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Abstract

This paper presents the Taguchi Method, a statistical design modelling for experiments applied in
environmental engineering. This method was applied to optimize the treatment conditions of po-
lyester-resin effluent by means of Advanced Oxidative Processes (AOPs) using chemical oxygen
demand (COD) as response parameter. The influence of each independent parameter including
respective interactions was evaluated by Taguchi Method, which allowed determining the most
statistically significant variables and conditions to best fit the process. Results showed that Tagu-
chi Method is a very useful tool for environmental engineering field and possible simplifications of
analysis and calculations through commercially available software.
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1. Introduction

Genichi Taguchi developed the foundations of robust design introduced in the 1950s and 1960s. As cited by
Padke [1] the Taguchi Method may be applied to a wide variety of problems. The application of the method in
electronics, automotive products, photography and many others industries had been an important factor in the
rapid industrial growth of Japanese industries. The Taguchi Method is based on many ideas extracted from
standard statistical design of experiments (SDOE or DOE) [2]-[4], because a conventional design optimization
may not always satisfy the desired targets [5]. Furthermore, this method provides other advantages such as eco-
nomical reduction and variability of the response variable; it also ensures an optimum decision during laboratory
experiments or plant operations. It is an important tool to improve the productivity of the research and develop-
ment activity; it reduces economically the number of trials being applied to any processes, even including envi-
ronmental engineering and can be used to optimize processes.

In this paper, all steps associated to the application of the Taguchi Method will be described, as well as the
tools (orthogonal arrays OA, signal-to-noise ratio S/N and analysis of variance ANOVA) illustrating an applica-
tion in the environmental engineering field, using advanced oxidative process (AOP) for the treatment of a
wastewater from a polyester-resin factory.

Physical and chemical processes have been the most applied processes in such effluents treatments, which in-
clude air stripping at different pH values, powdered activated carbon (PAC), adsorption, filtration and EDTA
chelation. Respirometry was used for toxicity reduction evaluation after physical and chemical effluent fractio-
nation. From all procedures investigated, only air stripping was significantly effective in reducing wastewater
toxicity. Air stripping in pH 7 reduced toxicity in 18.2%, while in pH 11 a toxicity reduction of 62.5% was ob-
served [6].

The removal of diethyleneglycol (DEG) and several polyether-polyols of different molecular weights by ul-
trafiltration were studied. These polyether-polyols consist of polyethyleneglycols (PEG) of different molecular
weights (800 and 6000) and two ethylene oxide-propylene oxide copolymers: Pluronic PE6100 and Alcupol
F4811. No significant retention was obtained for DEG and PEG-800, but for PEG-6000, rejection coefficients
higher than 80% were reached. Temperature effects, transmembrane pressure and feed rate on both permeate
flux and rejection coefficient were also studied. Secondly, the same procedure was followed by 0.1% w/w solu-
tions of Alcupol and Pluronic, obtaining rejection coefficients of almost 100% [7].

Advanced Oxidative Process (AOP) is an important alternative for treatment of contaminated water and
wastewater containing hardly-biodegradable anthropogenic substances, pharmaceuticals, pesticides, disinfec-
tions of drinking waters [8]-[15] and used after well-established methods (flocculation, precipitation, adsorption,
etc.) and before biological methods (aerobic activated sludge) to enhance the biodegradability of wastewater.
AOPs modify the pollutants structure producing less toxic and biodegradable products, which can be treated by
a biological process. AOPs can be defined as methods where hydroxyl radicals (HO®) are produced in sufficient
guantities to act as main oxidizing agent. Hydroxyl radicals can be generated as a result of the combination of
strong oxidizing agents, such as hydrogen peroxide and ozone. Ultraviolet (UV) or visible radiation and cata-
lysts such as metal ions and semiconductors can also be used to create hydroxyl radicals [16] [17]. AOPs using
the combination of ozone with other oxidant agents (UV radiation and hydrogen peroxide) allow only oxidation
of dissolved organic compounds that are normally refractory to the direct attack of ozone. UV radiation and hy-
drogen peroxide addition lead to the ozone demolition and hydroxyl radical formation [18].

There are many types of AOPs applied for the oxidation of pollutants in water and wastewater, as catalytic
ozonation (Oz) [19] [20], or combination of hydrogen peroxide with ozone (H,0,/O5) or ultra violet (H,0,/UV),
and UV/titanium dioxide [21] or UV/zinc oxide [22], treating pollutants by oxidation and by hydroxyl radical
[23]. Despite AOPs have been widely studied to reduce toxicity of various types of industrial effluents, the use
of AOPs in the treatment of effluents from polyester resins facture has been little used.

In this context, the present study aims to apply the Taguchi Method to evaluate advanced oxidative process
for the treatment of a recalcitrant effluent from polyester-resin facture.

2. Materials and Methods
2.1. Steps of the Taguchi Method

The following steps for implementing Taguchi experimental design according to Barrado et al. [24] are:
1) Select the output variable to be optimized, 2) identify factors (input variables) affecting output variable (re-
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sponse) and choose levels to be tested, 3) select orthogonal array, 4) assign factors and interactions to the columns
of the array, 5) perform experiments, 6) carry out a statistical analysis and the signal-to-noise ratio and determine
the optimal conditions to adjust factor levels and 7) perform confirmatory experiment, if necessary.

2.1.1. Planning the Experiment

In this stage, the researcher must define or choose the factors (independent variables or input variables) and the
respective operation levels. After this choice, it is necessary to find out the best or economical matrix experi-
ment (orthogonal array OA), which can be obtained in the literature [1] [25]. Then, choose the desired signal-
to-noise ratio function (smaller-the-better, larger-the-better, nominal-the-better), equation 1, equation 2 and equ-
ation 3, respectively.

2.1.2. Signal-to-Ratio S/N
The signal-to-noise ratio is a logarithmic function used to optimize the process or product design, minimizing
the variability. The signal-to-noise ratio can also be understood as an inverse of variance and maximization of
signal-to noise ratio allowing reduction of the variability of the process against undesirable changes in neighbor
environment (also named uncontrollable factor or factor of noise). To minimize variability, we must choose the
level of factor that produces the maximum value of S/N.

Three types of common problems and respective signal-to-ratio function are presented as follows:

Smaller-the better

S/N =—10IogEZn:yf} ()

where y; denote the n observations of response variable
Larger-the-better

S/N =-10log [1 iz} O]
Nz Y,
Nominal-the-better
2
S/N =10log £ ®)
(e2

where 4? denotes the square of mean and o’ the variance of the observations of the replicated response val-
ues.

Here it is important to emphasize the needs of randomizing the trials to minimize systematic error. To illu-
strate this paper, a wastewater obtained from a polyester-resin factory was used and the following factors were
defined as presented in Table 1. An orthogonal array L;s was used which means 16-trial experimental matrix,
presented in Table 2. The orthogonal array Lig was chosen by using the degree of freedom method as cited by
Padke [1].

2.1.3. Orthogonal Array OA and Linear Graphs

Orthogonal array is a special experimental matrix designed by L;, where i is the number of trials of experimental
matrix or total degree of freedom and consists of a set of experiments where we change the settings of process
parameters. The use of OA allows the effects of several process parameters to be determined efficiently, Padke
[1]. Here, orthogonality is interpreted in the combinatory sense; that is, for any pair of columns, all combinations
of factor levels occur and they occur at an equal number of times. This is called balancing property and it im-
plies orthogonality. Each column of AO has associated one degree of freedom (number of levels minus one) and
can be assigned one factor or interaction. A list of orthogonal arrays and linear graphs can be obtained in Padke
[1] and Taguchi and Konishi [25].

2.1.4. Linear Graphs

To enhance the flexibility of arrays, Dr. Taguchi used linear graphs to represent the arrays. By using these
graphs and triangular tables provided by Taguchi, the experimenter can effectively study interactions between
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Table 1. Factors and levels evaluated in Taguchi L;s Orthogonal Array.

Factor Level 1 Level 2
A pH 3 5
B Temperature (°C) 25 35
c Fe?* Concentration (g-1™) 0.6 1.2
D H,0, Concentration (g-I™%) 14 28
E Ozone Flow Rate (g-h™) 0.10 0.21
F Stirring (rpm) 70 150
G UV radiation Absent present

Table 2. Taguchi L;¢ Orthogonal Array and response variables.
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experimental factors as well as effects of individual factors (main effects) themselves. Linear graphs make this
possible by providing a logical scheme for assigning interactions to the orthogonal array without confounding
effects of interactions with effects of the studied individual factors. In this paper, a linear graph Taguchi Ly
(Figure 1) was used, which presents an arrangement with seven factors (points 1, 2, 4, 8, 10, 12 and 15) and
eight interactions (lines 3, 5, 6, 7, 9, 11, 13 and 14). Factors distribution in the linear graph is made in order to
obtain interactions that might prove to be more significant [1].

2.1.5. Performing the Experiment

By this time, the researcher must conduct the matrix experiment to obtain values of the response variable and the
signal-to-noise ratio. After conducting the matrix experiment, the results fill the Table 2 and proceed the calcu-
lus of signal-to-noise ratio. Here, we reinforce the need to randomize the trials.

2.1.6. Analyzing the Experimental Results
In this step the researchers fulfill Table 2 and perform the calculus of the effects of factors, signal-to-noise ratio

and ANOVA.
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Figure 1. Linear graph Taguchi L.

2.1.7. Calculus of Effects

Main effects of a factor level is defined as the deviation caused from the overall mean. Using our illustration to
evaluate the effect of factor A, shown in Table 2, the mean under condition A; assigned by ma; and the mean
under condition A, assigned by ma, can be calculated by:

m =£(R1+R2+R3+R4+R5+R6+R7+R8) 4
Al 8

where Ri is the mean value of response at trial i.
The effect can be interpreted as the mean of responses when factor is set on a specified level.

My, :%(R9+ R10+ R11+R12+ R13+ R14+ R15+ R16) (5)
The effects of every other factor are equally calculated.

2.1.8. Analysis of Variance (ANOVA)

ANOVA is used to find out main and interaction effects of categorical independent variables (called “factors”)
on an interval dependent variable. In that context, ANOVA is used to judge how strong the influence of the fac-
tors over the response variable is or how different factors affect the response variable to a different degree.
About ANOVA there are many introductory texts on elementary statistical theory books.

2.2. Apparatus and Chemicals

The basic aim of this work is to treat a wastewater from polyester and alkyl resin manufacturing industry using
the Taguchi Method. The wastewater is a mixture of various organic raw materials unreacted (vegetable oils,
abietic acid, benzoic acid, phtalic anidride, hexahydrophtalic anidride, butyl phenol, neopentyl glycol, xylol, to-
luol, isophtalic acid, terephtalic acid, maleic anidride, penthaerithritol) and polyester. The manufacturing process
generates a wastewater with a COD content of over 220,000 mg-1"*. Chemical Oxygen Demand (COD) analysis
was carried out by a FEMTO-600 spectrophotometer using dichromate solution as the oxidant in strong acid
medium. Color is developed during the oxidation and measured against a water blank using a colorimeter. The
change of the dichromate solution color was determined at 4 = 620 nm.

Polyester-resin effluent was submitted to different treatments conditions by homogeneous AOPs. The treat-
ments were conducted in a glass reactor with a capacity of 400 ml, equipped with a water-cooled system and a
magnetic stirring, as shown in Figure 2. Ultraviolet radiation was provided by a medium-pressure mercury va-
por lamp (125 W Phillips) placed in the solution through a quartz bulb [26] [27]. A GEHAKA pH meter was
used for pH measurement. Ozone was bubbled through the solution using a dielectric barrier discharge Ozonator.
Air was bubbled through the solution using a conventional compressor. A magnetic stirrer was used throughout
the experiment to ensure a homogeneous medium. Fenton reagent (mixture of H,0,and Fe®" cation) was pre-
pared using H,0, 30 % v/v and FeSO, 0.18 mol-I™.

The percent reduction of COD was conducted by applying a Taguchi experimental design [24] [28]. The
choice of factors and their levels (Table 1) were made after brainstorming with people who work on environ-
mental management field. The level of factors was adjusted according to the respective assays (Table 2) to per-
form the AOPs treatment. After the cell reactor was fulfilled, the electric stirrer, temperature probe, pH electrode,
ozone-feeding and air-feeding glass tube were connected and UV generator turned on. The pH was adjusted by



M. B. Silva et al.

Figure 2. Schematic representation of the conventional photo-
chemical reactor (1-mercury vapor lamp; 2-quartz bulb; 3-
magnetic bar; 4-O; disperser; 5-cooling jacket; 6-inlet O3; 7-gas
outlet; 8-sample removal.

using hydrochloric acid or sodium hydroxide solutions.

3. Results and Discussion

Aiming to evaluate the potential application of AOPs in reducing the toxicity of polyester resin effluent, assays
were conducted to study the influence of Fe (Il) concentration, hydrogen peroxide concentration, 0zone concen-
tration, UV radiation, pH, temperature and stirring. Chemical Oxygen Demand (COD) was selected as the re-
sponse variable to be optimized (minimized). To avoid a multivariate analysis and use a minimum set of expe-
riments one Taguchi L;¢ Orthogonal Array was chosen. Taguchi L, design orthogonal array permits to find the
effects of each individual controllable factor on the response (% of COD reduction), which are presented in Ta-

ble 3.

o Experimental condition in which we observed largest reduction of COD (33.3%) of the treated effluent was
the assay 15 (Table 3), in which the concentration of Fe** and H,0, (1.2 g-I ™ and 28 g-I'*, respectively) were
the highest level, indicating a possible positive effect of higher concentrations of these variables on the re-
duction of COD. It is important to note that the assay was carried out in presence of UV radiation and ab-
sence of ozone, and at pH 5. A similar reduction of COD (33%) was observed in assay 8, where experimental
conditions are similar to those of assay 15, except for the pH conditions and ozone.

o Assays performed under the presence of UV radiation, COD reduction was above 20%, except for assay 9,
which showed 13% COD reduction, even in the presence of UV radiation. However, in this experiment the
most relevant parameters were at level 1, which corresponds to minimum concentrations of hydrogen perox-
ide and Fe?* concentration, and pH 5. Results of COD reduction showed that assays performed in the absence
of UV radiation reached COD reduction of about 12%, which means half of the mean value of COD reduc-
tion obtained for assays performed in the presence of UV radiation. This result suggests a major importance
of the UV radiation presence on the polyester resin effluent degradation.

o In general, the largest reductions of COD were obtained when the H,O, concentration factor was at the high-
est level and in the presence of UV radiation, in assays 3, 8, 12 and 15. The greatest COD reductions were
observed in assays 8 and 15 (33% and 34%, respectively), which were carried out at Fe>* concentration at its
highest level, even in different conditions of pH and ozone concentration. Ph is a significant parameter on the
pollutant AOPs degradation, for example, in Fenton and photo-Fenton processes, many studies have reported
pH values around three [16]. Generally, at pH values above four, a decrease on hydrogen peroxide decompo-
sition rate occurs due Fe®* species precipitation as iron hydroxide [16]. However, in this study pH presented a
low effect on the degradation process within the pH range studied.

3.1. Statistical Analysis

The statistical significance of main effects and interactions on the reduction in COD for the polyester resin ef-
fluent treatment was confirmed by analysis of variance effects (ANOVA) (Table 4). Statistical significance of
the factors effects was considered at a 95% confidence level and it is related by p-value in the ANOVA. Ac-
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Table 3. Taguchi L. Orthogonal Array and results obtained in the detoxification treatment by Advanced Oxidative Processes.

Al C2 AC3 D4 AD5 CD6 EG7 E8 AE9 F10 AFll Bl2 AB13 AGl4 G15

— COD
o (Zi) Foo (Hgflz) fo, Fe OV (g(?h:) pHI0s stiing fit o Temp i By v Reducton
1 3 06 1 14 1 1 1 010 1 70 1 25 1 1 absent 6.34 0.11
2 3 0.6 1 14 1 1 1 o021 2 150 2 35 2 2 present 24.36 0.26
3 3 0.6 1 28 2 2 2 010 1 70 1 35 2 2 present 27.99 0.27
4 3 0.6 1 28 2 2 2 0.21 2 150 2 25 1 1 absent 12.16 2.79
5 3 12 2 14 1 2 2 0.10 1 150 2 25 1 2 present 19.52 0.62
6 3 1.2 2 14 1 2 2 0.21 2 70 1 35 2 1 absent 18.10 0.98
7 3 1.2 2 28 2 1 1 0.10 1 150 2 35 2 1 absent 17.13 0.26
8 3 1.2 2 28 2 1 1 0.21 2 70 1 25 1 2 present 33.30 0.70
9 5 0.6 2 14 2 1 2 010 2 70 2 25 2 1 present 12.97 0.96
10 5 0.6 2 14 2 1 2 0.21 1 150 1 35 1 2 absent 7.49 0.34
11 5 0.6 2 28 1 2 1 010 2 70 2 35 1 2 absent 10.28 2.88
12 5 0.6 2 28 1 2 1 0.21 1 150 1 25 2 1 present 23.95 2.16
13 5 1.2 1 14 2 2 1 0.10 2 150 1 25 2 2 absent 10.46 0.09
14 5 1.2 1 14 2 2 1 0.21 1 70 2 35 1 1 present 24.40 4.97
15 5 12 1 28 1 1 2 0.10 2 150 1 35 1 1 present 34.09 0.83
16 5 12 1 28 1 1 2 021 1 70 2 25 2 2 absent 16.39 2.68
SD = standard deviation; COD = chemical oxygen demand.
Table 4. Analysis of variance for the response evaluated in the experimental design.
Variation source Sum of squares DF Mean sum of squares F p Contribution (%)
pH 13.3416 1 13.3416 6.1950 0.024205 * 2.1
Fe?" 94.6594 1 94.6594 43.9539 0.000006 * 15.0
pH/Fe?" 1.7633 1 1.7633 0.8188 0.378960 0.3
H,0, 80.6292 1 80.6292 37.4392 0.000015 * 12.8
pH/H,0, 1.7887 1 1.7887 0.8306 0.375632 0.3
H,0,/Fe* 1.3661 1 1.3661 0.6343 0.437435 0.2
0O3/UV 0.3172 1 0.3172 0.1473 0.706190 0.1
03 20.8645 1 20.8645 9.6882 0.006701 * 33
pH/O; 4.0830 1 4.0830 1.8959 0.187498 0.6
Stirring 0.2190 1 0.2190 0.1017 0.753909 0.0
pH/Stirring 1.2061 1 1.2061 0.5600 0.465111 0.2
Temperature 24.3201 1 24.3201 11.2927 0.003979 * 3.9
pH/Temperature 16.5279 1 16.5279 7.6745 0.013652 2.6
pH/UV 0.0286 1 0.0286 0.0133 0.909634 0.0
uv 333.7682 1 333.7682 154.9811 0.000000 * 53.0
Residue 34.4577 16 2.1536
Total 629.3408 31 R®=94.5

DF = degree of freedom

cording to ANOVA (design L), significant variables for polyester resin effluent treatment were Fe?* concentra-
tion, hydrogen peroxide and ozone concentration, and pH, temperature and UV radiation. Among these variables,
Fe?* and H,0, concentration, and UV radiation were considered significant with a confidence level of 99%. The
significant variable was responsible for 15, 12.8 and 53% for Fe?* concentration, H,0, concentration and UV
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radiation, respectively, of all the observed variation (Table 4). The analysis of variance indicates that, in the ex-
perimental evaluated range, photo-Fenton (utilization of Fe** and H,O, in the presence of UV radiation) was the
most effective method for the polyester-resin effluent treatment.

The signal-to-noise (S/N) ratio concept was used to evaluate the variability and how it changes around the
mean, by influence of external uncontrollable factor (noises). In this work, the goal is to reduce COD, e.g,
smaller COD is better. In that condition the response is optimized and the process will be robust against external
environment or uncontrollable factors [1]. As an optimized parameter COD is a smaller-is-better, the calculation
of S/N was made using the Equation (1). Note that L;¢ orthogonal array needs 16 assays for 6 factors operating
at 2 levels. That experimental matrix allows studying many factors, saving costs and time if compared with tra-
ditional full factorial design or conventional experiment in which one factor has the level changed while the
other factors keep constant.

In signal-to-noise graph (Figure 3), it may be observed the effects of the variables (A-pH; B-Temperature;
C-Fe?*; D-H,0,; E-O3; F-Stirring; G-UV) and its interactions (AC; AD; CD; EG; AE; AF; AB; AG) studied in
Taguchi Ly Orthogonal Array on the response COD reduction. Similar to the analysis of variance the signal-to-
noise analysis showed that the significant factors were Fe?* and H,O, concentration, and UV radiation, and all of
others variables had a greater effect when set at the highest level. Through the signal-to-noise ratio graph it was
observed that the ozone and temperature factors were better for the treatment process when used on its highest
level.

Therefore, based on the most significant factors (concentration of H,O, and Fe?*, and UV radiation), we can
conclude that the most appropriate treatment for polyester resin effluent is the photo-Fenton process. pH, ozone,
temperature and agitation factors, although they are not significant at statistical analysis, they are important fac-
tors which should be kept at the level of best fit (oH 3, ozone flow rate of 0.21 g-h ™", temperature of 35°C and
agitation of 150 rpm).

3.2. Simplification of Calculus and Analysis

All steps of the Taguchi Methods can be simplified by using a statistical software. Nowadays, there are several
types of commercial software with Taguchi’s options. These are the most recommendable: MINITAB, STA-
TISTICA, STATGRAPHICS, DESIGN EXPERT, QUALITEK and others. In this work, the STATISTICA 6.0
software was used.
4. Conclusions

The Taguchi Method can facilitate and optimize the work of experimenters. This method is an important means
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Figure 3. Effects of the factors (A-pH; B-Temperature; C-Fe®"; D-H,0,;
E-Oj3; F-Stirring; G-UV) and its interactions (AC; AD; CD; EG; AE; AF;
AB; AG) evaluated in Taguchi L, Orthogonal Array for COD reduction
of the polyester-resin treated by Advanced Oxidative Processes. Level 1:

lower; level 2: higher.
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of addressing several variables simultaneously (multivariate analysis), with fewer trials, lower costs, and a short-
ened duration.

Initial concentrations of Fe**, hydrogen peroxide and ultraviolet radiation were statistically revealed to be the
most susceptible to influence utilizing the Taguchi Method. The photo-Fenton process was the most effective in
reducing the COD of polyester-resin effluent. Other factors that had less influence within the range of variation
studied (pH, temperature, agitation, and ozone concentration), should result in a maintained best-fit level as de-
fined in the Taguchi experimental design.

The treatment by means of advanced oxidative process provided an approximate 35% reduction in chemical
oxygen demand of the polyester-industry wastewater. However, when compared to studies describing the treat-
ment of this effluent by Advanced Oxidative Processes, we see that the results were relevant. This demonstrates
that the Taguchi Method is a very useful tool for applications in the fields of environmental engineering and in-
dustrial wastewater treatment.
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