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Response surface methodology is a widely used technique for modelling and optimization of the photocatalytic treatment
processes of water and wastewater. This methodology not only estimates linear, interaction and quadratic effects of the
factors on the response, but also provides a prediction model for the response at the range of the variables studied and
the optimum conditions to achieve the highest performance. The present paper reviews the results of application of this
innovative methodology in modelling and optimization of the photocatalytic treatment processes. Different experimental
designs including 3* factorial, Doehlert, Box—Behnken and central composite designs have been developed to describe the
treatment processes of dyeing effluents, pharmaceutical agents and hazardous phenolic compounds. The results showed that
response surface methodology can describe the behaviour of complex reaction systems, such as photocatalytic processes, in
the range of experimental conditions adopted. Optimization based on response surface methodology can also estimate the
conditions of the photocatalytic processes to achieve the highest performance.

Keywords: photocatalyst; TiO, nanoparticles; ZnO nanoparticles; experimental design; water treatment

Introduction

Treatment of hazardous industrial effluents is one of the
growing needs of the present time. Advanced Oxidation
Processes (AOPs) have been developed to convert non-
biodegradable contaminants into harmless species [1-3].
Heterogeneous photocatalysis, a novel process belonging
to the class of AOPs, via combination of photocatalysts,
such as TiO, and ultraviolet (UV) light, is as an attrac-
tive alternative treatment method for the removal of toxic
pollutants from wastewater, owing to its ability to degrade
the pollutants into innocuous end-products, such as CO,,
H, and mineral acids [4,5]. The preferential use of TiO,
for the photocatalytic degradation of organic pollutants is
based on its availability, low cost and photochemical sta-
bility [6]. The photocatalytic reaction uses photons with
energy greater than the band gap of a semiconductor, usu-
ally TiO,, for generation of conduction band electrons and
valence band holes to initiate oxidation—reduction reactions
[7]. There have been several studies on the assessment
of photocatalytic treatment of hazardous substances from
industrial effluents [8—14].

The efficiency of a photocatalytic reaction depends on
a number of factors, which govern the performance of
photocatalysis. Initial concentration of pollutant, photocat-
alyst concentration, pH, volume of solution, radiant flux
and agitation, irradiation time, light intensity, irradiation

wavelength, temperature, geometrical parameters of the
experimental setup and multiple degradation pathways are
the parameters that can be cited. Due to the complexity and
variety of influencing factors, it is difficult to evaluate the
relative significance of several affecting factors, especially
in the presence of complex interactions [15]. In the most
recent studies, only traditional one-factor-at-a-time experi-
ments were tested for evaluating the influence of operating
factors on the photocatalytic process efficiency. This tech-
nique is not only time and work demanding, but also
completely lacks representation of the effect of interaction
between different factors. Response surface methodology
(RSM) allows an appropriate design of the experiments,
which helps to decrease the number of runs. In addition, the
modelling of the system facilitates the interpretation of mul-
tivariate phenomena and is valuable tool for scaling up [16].

The purpose of RSM is to introduce statistically
designed experiments to scientists who conduct the exper-
iments for the purpose of making inferences from data.
To achieve this goal, statistical considerations for prelim-
inary planning of experiments, standard statistical designs
that may be used for experiments and the underlying logic
for using these designs are emphasized. It is a common
but major error to view statistics as a tool to be used
only after the experiments are completed. Even using their
most sophisticated tools, statisticians who receive data from
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improperly designed experiments can make only vague
and approximate inferences. This situation is unfortunate,
because experimental data represent an expenditure of both
time and money [17].

The present paper reviews the use of RSM for the opti-
mization of photocatalytic removal of environmental pol-
lutants using nanocatalysts. Firstly, the RSM technique and
its more frequently used second-order experimental designs
will be presented. Then, the removal mechanisms by nano-
photocatalyst will be described. Finally, the applications
of RSM experimental designs in the field of modelling
and optimizing of photocatalytic removal processes will be
represented.

Response surface methodology techniques

In general, the theoretical model that relates some con-
trollable variables to a response either is not available or
is very complex. Identifying and fitting from experimen-
tal data an appropriate response surface model requires
some use of statistical experimental design fundamentals,
regression modelling techniques and optimization methods.
As an important subject in the statistical design of experi-
ments, RSM, introduced by Box and Wilson [ 18], comprises
a group of mathematical and statistical techniques that is
useful for empirical model building and analysis of prob-
lems in which a response of interest is influenced by several
variables [19].

It is important to fit a mathematical model equation in
order to approximate a relationship between response and
independent variables and determine the optimum settings
ofthese variables that result in the maximum response. Two
important models are commonly used in RSM, including the
first-order model (Equation (1))[20]:

k
y=Bo+) Bxi+e (1)

i=1

and the second-order model (Equation (2)):

k k Kook
y=B0+ ) Bxi+ Y Bixi+ Y > Bxix+e (2)
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where y is the response, By is the constant, §; is the slope
or linear effect of the factor x;, 8;; is the quadratic effect of
the factor x;, B is the interaction effect between the input
factors x; and x; and ¢ is the residual term.

In most situations, the first-order models are not ade-
quate to represent true functional relationships with inde-
pendent variables, in which case a more highly structured,
flexible and diversified functional second-order model
should be studied in order to locate the optimum point.
Adequacy of the proposed model is revealed using the
diagnostic checking tests provided by analysis of variance
(ANOVA).
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Figure 1. Experimental designs for optimization of three vari-
ables using (a) 3% factorial design, (b) Doehlert design, (c)
Box—Behnken design and (d) CCD ((QO) axial points, (e) factorial
points and () central point). (Adapted from Bezerra et al. [22]
with permission from the publisher, Elsevier. License Number:
2620600333602.)

Designs for fitting the second-order model

The second-order model is the most-frequently used
approximating polynomial model in RSM. The most
common designs for the second-order model are the 3*
factorial, Doehlert, Box—Behnken and central composite
designs (CCDs) [21,22]. These symmetrical designs differ
from one another with respect to their selection of experi-
mental points, number of levels for variables and number
of runs and blocks.

3% factorial design

The 3* factorial design consists of all the combinations of
the levels of the control variables, which have three levels
each: low, medium or centre and high [20]. The number of
experimental runs (V) required for this design is defined
as N = 3k, where k is the number of factors. Figure 1(a)
shows the representation of the three-level factorial design
for the optimization of the three variables. The 3% fac-
torial design needs a large number of experimental runs
for large k, which causes it to lose its efficiency in the
modelling of quadratic functions. Therefore, a 3% factorial
design will be more appropriate with factors numbering less
than five. Because of its requirement for more experimental
runs than can usually be accommodated in practice, designs
that present a smaller number of experimental points,
such as the Doehlert, Box—Behnken and CCDs, are more
often used.

The application of 3 factorial design is not frequent, and
the use of this design has been limited to the optimization of
two variables, because its efficiency is very low for a higher
number of variables.
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Dochlert design

The Doechlert (or uniform shell) design has been developed
by Doehlert [23]. The Doehlert design is for heterogeneous
levels of variable. This property is important when some
variables are subject to restrictions, such as cost and/or
instrumental constraints or when it is interesting to study
a variable at major or minor levels. The intervals between
each variable level present a uniform distribution [22]. The
number of experiments required (V) for the Doehlert design
is defined as N = k% + k + C,, where k is the number of
factors and Cj is the number of centre points. For two vari-
ables, a central point surrounded by six points from a regular
hexagon represents this design. For three variables, it is rep-
resented by a geometrical solid called a cuboctahedron, and
depending on how this solid is projected in the plane, it can
generate some different experimental matrices. The geome-
try of the three-variable analogue for the Doehlert design is
presented in Figure 1(b). Although its matrices are neither
orthogonal nor rotatable, it presents some advantages, such
as requiring few experimental points for its application and
high efficiency [22,24].

Several articles can be found in the literature related
to the application of the Doehlert design as a suitable tool
for the optimization of hazardous substance treatment via
electrochemical oxidation [25], biosorption [26], Fenton’s
oxidation [27,28] and the photocatalytic process [29].

Box—Behnken design

This design was developed by Box and Behnken [30]. The
Box—Behnken design provides three levels (—1,0,+1) for
each variable, which are equally spaced. The number of
experiments required (N) is givenby N = 2k(k — 1) + C,
where k is the number of variables and Cj is the number of
central points. The design is represented as a cube and all
points lie on a sphere of radius +/2. In addition, this design
does not contain any points at the vertices of the cubic region
created by the upper and lower limits for each variable [31].
Figure 1(c) represents the Box—Behnken design for three-
variable optimization with its 13 experimental points. This
design is more economical and efficient in terms of the num-
ber of required runs than their corresponding 3 designs with
27 experiments. Therefore, this design is useful in avoid-
ing experiments that would be performed under extreme
conditions, for which unsatisfactory results might occur.
However, it is ineffective for situations in which we would
like to know the responses at extremes.

The Box—Behnken design has been used for finding the
optimum experimental conditions, leading to an optimal
efficiency of different treatment processes, such as adsorp-
tion [32,33], biological treatment [34,35], Fenton’s oxida-
tion [36-38] and electrochemical [39] and photocatalytic
processes [40]. However, its application in photocatalytic
removal processes is still much smaller in comparison with
the CCD.

Central composite design

The CCD presented by Box and Wilson in 1951 [18] is the
design most commonly used for fitting second-order models
and it has been subjected to much attention, as much in the
theoretical development of its properties as in its practical
use [31]. This design combines a two-level full or fractional
factorial design with additional star points and at least one
point at the centre of the experimental region. Figure 1(d)
illustrates the CCD for the optimization of three variables.
This design requires an experiment number according to
N = 2F 4+ 2k + C,, where k is the number of factors and
C) is the number of central points. In CCD, all factors are
studied in five levels. This N experiment is distributed as
follows [20,31].

1. Full (or fractional) 2 factorial experiments, whose
factors levels are coded as —1, +1. These exper-
iments are the only points that contribute to the
estimation of the two-factor interactions.

2. Axial (or star) 2¥ experiments with coordinates
(£,0,...,0), (0,%a,...,0),...,(0,0,...,+ta).
The codified value of « is defined as a = (2%)1/4.
The axial points do not contribute to the estimation
of interaction terms. If curvature is found in the sys-
tem, the addition of axial points allows for efficient
estimation of the pure quadratic terms.

3. Cy central points at (0, 0,..., 0). These experiments
provide an estimation of pure error and contribute to
the estimation of quadratic terms.

The CCD is a rotatable and orthogonal design. A design
is rotatable if the precision of the response estimation
in all directions is equal and the orthogonality of the
design means that different variable effects can be estimated
independently.

This design has been widely used for the optimization of
several treatment processes of hazardous substances, such
as adsorption [41—43], Fenton’s oxidation [44—51], biologi-
cal treatment 52—56], electrocoagulation [57—59], reduction
reactions 60,61] and photocatalytic degradation [48,62,63].
More examples for the application of CCD in photocatalytic
removal processes are represented in Tables 1-3.

Other second-order designs are available, but are not
as common as the ones we have already mentioned. Some
of these designs include Hoke [64] designs, Box—Draper
saturated designs [65] and hybrid designs [66].

Photocatalytic removal of environmental pollutants by
nanocatalysts

Photocatalytic chemistry involving semiconductor materi-
als has grown from a subject of esoteric interest to one
of central importance in both academic and technologi-
cal research. In this context, environmental pollution and
its control through non-toxic treatments and easy recovery
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Table 1. Application of RSM in optimization of the photocatalysis of organic dyes using nanocatalysts.

Photocatalytic Type and size of Removal Selected Optimization Experiment Response
process photocatalyst target variables technique number function Ref.
UV/TiOz (immo- TiO, Millennium C.I. Basic Blue 3 [Dye]o (mg/1), UV light CCD 31 Photocatalytic [98]
bilized TiO; on PC-500, crystallites intensity (W/m?), decolorization
non-woven paper) mean size 5—10 nm flow rate (ml/min) and efficiency (%)
reaction time (min)
Photoelectro- TiO Millennium C.I. Acid Red 17 [Fe(IID)], (mM), [Dye]o CCD 31 Decolorization [99]
Fenton combined PC-500, crystallites (mg/1), reaction time efficiency (%)
with UV/TiO, mean size 5—10 nm (min) and applied
(immobilized TiO7 current (mA)
on non-woven
paper)
UV/TiO; (immobi- TiO, Millennium C.I. Acid Green 25 [Dye]o (mg/1), UV light CCD 31 Photocatalytic [100]
lized TiO; on glass PC-500, crystallites intensity (W/m?2), decolorization
plates) mean size 8 nm flow rate (ml/min) and efficiency (%)
reaction time (min)
UV/TiO; (immobi- TiO, Millennium C.I. Acid Blue 92 and [Dye], (mg/1), UV light CCD 31 Photocatalytic [101]
lized TiO; on glass PC-500, crystallites C.I. Basic Blue 3 intensity (W/m?2), decolorization
plates) mean size 8§ nm flow rate (ml/min) and efficiency (%)
reaction time (min)
UV/TiO, Anatase TiO; Reactive Red 120 [TiO2]o (g/1), [Dyelo CCD 20 Colour removal (%) [102]
(mg/1) and UV intensity and TOC' removal
(mW/cm?) (%)
Solar/TiO,/H20; TiO, P25 Degussa Orange 11 Initial pH and [TiO2], CCD 11 Pseudo-first-order [103]
([H202] = (mg/1) kinetic rate of dye
14.7mM, [Dye], = degradation (min~!)
25mg/1)
UV/TiO,/H,0, TiO, P25 Degussa Orange 11 Initial pH and [H203], CCD 11 Residual colour (%) [104]
(coated TiO; on (mM) after 30 min reaction
glass Raschig rings)
UV/TiO, TiO, P25 Degussa Reactive Metanil [TiOz2]6 (g/1), light flux CCD face-centred 28 Dye removal time [105]
Yellow (photon/s cm”), [Dye], (min)
(mg/1) and pH
UV/TiOz TiOy P25 Degussa Reactive Red 239 UV light intensity CCD 30 Photocatalytic [106]
(W/m?), [TiOz]o (g/1), decolorization
initial pH and stirring efficiency (%)
speed (rpm)
UV/TiO,/H,0, /Fe3* TiO; P25 Degussa Reactive Black 5 [TiO2]o (g/1), [Fe3*]o CCD 16 Colour removal [107]
(mg/1) and [H202], efficiency (%) after
(mg/1) 4 min
UV/ZnO Zn0, 450 nm Congo red [Dye], (g/1), [ZnO], (g/1), Box—Behnken 29 Photodecolorization [40]
pH and time (h) (%)

ITOC: total organic carbon.
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Table 2. Application of RSM in optimization of the photocatalysis of pharmaceutical agents using nanocatalysts.

Photocatalytic Type and size of Removal Selected Optimization Experiment Response
process photocatalyst target variables technique number function Ref.
UV/TiO, TiO, P25 Degussa, size ~ Antibiotic: oxolinic acid  Initial pH and [TiO;], 3k factorial design 11 Photodegradation efficiency  [108]
20-30 nm (g/1) (%) after 15 min
UV/TiO; Anatase TiO», size Antibiotic: chlo- Initial pH, [TiO2], (g/1) CCD 26 Photodegradation efficiency  [109]
1020 nm ramphenicol and [CAP], (mg/1) (%)
(CAP)
UV/TiO, TiO; P25 Degussa Pharmaceutical agent: Initial pH and [TiO2], CCD 11 Degradation efficiency (%) [110]
salbutamol (mg/1) after 30 min
Vis/doped TiO» Doped TiO; by thiourea  Antibiotic: flumequine [TiO2]o (g/1) and pH CCD 11 Degradation efficiency (%) [111]
after 15 min
UV/TiO;/H,0,/ Fe>t  TiO; P25 Degussa Psychiatric drug: [TiO2]o (g/1), [Fe*t]o CCD 16 Degradation efficiency (%) [112]
imipramine (mg/1) and [H20:], after 15 min
(mg/1)
UV/TiO, TiO, P25 Degussa Antimicrobial agent: pH, [TiOz], (g/1), [O2] CCD 28 Removal time of 50% [113]
methylparaben (mg/1) and light methylparaben (half-time)
intensity (photon/s
cm?)
Vis/TiO, /H20; TiO, P25 Degussa 4-methylbenzylidene [TiO2]o (mg/1), [H202] CCD 17 Degradation efficiency (%) [114]
camphor (mM) and light intensity after 15 min
(W/m?)
Table 3. Application of RSM in optimization of the photocatalysis of phenolic compounds using nanocatalysts.
Photocatalytic Type and size of Removal Selected Optimization Experiment Response
process photocatalyst target variables technique number function Ref.
UV/TiO, TiO, P25 Degussa Terephthalic acid [TiO2], (jLg/ml), [Terephthalic CCD 19 Emitted fluorescence intensity [115]
acid], (mM) and time (min)
UV/TiO, Anatase TiO», (5, 10 Phenol TiO; size (nm), [TiO2], (g/1), Box—Behnken 27 Apparent degradation rate [116]
and 32 nm) DO! (mg/1) and [phenol], constant (min~!)
(mg/1)
Homogeneous 2,4,6- Xylidine (2,4- [Catalyst], (mg/l) and Docehlert uniform array 10 Degradation efficiency (%) [29]
photocatalysis triphenylpyrylium dimethylaniline) [Xylidine], (mg/1) after 15 and 60 min
hydrogensulfate
UV/TiO; (immo-  Anatase TiO», (7.7nm) Phenol [Phenol], (mg/1), [H2O02] (mg/1) CCD 20 Degradation efficiency (%) [6]
bilized TiO, on and photocatalyst loading after 70 min
GAC?) (layer)
UV/TiO, TiO, P25 Degussa Catechol [TiO2], (g/1), Oxidant® amount CCD 20 Degradation efficiency (%) [117]
(ml) and pH after 30 min

IDO: dissolved oxygen.
2GAC: granular activated carbon.
30xidant: sodium hypochlorite containing 4% chlorine.
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processes is a serious matter. The number of publica-
tions concerning mineralization of dyes, pharmaceutical
agents, phenolic compounds, pesticides, fungicides, haz-
ardous compounds, etc., has increased tremendously in the
last decade [67—69].

Photocatalysis covers the range of reactions proceeding
under the action of light. Among these, we find catalysis
of photochemical reactions, photo-activation of catalysts
and photochemical activation of catalytic processes. Pho-
tocatalysis is defined by the International Union of Pure
and Applied Chemistry (IUPAC) as ‘the catalytic reac-
tion involving light absorption by a catalyst or a substrate’
[70,71]. A more precise definition may be that ‘photo-
catalysis is a change in the rate of chemical reactions or
their generating under the action of light in the presence
of the substances (photocatalysts) that absorb light quanta
and are involved in the chemical transformations of the
reaction participants, repeatedly coming with them into
intermediate interactions and regenerating their chemical
composition after each cycle of such interactions’ [71].
The most typical processes covered by photocatalysis are
the photocatalytic oxidation (PCO) and the photocatalytic
decomposition (PCD) of substrates, such as organic com-
pounds. The PCO process employs gas-phase oxygen as a
direct participant to the reaction, while the PCD process
takes place in the absence of molecular oxygen [70].

Several semiconductors possess band gaps that are suit-
able to catalyse chemical reactions. Titanium dioxide has
become a ‘gold standard’ semiconductor in the field of pho-
tocatalysis. TiO, is chemically and biologically inert, as
well as cheap to manufacture and apply. Crystals of tita-
nium dioxide exist in three crystalline forms: rutile, anatase
and brookite (Figure 2). Only anatase and rutile forms have
good pigmentary properties. However, rutile is more ther-
mally stable than anatase. Most titanium dioxide pigments,
either as the rutile or the anatase form, are produced from
titanium mineral concentrates through chloride or sulfate
processes [72—74].

In recent years, applications of nanostructured TiO,
nanomaterials in environmental pollutant remediation have

been one of the most active areas in research [70,75—78].
Commercially available Degussa P25 TiO, is a highly pho-
toactive form of TiO, composed of 20%—30% rutile and
70%—80% anatase TiO, with particle size in the range of
12-30 nm and surface area of 50 m? /g. Another commercial
nanostructured TiO, sample is TiO, Millennium PC-500,
which is composed of 100% anatase with particle size in
the range of 5-10nm and surface area of 320m?/g. In
addition to TiO, [79,80], there is a wide range of metal
oxides and sulfides that have been successfully tested in
photocatalytic reactions. Among these are ZnO [81], WO;
[82], WS, [83], Fe O3 [84], V,05 [85], CeO, [86], CdS
[87], coupled ZnO—Fe,03 [88] and ZnS [89,90]. Interac-
tion of these semiconductors with photons that possess
energy equal to or higher than the band gap may cause
separation of the conduction and valence bands. This event
is known as electron—hole pair generation. For TiO,, this
energy can be supplied by photons with energy in the near
UV range. This property promotes TiO, as a promising can-
didate in photocatalysis where solar light can be used as the
energy source [70]. Some of the beneficial characteristics of
nanostructured TiO, materials are high photocatalytic effi-
ciency, physical and chemical stability, low cost and low
toxicity.

When TiO; is illuminated with A < 390 nm light, an
electron excites out of its energy level and consequently
leaves a hole in the valence band (Figure 3; [91]). As
electrons are promoted from the valence band to the conduc-
tion band, they generate electron—hole pairs (Equation (3))
[80,92,93]:

TiO, + hv(A < 390 nm) —> e~ +h' 3)

Valence band (h™) potential is positive enough to generate
hydroxyl radicals (*OH) at the TiO, surface and the con-
duction band (e™) potential is negative enough to reduce
molecular oxygen, as described in Figure 3.

The hydroxyl radical is a powerful oxidizing agent that
may attack the organic matter (OM) present at or near
the surface of TiO,. It is capable of degrading toxic and
bioresistant compounds into harmless species (e.g. CO;,

Figure 2. Unit cells of (a) rutile, (b) anatase and (c) brookite. Grey (big) and red (small) spheres represent oxygen and titanium,

respectively.
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Figure 3. Photocatalytic process mechanism at the surface of TiO, nanoparticles. (Adapted from Khataee and Kasiri [91] with permission

from the publisher, Elsevier. License Number: 2586970151349.)

H;O0, etc.). This decomposition can be explained through
the following reactions [94,95]:

h{z + OM — OM** — Oxidation of OM  (4)
*OHu45) + OM — Degradation of OM ®)

Nanostructured TiO, materials are successfully used for the
photocatalytic removal of a variety of organic pollutants,
such as dyes, pharmaceutical agents and phenolic hazardous
compounds, as well as reduction deposition of heavy metals,
such as Pt**, Pd**, Au**, Rh** and Cr** from aqueous
solutions. TiO, nanomaterials have also been effective in
the destruction of biological organisms, such as bacteria,
viruses and moulds [96,97].

Optimization of the photocatalytic removal of organic
dyes, pharmaceutical agents and phenolic compounds using
nanocatalysts using RSM is summarized in Tables 1-3
[98-117].

Optimization of photocatalytic processes using
response surface methodology

In most photocatalytic processes, the theoretical model that
relates some controllable variables (factors) to a response
either is not available or is very complex. In conventional
methods used to determine this relationship, experiments
are carried out varying systematically the studied parame-
ter and keeping the others constant. This should be repeated
for all the influencing parameters, resulting in an unreli-
able number of experiments. In addition, this exhaustive
procedure is not able to find the combined effect of the
effective parameters. In this way, the information about the
relation between factors and response should be obtained
in an empirical way [31,41,118]. Using RSM, it is possible

to estimate linear, interaction and quadratic effects of the
factors and to provide a prediction model for the response.

This innovative methodology has been applied to model
and optimize the photocatalytic treatment processes. Differ-
ent experimental designs, including 3* factorial, Doehlert,
Box—Behnken and CCDs, have been used to optimize
these processes [119]. Table 1 summarizes the applica-
tion of RSM in the photocatalytic treatment of dyeing
effluents.

Khataee et al. [98,100] and Fathinia et al. [101]
have widely used RSM in photocatalytic degradation of
organic dyes by a UV/TiO; process. The investigated TiO,
nanoparticles were Millennium PC-500 (crystallites mean
size 5—10nm) immobilized on non-woven paper or glass
plates. A CCD was developed to assess individual and
interactive effects of the four main independent parame-
ters (initial dye concentration, UV light intensity, flow rate
and reaction time) on the decolorization efficiency. This
design consisted of 31 experiments, including 16 experi-
ments in cube points, 8 in axial points and 7 replications at
the centre point. They have reported that predicted values of
decolorization efficiency are in good agreement with exper-
imental values (R? > 0.93). Optimization results have also
proved that maximum decolorization efficiency is achieved
at the optimum conditions of the variables. The time of
irradiation and UV light intensity were the most impor-
tant variables that influenced the efficiency of the process
(Figure 4).

In another work, Khatace et al. [99] employed
RSM to assess individual and interactive effects of the
four main independent parameters in the photoelectron-
Fenton/UV/TiO, process. The investigated nano-photo-
catalyst was Millennium PC-500 TiO, with crystallites of
mean size of 5—10 nm immobilized on non-woven paper. A
CCD with a total number of 31 experiments has been used
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Figure 4. Pareto graphic analysis of the variables in the UV/TiO; treatment process. (Adapted from Khataee et al. [99] with permission

from the publisher, Elsevier. License Number: 2603020608270.)

and, based on the ANOVA, a high determination coefficient
(R* =0.978) and satisfactory prediction second-order
regression are obtained. The optimum initial amount of
Fe(III), initial dye concentration, reaction time and applied
current have been reported as 0.2mM, 15mg/l, 36 min
and 100 mA, respectively. The results showed that RSM
is a suitable method to optimize the operating conditions.
Graphical response surface and contour plots were also used
to locate the optimum point.

Degradation of azo dye Reactive Red 120 ina UV /TiO,
process has been optimized by Cho and Zoh [102] using a
RSM based on the CCD. The effect of three main param-
eters, including the amount of TiO, nanoparticles, dye
concentration and UV light intensity, has been investigated
on the response variables, including colour removal and
the solution total organic carbon (TOC) abatement. These
experiments have been carried out as a CCD consisting of
20 experiments determined by the 2> full-factorial designs
with six axial points and six centre points. The degradation
of the azo dye followed an apparent first-order rate law in
every pH condition. The report showed that the responses of
colour removal in photocatalysis of dyes were significantly
affected by the synergistic effect of the linear term of UV
intensity and the antagonistic effect of the quadratic term
of UV intensity. Significant factors and synergistic effects
for the TOC removal were the linear terms of TiO, and UV
intensity.

Monteagudo and Duran [103] studied the application
of RSM in the decolorization and mineralization process
of azo dye Orange II under artificial UV light and solar
energy concentrated by a Fresnel lens in the presence of
hydrogen peroxide and TiO,-P25. In total, 11 experiments
have been done in a CCD and this methodology allows

the authors to fit the optimal values of the parameters:
pH and catalyst concentration leading to the total solar
degradation of orange II. The response surface modelling
in a three-dimensional plot for pH, TiO; nanoparticle con-
centration and the kinetic rate constant of the decolorization
reaction were also presented in this work.

Moreover, RSM has been used for modelling of the
decolorization and mineralization of azo dye Orange II
in a photoreactor using TiO,-coated glass rings as the
immobilized photocatalyst [104]. In this work, Fernandez
et al. carried out a total of 11 experiments in a facto-
rial design to predict the optimal values of the parameters
leading to Orange II abatement. The photocatalytic degra-
dation of Orange Il was followed by spectrophotometric
analysis and TOC measurements. The authors proposed a
single mathematical expression obtained from modelling
of the experimental results that is successfully able to
predict the value of the response as a function of influenc-
ing variables, including the solution pH and concentration
of H202.

Sleiman et al. [105] developed an experimental design
based on RSM. This design was applied to assess the indi-
vidual and interaction effects of several operating parame-
ters (dye concentration, TiO, concentration, pH, light flux,
etc.) on the treatment efficiency of Metanil Yellow in aque-
ous solution using TiO, nanoparticles as the photocatalyst
under UV irradiation. In total, 28 experiments were car-
ried out in a CCD face-centred design and, based on the
experimental design data, a semi-empirical expression was
obtained, permitting one to predict and optimize the dye
removal time. The authors showed that the results are very
consistent with experiment values (R*> = 0.995). Additional
experiments have been done under near-optimal conditions
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where the results obtained are found to be very close to the
predicted values.

In another work, RSM has been applied to optimize
four independent parameters, including UV light intensity,
the concentration of TiO,, initial pH and stirring speed,
in the photocatalytic degradation process of the dye Reac-
tive Red 239 [106]. Titanium dioxide powder Degussa P25
with greater than 99.5% purity (average primary particle
size: 21 nm, Brunauer—Emmett—Teller (BET) surface area:
50 & 15m?/g) was used in this study. To obtain the mutual
interaction between these four parameters and to optimize
these parameters during the process, Liu and Chiou applied
the results of 30 experiments in a 2* full-factorial CCD. The
results obtained indicate that the concentration of TiO, has a
significant positive effect on the efficiency of decolorization.
They have reported the optimized condition of the photo-
catalytic degradation of the dye as 16.08 W/m? UV light
intensity, 3.06 g/1 TiO, concentration, 2.64 initial pH and
880 rpm stirring speed. Under this condition, the maximal
decolorization efficiency of 99.82% was achieved.

In another work by Secula et al. [107], RSM has been
applied for modelling and optimization of the photocatalytic
decolorization of a simulated dyestuff effluent, containing
the azo dye Reactive Black 5 (RBS). They chose the ini-
tial concentration of TiO, nanoparticles (P25), Fe** and
H,0; as influencing variables in a CCD and in total 16
experiments were carried out. The multivariate experimen-
tal design allowed the development of a quadratic model as
a functional relationship between colour removal efficiency
and the independent variables. The authors have reported
that under the optimum conditions established, the perfor-
mance of 99.3% for colour removal was experimentally
reached. It was found that all factors considered had an
important effect in the decolorization efficiency of the OM
abatement.

The Box—Behnken design was also employed by
Annadurai et al. [40] to study the effect of different vari-
ables on the photocatalytic decolorization of Congo red
under sunlight illumination using ZnO catalyst. Four vari-
ables, including the dye concentration, weight of catalyst
ZnO, pH and reaction time, have been chosen to identify
the significant effects and interactions in the batch stud-
ies. According to the design selected, 29 experiments have
been carried out and a second-order polynomial regression
model has been developed using the experimental results.
They have found that the photodecolorization potential of
ZnO is strongly affected by the variations in the dye con-
centration, weight of catalyst ZnO, pH and reaction time.
The experimental values were in good agreement with the
predicted values and the R? value was found to be 0.9982.
The maximum percentage of photodecolorization of 97%
has been achieved in optimum conditions of the variables,
including the dye concentration of 0.05 g/1, ZnO 0.16 g/1,
pH 7.0 and reaction time of 2.0 h.

RSM has also been widely used in the photocatalytic
removal of pharmaceutical agents and Table 2 summarizes

the results of these works. For instance, in an interest-
ing work, response methodology and the Pareto diagram
have been used to evaluate the effects of catalyst load (0.2—
1.5g/1) and pH (7.5—11) on the degradation of 20 mg/1 of
antibiotic oxolinic acid in a photocatalytic system using
TiO, Degussa P-25 in suspension [108]. A 3* factorial
design was developed and in total 11 experiments were car-
ried out. Under optimal conditions the evolution of the sub-
strate, chemical oxygen demand (COD), dissolved organic
carbon, toxicity and antimicrobial activity on Escherichia
coli cultures were evaluated. The authors indicated that,
under optimal conditions, pH 7.5 and 1.0 g/1 of TiO, and
after 30 min, the TiO, photocatalytic system was able to
eliminate both the substrate and the antimicrobial activ-
ity, and to reduce the toxicity of the solution by 60%.
Figure 5 illustrates the obtained response surface diagram
for oxolinic degradation percentage.

The experimental design methodology, including a
CCD, has been also applied for modelling and optimization
of the operational parameters on photocatalytic degrada-
tion of chloramphenicol (CAP) using TiO, nanoparticles
[109]. The multivariate experimental design was employed
to establish a quadratic model as a functional relationship
between the degradation rate of CAP and three experimen-
tal parameters, including pH, TiO, concentration and CAP
initial concentration. The results of 26 experiments were
analysed to obtain the interaction effects and optimal value
of parameters. The authors reported that the optimal values
of the operational parameters under the related constraint
conditions are pH 6.4, TiO, concentration of 0.94 g/1 and
CAP initial concentration of 19.97 mg/1. Under these con-
ditions, the degradation rate of CAP approached 85.97%.
The R? value (0.9519) proved a good agreement between the
experimental results and the predictive values. Application

Figure 5. Optimization of TiO; load and pH for the photocat-
alytic degradation of oxolinic acid (20 mg/1) using a response sur-
face diagram. (Adapted from Giraldo et al. [108] with permission
from the publisher, Elsevier. License Number: 2620591491435.)
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of RSM in this work revealed that pH and TiO, concen-
trations have a significant influence on the degradation rate
of CAP.

Sakkas et al. [110] applied the CCD to investigate
the simultaneous effect of TiO, concentration and pH and
the interactions between these two variables in the photo-
catalytic degradation of pharmaceutical agent salbutamol.
In a CCD, 11 experiments were performed, at which the
two variables (TiO, concentration and pH) were codi-
fied in five levels with three central points for statistical
validity. The equations used to quantitatively describe
each system and draw the response surface were built
based on the experimental data obtained for salbutamol
degradation (%) after 30 min of irradiation during the
photocatalytic treatment procedure. Predicted salbutamol
degradation (%) was in good agreement with the observed
values (Figure 6). RSM allowed fitting of the optimal values
of the parameters leading to the degradation of the micro-
pollutant.

RSM was used to describe the degradation process of
antibiotic flumequine with synthesized doped-TiO, under
solar-simulated irradiation [111]. The doping agent of TiO,
samples was urea or thiourea. The RSM model was based on
a central composite circumscribed design made of a facto-
rial design and star points. The selected variables were TiO,
nanoparticle amounts and pH, while the response factor
was flumequine degradation after 15 min of irradiation.
According to this design, 11 experiments were carried
out and a second-order function that described the system
behaviour was proposed by a multiple regression. The sta-
tistical validation was performed by an ANOVA test with

100

a 95% of confidence. The authors reported that an excel-
lent correspondence between experimental and calculated
values presents an average variation coefficient of less than
2%, validating the polynomial.

Calza et al. [112] also developed a multivariate exper-
imental design to optimize the catalytic degradation of
imipramine solutions under simulated solar irradiation.
Experiments were carried out using TiO, Degussa P25 as
the photocatalyst. In this work, CCD was applied to anal-
yse the simultaneous effect of H,O,, Fe(Il) and TiO, in the
photocatalytic degradation process, as well as to evaluate
the interactions between the studied variables. This design
considered low (—) and high (+) levels, as well as central
points (0) for the H,O,, Fe(Il) and TiO, concentrations. In
total, 16 experiments were carried out and, based on the
results of CCD, the authors found that TiO, is the most sig-
nificant factor affecting imipramine degradation, followed
by H,0; and Fe(Il).

As an another example of RSM application in photo-
catalytic processes, multivariable CCD has been applied
for modelling of photocatalytic degradation of bacteri-
cide methylparaben [113]. This methodology was used to
estimate the individual and interaction factors, including
pH, TiO, loading, oxygen concentration and light flux.
After carrying out 28 experiments according to the design
selected, a semi-empirical expression with high R? value
(0.9896) was obtained via data analysis to predict the
response of 50% methylparaben removal time. In addition,
an optimal experimental region was obtained through the
contour diagram plots in this work. The authors reported
the optimal experimental conditions as an achievement
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Figure 6. Comparison of predicted values of degradation with experimental values. (Adapted from Sakkas et al. [110] with permission

from the publisher, Elsevier. License Number: 2603021296340.)
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Figure 7. Graphical presentation of the statistical evaluation of the effects of individual factors on the methylparaben photocatalysis.
(Adapted from Lin et al. [113] with permission from the publisher, Elsevier. License Number: 2603030441081.)

of experimental design (pH 9, TiO, loading 2.5 g/1, dis-
solved oxygen (DO) concentration 18 mg/1 and light flux
5.8 x 10" photons s~' cm™2). The authors have shown
that there are two photocatalytic degradation regimes with
respect to the UV light flux in the range studied: (i) at
low light intensities, the half-life decreases linearly with
increasing light intensity (first order), which means the
photons are converted into active species to take part
in the photocatalytic degradation immediately; and (ii)
at intermediate light intensities beyond a certain value,
the rate varied as functional order between zero and one
(Figure 7).

In a similar work of TiO,/H,0, process optimization,
Sakkas et al. [114] developed a CCD in combination with
‘profiling and desirability function’ to evaluate the effects
of the main variables (TiO,, H,O, and light intensity) on
4-methylbenzylidene camphor photocatalytic degradation.
In this study, the desirability function was used to iden-
tify optimum degradation efficiency (%) by calculating
specific factor optimizations simultaneously. By using CCD
with the desirability function, the authors reported that
80.92% degradation of 4-MBC is possible within the
studied parameter levels.

RSM has been also used in modelling of the photocat-
alytic removal of phenolic compounds (Table 3). Eremia
et al. [115] also optimized the formation of hydroxyl rad-
icals (°OH) by TiO, nano-photocatalyst using the RSM
technique. The combination of irradiation time, TiO; con-
centration and terephthalic acid concentration was varied
at designed points of a central composite rotatable design.
Following 19 experiments carried out according to a CCD,
the authors reported that the three factors chosen have
a significant effect upon the reaction rate. The optimum
conditions for the reaction achievement were estimated
to be 10 min for the irradiation time, 25 pg/ml TiO; and

0.1 mmol/1 terephthalic acid concentrations. Out of three
main factors and three potential interactions researched,
it was found that the irradiation time, TiO, concentra-
tion, terephthalic acid concentration, irradiation time x
terephthalic acid concentration and TiO, concentration
x terephthalic acid concentration are the factors and the
interactions that significantly affect the fluorescence pro-
cess. Good agreement has been observed between the
values predicted by the experimental design and the values
obtained experimentally (R? = 0.9280).

Mansilla et al. [63] studied the photocatalytic
degradation of ethylene diamine tetra acetic acid (EDTA),
which is widely used in pharmaceutical and agricultural
fields, solutions (5 mM) under different conditions in the
presence of TiO, in suspension and in the presence of
Fe(IlT). Using the CCD, the initial pH, amount of pho-
tocatalyst and the Fe/EDTA molar ratio were optimized
in order to obtain maximum degradation. They found that
under optimized conditions, 90% EDTA degradation (at a
0.28 Fe/EDTA molar ratio) can be reached after 60 min
illumination at pH 3.0 and using 0.73 g/1 TiO,.

The photocatalytic degradation of hydroxyl butane-
dioic acid in a single TiO,-coated fibre-optic reactor was
investigated by Danion et al. [62] by the means of exper-
imental design. The photocatalytic activity was mathe-
matically described as a function of TiO, film thickness
and coating length and was optimized using CCD. The
optimal degradation of hydroxyl butanedioic acid for the
I mm fibre for 15 layers and a coating length of 12.5cm
was 46%, and for the 0.6 mm fibre the optimal degra-
dation for nine layers and a coating length of 13.5cm
was 32%. The results obtained from this study reveal
that CCD is a suitable method to optimize the operat-
ing conditions of photocatalytic degradation of hydroxyl
butanedioic acid.
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Martins et al. [48] maximized the degradation of Amoxi-
cillin (a pharmaceutical) via a heterogeneous photocatalytic
process (HPP) and a photo-Fenton process (PFP), using the
CCD method. The chosen variables were pH, TiO, concen-
tration (mg/1) and temperature (°C) for the HPP, and pH,
H,0, concentration (mg/1) and Fe** concentration (mg/1)
for the PFP. The maximal degradation efficiency (COD
reduction) (44.0%) using the HPP was achieved at 800 mg/1
of TiO,, pH = 3, 30°C and 60 min of the reaction. The
best result from the optimization of the PFP (64.6% COD
reduction) was obtained using pH = 3, 528 mg/1 of H,O,,
255mg/1 of Fe?>* and 60 min of the reaction. The authors
claimed that the higher COD reduction obtained by the PFP
does not necessarily mean that, when compared to the HPP,
this process was the most suitable. They also showed that
when the degradation of the amoxicillin in this effluent was
carried out by means of the PFP, a photodegradation of 85%
was obtained in 60 min, while by means of the HPP, a total
photodegradation occurred in only 30 min of treatment.

In an interesting modelling study, a four-factor three-
level Box—Behnken design has been developed by Ray et al.
[116] to describe the photocatalytic degradation of phenol
in an aqueous media. They selected four process variables,
including TiO; catalyst size (i.e. 5, 10 and 32 nm), TiO, con-
centration, DO concentration and phenol concentration. In
total, 27 experiments were carried out in a Box—Behnken
design and, based on the results obtained, the authors
have reported that a response outcome computed using
experimental data for the 10 nm nanoparticle size catalyst is
13% less than the maximum value. The model successfully
predicted a maximum degradation rate (0.083 min~") with
conditions set at 9.091 nm TiO, particle size, 1.0 g/1 TiO,,
31.0mg/1 DO and 40 mg/1 phenol.

The influence of the photocatalyst (Y-zeolites con-
taining the 2,4,6-triphenylpyrylium cation) and substrate
concentrations on xylidine oxidation by catalytic process
has been investigated in another work of experimental
design methodology by Amat et al. [29]. A series of experi-
ments were chosen according to the Doehlert uniform array
and a total of 10 experiments were carried out. The empirical
models and the corresponding response surfaces obtained
from data analysis were used successfully for simulating
and predicting the degradation efficiency.

From the above studies, it can be concluded that RSM
can describe the behaviour of the complex reaction system,
such as photocatalytic processes in the range of experimen-
tal conditions adopted. Optimization based on RSM can
estimate the conditions of the photocatalytic processes in
order to achieve the highest performance.

Conclusions

RSM is a useful and powerful tool for the estimation of lin-
ear, interaction and quadratic effects of the factors on the
response. This methodology provides a prediction model
for the response for the range of variables studied and

the optimum conditions in order to achieve the highest
performance. The results of this review show that differ-
ent experimental designs, including 3* factorial, Doehlert,
Box—Behnken and CCDs, have been successfully devel-
oped to optimize the photocatalytic treatment processes of
dyeing effluents, pharmaceutical agents and hazardous phe-
nolic compounds. CCD is one of the most frequently used
ones for the optimization of such photocatalytic treatment
processes, which leads to a strong estimation of the opti-
mum response. In almost all of the papers, the high value of
the determination coefficient between the values predicted
by the empirical model and the values obtained experi-
mentally, proved the success of RSM in the modelling and
optimization of the process.
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