instead of natural factors since coded factors

allow an effective evaluation of relative size of factors effects. This means that depending on

the ranges and units of natural variables, their relative effects could be masked, leading to

erroneous simplification of the model.

Run

Factor

A B C

Run

Factor 1 �1 �1 �1

A B 2 +1 �1 �1

1 �1 �1 3 �1 +1 �1

2 +1 �1 4 +1 +1 �1

3 �1 +1 5 �1 �1 +1

4 +1 +1 6 +1 �1 +1

5 0 0 7 �1 +1 +1

6 0 0 8 +1 +1 +1

7 0 0 9 0 0 0

10 0 0 0

11 0 0 0

(a) (b)

Table 2. Two-level factorial designs: (a) two factors; (b) three factors.

Figure 1. Geometric view of two-level factorial designs: (a) two factors and (b) three factors.
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The general approach to the statistical analysis of 2k factorial design consists in the following

steps [27]:

• Obtain the generalized model (full model) adjusting the regression model described by

Eq. (1) to the experimental data.

• Define a confidence interval and perform an Analysis of Variance (ANOVA) to identify the

statistical significant terms of Eq. (1) (single factors and interaction factors).

• Refine the model, excluding the non-significant terms from the model and adding them to

the lack of fit, and recalculate the coefficients.

• Verify the model adequacy performing a residual analysis.

• Built response surfaces (or contour plots) to perform the graphical interpretation of the results.

Since Eq. (1) is a first-order model, the response surface described is a plane. Then, it is not

possible to affirm that the highest value exhibited corresponds to an optimal value. However,

the response surface can be used to obtain a direction of potential improvement using the

method of steepest ascent.

3.2. Central composite design (CCD)

The model described by Eq. (1) allows the representation of some curvature on response

surface, as the result of twisting of the plane caused by the interaction of factors. However, if

there is no curvature with identification of maximum or minimum points in the graph, it is

then necessary to provide more information for the mathematical model. For that cases, a

second-order model regression may be used [27].

If there is no curvature, then the mean response at the centre point equals the average of the

mean response of the factors at their low and high settings (the corners of the design space).

Curvature is detected when the average mean response at the centre points is significantly

greater or less than the average mean response of the factors at their low and high settings.

y ¼ β0 þ
Xk

j¼1

βjxj þ
XX

i<j

βijxixj þ
Xk

j¼1

βjjx
2
j ð6Þ

where βjj’s represent the quadratic term coefficients.

The addition of more coefficients to the model implies the necessity of a higher number of runs

to allow a reliable coefficient estimation. This increase is usually done by adding axial points to

the factorial design, resulting in the central composite design (CCD). The impact of the axial

point addition can be visualized in Figure 2, where the study space is larger when compared to

the factorial design (Figure 1).

The codified α level depends on the number of factors:

α ¼ 2k=4 ð7Þ

For 2 and 3 factors, α becomes equal to 1.41 and 1.68; respectively. The usual treatment

combinations are presented in Table 3.
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Figure 2. Geometric view of central composite designs: (a) two factors and (b) three factors.

Run

Factor

A B C

1 �1 �1 �1

Run

Factor 2 1 �1 �1

A B 3 �1 1 �1

1 �1 �1 4 1 1 �1

2 1 �1 5 �1 �1 1

3 �1 1 6 1 �1 1

4 1 1 7 �1 1 1

5 �1.41 0 8 1 1 1

6 +1.41 0 9 �1.68 0 0

7 0 �1.41 10 +1.68 0 0

8 0 +1.41 11 0 �1.68 0

9 0 0 12 0 +1.68 0

10 0 0 13 0 0 �1.68

11 0 0 14 0 0 +1.68

15 0 0 0

16 0 0 0

17 0 0 0

(a) (b)

Table 3. Central composite designs: (a) two factors; (b) three factors.
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In Table 3, runs 5–8 (for 2 factors, Table 3a) and 9–14 (for 3 factors, Table 3b) are called axial

points. For the cases discussed above, Eq. (6) becomes:

k ¼ 2factors: y ¼ β0 þ β1x1 þ β2x2 þ β12x1x2 þ β11x
2
1 þ β22x

2
2 ð8Þ

k ¼ 3factors: y ¼ β0 þ β1x1 þ β2x2 þ β3x3 þ β12x1x2 þ β13x1x3 þ β23x2x3 þ β11x
2
1 þ β22x

2
2 þ β33x

2
3

ð9Þ

The statistical analysis of central composite design follows the steps presented for the 2k

factorial design, now considering the quadratic terms.

3.3. Box-Behnken design (BBD)

Box-Benhken is a three-level DoE that comprises 2k factorial points with incomplete block

design and is used to fit second-order model regression. For three factors, this methodology

corresponds to spherical revolving design, corresponding to a centre point surrounded by the

middle points of the edges of a cube circumscribed on a sphere of radius
ffiffiffi

2
p

[27] (Figure 3).

Figure 3 shows that Box-Behnken design do not contain any points at the vertices of the cubic

region delimitated by the upper and lower levels of each factor (corner points), making this

Figure 3. Geometric view of a three-factor Box-Behnken design.
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methodology advantageous when these points represent expensive or physically impossible

experimental conditions [27]. Table 4 represents a three factor Box-Behnken design matrix.

3.4. Optimization

Box-Behnken design is also an efficient response surface methodology, since it requires a lower

number of runs when compared to central composite design, as can be seen comparing

Tables 3 and 4.

When a design of experiments is performed, the goal resides in obtaining factor values that

optimize (maximize or minimize) the response variables. In general, this objective could be

achieved using a sequential strategy, in which a factorial design (2k FD, for example) followed

by a response surface methodology (CCD, for example) are employed in sequence. This

procedure is important, since it allows to fit (correct) the factors range of variation and remove

non-significant factors from the study.

However, a problem arises when multiple responses are evaluated and need to be optimized

simultaneously. This optimization could be performed using several approaches such as to

overlay the response surfaces (which is useful for less than three factors); formulation and

resolution of constrained optimization problems, using nonlinear programming methods and

the desirability functions.

Run

Factor

A B C

1 �1 �1 0

2 �1 +1 0

3 +1 �1 0

4 +1 +1 0

5 �1 0 �1

6 �1 0 +1

7 +1 0 �1

8 +1 0 +1

9 0 �1 �1

10 0 �1 +1

11 0 +1 �1

12 0 +1 +1

13 0 0 0

14 0 0 0

15 0 0 0

Table 4. Three factor Box-Behnken design.

Statistical Approaches With Emphasis on Design of Experiments Applied to Chemical Processes34



The use of desirability functions consists in converting all the m response variables (yi) into

individual desirability functions (di), making them vary from 0 to 1, which means non-

achievement and achievement of the goal, respectively. Thus, the overall desirability function

(D) is built according to Eq. (10), and the individual desirability functions are varied in order to

optimize D.

D ¼ ðd1:d2…dmÞ
1 m= ð10Þ

4. Advanced oxidation processes: photo-Fenton technology

Many organic chemicals discharged into the aquatic environment are not only toxic but also

only partly biodegradable and are not easily degraded by conventional biological wastewater

treatment plants. That is the reason to develop effective methods aiming degradation of

chemical pollutants, either to less noxious transformation products or to their complete miner-

alization (mainly to CO2 and H2O molecules). Throughout the last decades, new methods for

water and wastewater cleaning processes, called as advanced oxidation technologies, have

received more attention. High rates of pollutant oxidation, flexibility concerning water quality

variations and small dimensions of reactors are some advantages of such processes. On the

other hand, high operating costs and special safety requirements because of the use of very

reactive chemicals (ozone, hydrogen peroxide, etc.) and high-energy sources (UV lamps,

electron beams, radioactive sources) are the main negative concerns about AOT.

Advanced oxidation technologies (AOT) imply the use of powerful oxidizing intermediates

(the hydroxyl radical OH) which can oxidize and degrade primarily organic pollutants from

air and water. The term advanced is used because the chemical reactions involved are essen-

tially the same (except billions of times faster) as the reactions that would occur if these

pollutants were exposed in a natural environment. The ubiquitous occurrence of hydroxyl

radicals (•OH) in various types of environments that include natural waters, the atmosphere,

biological systems and interstellar space is now well established. Hydroxyl radicals were first

discovered in 1934 by Haber andWeiss in what is known today as the Fenton reaction [28]. It is

now well known that, under most atmospheric conditions, •OH radicals govern the oxidative

capacity of the natural atmosphere. •OH radicals are composed of a hydrogen atom bonded to

an oxygen atom which makes them highly reactive, readily stealing hydrogen atoms from

other molecules to form water molecules [29].

AOTs have been defined by Glaze et al. [1] as ‘near ambient temperature and pressure water

treatment processes which involve the generation of a very powerful oxidizing agent such as

hydroxyl radical (•OH) in solution in sufficient quantity to effective water purification’. AOTs

are applied whenever conventional oxidation techniques are insufficient, when process kinet-

ics becomes very slow, or because contaminants are refractory to chemical oxidation in aque-

ous medium or partially oxidized yielding stable transformation products showing even

greater toxicity than the starting pollutants. However, it must also be taken into consideration

that the oxidation ability of most AOT diminishes considerably when treating high organic

matter contents (>5.0 g L�1), thereby requiring the consumption of excessive amounts of

expensive reactants that makes the treatment far less cost-affordable.
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AOTs oxidize a broad range of contaminants, including those that are not readily removed

with other advanced technologies (e.g. reverse osmosis or granular activated carbon). Most of

the commercially viable AOTuse either ozone or photochemical processes [i.e. ultraviolet (UV)

or visible light] to generate OH [30]. In AOT, •OH radicals are generated usually by coupled

chemical and/or physical systems that include H2O2/Fe(II) or H2O2/Fe(III) (Fenton), H2O2/

catalyst or peroxide/catalyst (Fenton-like), O3 (ozonation) and H2O2/O3 (peroxone) that are

often associated with an irradiation technique, namely vacuum-UV radiation, UV radiation

(low-, medium-, or high-pressure lamps), pulse radiolysis or ultrasound [29].

Since its first use [28], until now, the most effective and simple way of generating hydroxyl

radicals for organic pollutants degradation is by classical Fenton reaction (Eq. (11)) [31].

Fe2þ þH2O2 ! Fe3þ þ �OHþOH� ðk ¼ 74 M�1 s�1Þ ð11Þ

However, one of the main inconveniences of Fenton reaction is the rapid consumption of Fe2+

(Eq. (11)) and a very slow regeneration of Fe2+ by ‘Fenton-like’ reaction (Eq. (12)). Fenton-based

degradation process, therefore, demands a high initial concentration or a continuous dosage of

Fe2+. This disadvantage is overcome in photo-Fenton process wherein (UV-Visible irradiation,

λ < 550 nm), Fenton/Fenton-like reaction (Eq. (11)) is paired with UV irradiation to regenerate

Fe2+ (Eq. (13)), thereby minimizing the Fe2+ dosage for degradation [31].

Fe3þ þH2O2 ! Fe2þ þHO�
2 þHþ ðk 0 ¼ 0:02 M�1s�1Þ ð12Þ

Fe3þ þH2O2!
hν
Fe2þ þ �OHþHþ ð13Þ

Consequently, the photo-Fenton has been recognized as a prospective UV-based AOT for

treatment of industrial waste water. In photo-Fenton process, Fe(III) aqua species, mainly the

hydroxo complex [Fe(H2O)5OH]2+ formed at pH~3 is photoactive and regenerates Fe(II) upon

UV irradiation [31]. In the photo-Fenton process, only iron is catalytic, whereas hydrogen

peroxide plays a sacrificial role. The mechanism of the process is very complex and still

remains incompletely elucidated; it is widely accepted that hydroxyl radical plays a major role

as oxidizing agent, although the involvement of other species, such as high-valence iron, has

not been ruled out [32].

When it comes to industrial applications, the scientific literature is scarce and, basically, in the

same situation observed by Vogelpohl [33]. There is a lack of published data providing

comparisons with bench-scale or pilot-scale data. Moreover, studies developed by companies

are often only disclosed internally. As noted by Vogelpohl [33], there are few data on costs,

both for installation and for operation, without which there will be a considerable gap between

academia and industry. On the other hand, the growing number of patents in the area is a

positive factor that indicates that the acceptance of AOTs by the industrial sector is growing

each year. By performing a simple search (5 January 2017), through the Google Patents robot,

the expression ‘advanced oxidation process*’ generated a total of 3384 results, the keyword

‘fenton’ generated 22,977 results, whereas ‘wastewater AND pharmaceut* AND fenton’ strat-

egy obtained 1379 results. In this bibliographic research, other forms of publication other than

patents were excluded.
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Despite scarce literature information—compared to academic number of papers—about

industrial applications of AOT for water and air remediation, advanced oxidation processes

have been successfully commercialized during recent years [34]. Basically, advanced oxidation

solutions begin with a wastewater chemical study and a geologic data evaluation (for treat-

ment of contaminated soil and groundwater). A critical step in ensuring the success of a

treatment program is the selection of the appropriate chemical reagent and application

method. An initial bench-scale is useful to select the appropriate method. Previous information

from the scientific literature (reports, academic studies, conference proceedings and papers) is

mandatory to the chemical remediation industry. In commercial scale of Fenton’s reagent,

H2O2 dosage of 5–35% (w/w) is applied. The initial weight of H2O2 and Fe2+ are based on

contaminants levels, chemical characteristics, type of soil to be treated, and the specific ratio of

H2O2:Fe
2+ determined during the laboratory study (bench scale previous tests). Occasionally,

additional reagents may be applied because of heterogeneity of the medium and to diminish

H2O2 rate of decomposition aiming additional contact time for the contaminants. If the natural

pH of the contaminant site is not low enough for efficient hydroxyl radical generation, H2SO4

may be added to adjust pH prior to the Fenton’s reagent application. Some commercial

applications of AOT are shown as follows:

Calgon Carbon Corporation has provided advanced oxidation technologies for disinfection

drinking water, municipal wastewater and industrial wastewater with low-pressure and

medium-pressure lamps UV reactors (SENTINEL®, C3 Series™, and RAYOX® systems).

According to Calgon Carbon Corp., each Sentinel® reactor is able to treat 200 million litres of

industrial effluents a day, accommodating pipe size from 12 to 48 inches. On the other hand,

Rayox® has reactors from lab scale (batch test units with 1 kW, 30 kW, 60 kW and 90 kW) to

large applications with patented lamp-cleaning device.

The Geo-Cleanse® process is a patented, in-situ chemical oxidation technology that utilizes

Fenton’s reagent andmodified-Fenton’s reagent to destroy organic compounds fromwastewater

and soil. As an example of AOT application, Geo-Cleanse International treated groundwater

contaminated with high concentrations of perchloroethylene (PCE) and its transformation prod-

ucts at a landfill (25-acre area) located on the Naval Submarine Base, Kings Bay Georgia. The

source of PCE contamination was identified on the perimeter of the landfill with concentrations

of over 9000 µg L�1. Injection of chemical reagents and catalyst was implemented by the

placement of 23 injection wells. The AOT achieved over a 98% destruction of chlorinated hydro-

carbons.

Another in-situ chemical oxidation solution is provided by CleanOX® that is based on the

Fenton’s reagent. In-Situ Oxidative Technologies Inc. provides ISOTEC’s modified Fenton’s

reagent (MFR), which consists of injecting patented chelated iron catalysts and stabilized

hydrogen peroxide into contaminated aquifers (at pH~7).

In-Situ Technieken (The Netherlands) treats contaminated soil also with Fenton’s reagent

with a process that can be combined (or not) with aerobic/anaerobic biological degradation

(BISCO®). The Dow Chemical produces raw materials for the polyurethane industry in

Delfzijl (The Netherlands). The soil at the site of the sandblasting area was polluted with

monochlorobenzene (MCB). The DOW plant in Delfzijl was obliged to submit the principles

for a soil remediation plan to the Provincial Government of Groningen. The remediation was
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carried out with AOT and in accordance with the Netherlands Directive for Soil Protection

(NRB).

On-Contact Remediation Process® by Environmental Business Solutions International Inc.

(EBSI) is another commercial AOT process. In one of the examples provided by EBSI Inc., in-

situ remediation was successfully implemented in Boston, Massachusetts. Fuel oil, gasoline

and several plasticizer additives, including bis-2-ethylhexyl phthalate (DEHP) were stored in

underground storage tanks (UST) outside the facility loading bays. Light Non-Aqueous Phase

Liquid, consisting of fuel oil and DEHP, was discovered at the site in the late 1980s and various

methods to remove it had been attempted over many years. After three rounds of oxidizer

treatment, LNAPL levels were reduced by more than 70% by AOT.

There has been a tendency to quote treatment costs per unit volume for a waste stream and

technology (e.g. dollars/1000 gal); however, such notation does not consider the concentration

of the contaminant nor the treatment goals. Bolton et al. [35] proposed figures-of-merit that are

based on electrical energy consumption within two phenomenological kinetic order regimes:

one for high contaminant concentrations and one for low concentrations. A simple under-

standing of the overall kinetic behaviour of organic destruction in a waste stream (i.e. whether

zero or first order) is necessary for describing meaningful electrical efficiencies. These standard

figures-of-merit are valuable in that they give a direct link to the electrical efficiency of an

advanced oxidation process, independent of the nature of the system and therefore also allow

comparison of widely disparate AOT. Such figures-of-merit are necessary not only to compare

AOT, but also to provide the requisite data for scale-up and economic analyses for comparison

with conventional treatment technologies (e.g. carbon adsorption/regeneration, air stripping

and incineration).

There are many important factors in selecting a waste-stream treatment technology including

economics, economy of scale, regulations, effluent quality goals, operation (maintenance,

control and safety) and robustness (flexibility to change/upsets). Although all these factors are

important, economics is often sovereign. A full economic analysis of the net present cost (i.e.

amortized investment, installation and operating costs) of implementing a wide range of

treatment technologies represents an arduous task and often can be both site- and problem-

specific. A simple figure-of-merit based on electrical energy consumption can be very useful

and informative for AOT, since these processes are often electrical energy intensive and elec-

trical energy can represent a major fraction of the operating costs. Moreover, electrical energy

dosage requirements also dictate the size of the capital equipment needed to generate the

requisite dosage, thus investment should also tend to scale with this figure-of-merit [35].

Asaithambi et al. [36] compared the performance of the photo (UV), Fenton, photo-Fenton

and ozone-photo-Fenton processes in terms of colour removal and chemical oxygen

demand (COD) removal of distillery industrial effluent together with the associated electri-

cal energy per order. The colour and COD removals of industrial effluents were investi-

gated using the pseudo first-order kinetic model. It was observed from the experimental

results that O3/UV/Fe2+/H2O2 process yielded a 100% colour and 95.50% COD removals with

electrical energy per order of 0.015 kWhm�3 compared to all other combinations of AOT.
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Lin et al. [37] investigated the degradation of ofloxacin antibiotics by UV/H2O2 process in a

large photoreactor, and the effects of UV wavelength, H2O2 dosage and pH on this process.

The degradation of ofloxacin proceeded more rapidly under UV-254 nm than under UV-

365 nm. The degradation of ofloxacin by the UV/H2O2 process followed pseudo-first-order

kinetics. At pH 3 and an H2O2 dosage of 0.27 g L�1, 97% of ofloxacin was degraded under UV-

254 nm after 30 min. The electrical energy per order of removal (EE/O) figure-of-merit value for

the treatment of 10 mg L�1 ofloxacin by the UV-365 nm/H2O2 process was 22.5 kWh m�3 per

order. However, that of the UV-254 nm/H2O2 process was significantly lower, at 2.2 kWh m�3

per order.

Lin and Wu [38] studied the effectiveness of the UV/S2O8
2� process in the degradation of

ciprofloxacin antibiotics in aqueous solutions without adjusting their pH using a large

photoreactor. The EE/O values for 10 mg L�1 ciprofloxacin treatment by the UV/S2O8
2� pro-

cess at various Na2S2O8 concentrations were calculated. The lowest EE/O value in the

UV/S2O8
2� process was calculated as 0.653 kWh m�3 per order at Na2S2O8 concentration of

3.84 g L�1.

Only a small fraction of the scientific papers related to advanced oxidative technologies makes

use of the electrical energy consumption figure-of-merit. In our understanding, one of the best

response variables that could be used in the study of wastewater degradation (pharmaceuti-

cals or not) would be EE/O. With EE/O as variable response in a design of experiments, not

only the main factors associated to the advanced oxidative processes (light source, catalyst,

H2O2, O3, Fe
2+

, etc.), but also the kinetics of the reaction and the energy cost would be used in

an experimental study to reach the objective of the process. There is a gap in the scientific

community regarding the use of the EE/O tool that could be explored by researchers in

conjunction with the traditional statistical tool design of experiments.
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