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Abstract: An environmentally friendly method to decontaminate the olive mill 
wastewater, which is encountered as a major environmental problem is pre-
sented in this study. The removal of both polyphenolic and aromatic content 
and the degradation of wastewater of olive mill supplied from Mersin/Turkey 
region were investigated by the subcritical water oxidation method using H2O2. 
The central composite design of response surface methodology was used to 
assess the effects of temperature, treatment time, and the concentration of oxi-
dising agent. The reliability of the employed method was proved by ANOVA. 
The optimum experimental parameters were determined and theoretical equat-
ions were proposed in each case. The highest chemical oxygen demand rem-
oval, dephenolisation and dearomatisation values were obtained as 85.74, 96.13 
and 95.94 %, respectively.  

Keywords: olive mill wastewater; COD; degradation; total polyphenol; subcri-
tical water medium. 

INTRODUCTION 
Humankind has been polluting the environment from ancient times. In recent 

years environmental pollution, especially water pollution, has been progressing at 
the fastest pace and,  corresponding to that, the efforts to find a solution to this 
problem have increased.1–7 The olive mill wastewater (OMWW) is seen as a 
major problem in many countries due to causing environmental pollution.8 
OMWW, which is a production of the olive oil factories, effects the life and the 
development of plants, aquatic and marine ecosystems due to its toxic effects.9–12 
When considering that 30 million t of OMWW is produced per annum in Medi-
terranean countries, it is revealed how the environment is polluted.1,7,11 
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OMWW contains high organic content consisting of polyphenols, poly-alco-
hols, pectins, sugars, lipids, tannins, nitrogen compounds and fatty acids which 
are phytotoxic and resistant to biodegradation.3–5,13–16 In addition, the dark color 
of OMWW and the oily film layer formed on the surface of the water prevents 
the effect of sunlight from the water surface and the transmission of oxygen into 
the water. Thus, the dissolved oxygen is consumed very quickly in water 
resources such as seas and rivers.2 As a result, the water plants and mosses that 
cannot undergo photosynthesis are not able to survive and the degradation of 
organic content get prevented or at least decelerated. Therefore, the life of the 
aquatic macro and microorganisms become threatened.17 

The high concentration of polyphenolic content from 1.0 up to 10 g L–1 is 
considered as the major reason of toxicity of OMWW.18,19 When the high con-
centration of other organic compounds is involved along with polyphenolic con-
tent which accounts for a 14 % contribution to chemical oxygen demand 
(COD),20,21 a wastewater with an extremely high COD value (45–130 g L–1) 
which is several times higher than domestic waste, is encountered.22–25 In addit-
ion, it is known that the organic content is composed of various aromatic struc-
tures such as carcinogenic and toxic aromatic amines.17,25,26 Therefore, removal 
of COD, polyphenol and aromaticity are of great importance and the effective 
methods are required for degradation of OMWW.  

Several chemical treatment methods (ozonation, UV irradiation, photocat-
alysis, hydrogen peroxide/ferrous iron oxidation, electrochemical oxidation, 
catalytic wet air oxidation, Fenton, supercritical wet air oxidation, subcritical wet 
air oxidation coupled with Fenton, wet hydrogen peroxide catalytic oxidation and 
sonication) and biological (anaerobic digestion, aerobic treatment, anaerobic bio-
remediation) as well as the combination of both of them have been used for treat-
ment of OMWW.1–8,17–21 Although the biological processes, namely anaerobic 
processes, are known as the energy and cost saving methods, they may be inef-
fective in the treatment of highly concentrated OMWW.3,5 In addition, the bio-
logical treatment processes are not able to degrade the persistent compounds such 
as polyphenols.3,5 Chemical processes are usually more effective comparing to 
biological ones, but they are also inadequate for the complete removal of COD, 
polyphenols and aromaticity because hazardous by-products may form during 
these processes.25,27 

Subcritical water oxidation method (SWO), which offers many advantages, 
is a good alternative to overcome the drawbacks in the above-mentioned 
methods.28,31 Moreover, when compared to traditional methods, SWO’s short 
treatment time and high degradation yield make it irreplaceable. SWO is per-
formed in subcritical water medium which requires water that is heated between 
373 and 647 K and sufficiently pressurized to keep it in the liquid form.32 While 

subcritical water medium favours the formation of hydroxyl and other active 
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radical species, which are known for their crucial roles of attacking and des-
troying the target pollutants, it provides a unique medium when H2O2, an envi-
ronmentally friendly oxidizer, is used together with them.33–36  

In this sense, the experimental design techniques that minimize the con-
sumption of time, reagents, the laboratory work and the industrial scale are 
needed. It is known that the traditional optimization method, namely one-factor-
at-a-time, is far from solving this issue. According to that, this univariate method 
is based on the examining of only one working variables at a time, while keeping 
the others constant.37–38 In addition, the univariate analysis is insufficient to rev-
eal the relationship between variables and the response.38 Therefore, many res-
earchers have been widely used an optimization method called response surface 
method (RSM) to overcome these problems.37–45 RSM is a chemometric tech-
nique using one of the several types of statistical design methods.31,38 This tech-
nique provides an evaluation of the interaction between independent variables 
and the response, besides providing the optimization of variables at any time.39 
Among the second-order RSM models, the popularity of central composite 
design (CCD) is increasing due to requiring quite a few number of design points, 
while providing a reasonable amount of information for testing lack of fit.46,47 

In this study, subcritical water degradation of OMWW which was supplied 
from the olive mill in Mersin-Turkey was performed in the presence of H2O2. 
CCD was applied to evaluate the optimum experimental conditions for the multi-
response (COD removal, total polyphenolic content removal and total aromatic 
compounds removal) degradation of OMWW. Moreover, the interactions of three 
experimental parameters, namely the temperature, the treatment time and the 
concentration of oxidizing agent were evaluated and the effects of these variables 
on all of the three response were investigated. The theoretical models (mathe-
matical equations) which facilitate the evaluation of system variables and which 
were used for predicting further response were developed. 

EXPERIMENTAL 
Reagents and apparatus 

OMWW was supplied from the effluent of olive oil mill located on the east of Mersin, 
Turkey. H2O2 was obtained from Merck (Darmstadt, Germany). Folin–Ciocalteu’s phenol 
reagent and gallic acid (GA) were purchased from Sigma–Aldrich (St. Louis, MO). Anhyd-
rous sodium carbonate was purchased from Fluka (USA). N2 gas was supplied by Linde gas 
(Turkey). Ultra-pure water (18 MΩ cm at 25 °C) was provided using a Millipore Milli-Q 
Advantage A10. Chemical oxygen demand (COD) cell kits were purchased from Hach Lange 
(Düsseldorf, Germany). WTW Photolab 6100 Vis spectrophotometer was used to monitor the 
COD values of treated and untreated samples. UV–Vis spectrophotometer (Shimadzu UV- 
-1601) was used to analyse total polyphenolic concentration of samples.  
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Degradation of OMWW 
A homemade stainless steel reactor system, as shown in our previous work, was used for 

carrying out degradation experiments.31 150 mL of stock OMWW solution which had been 
diluted by 1:10 from original OMWW was used in each degradation experiments. Degrad-
ation runs were performed in triplicate at three levels of each independent variable, namely 
temperature (373, 398 and 423 K), treatment time (60, 90 and 120 min) and oxidant concen-
tration (0.4, 0.8 and 1.2 M) as demonstrated in Table I. The pressure was fixed at 30 bar with 
nitrogen to supply the subcritical water medium.  
COD analysis 

The collected fractions were used for COD analysis by using the cell kit which can func-
tion between 0–15 g L-1 of value. Thus, COD values of treated aqueous samples and untreated 
samples (stock solution) were analyzed spectrometrically according to the method below at 
the end of the treatment time. COD removal percentages (degradation efficiency) of all treated 
samples were obtained by comparing COD values of them to that of the stock solution accord-
ing to Eq. (1) where COD value of the stock solution was calculated to be 6.085 g L-1: 
 CRE, % = 100(ci – cf)/ ci  (1) 

In this formulae, CRE stands for the COD removal efficiency; ci and cf represent the 
stock and treated sample concentration, respectively.  
Total phenolic content analysis procedure 

Folin–Ciocalteu’s method, which is slightly modified from the previously used form that 
is reported by Obanda et al. and briefly stated as follow, was used to determine the total phe-
nolic content of the stock solutions and the treated samples.48,49 1 mL of Folin–Ciocalteu’s 
phenol reagent and 1 mL of sample solution were mixed in a test tube. The mixture tube was 
held in dark for 5 min. Then, 2 mL of the aqueous Na2CO3 solution which was prepared by 
dissolving 200 g of solid Na2CO3 in 1.0 L of distilled water was added into the mixture. This 
mixture was shaken and adjusted to 6 mL, by adding 2 mL of ultrapure water. The blue colour 
of the mixture was spectrophotometrically measured after 30 min of keeping the mixture in 
the dark. The concentration of total phenolic content of all samples was determined on the UV 
spectrophotometer at 714 nm and expressed as milligram of gallic acid equivalents (mg 
GAE/L) by using a standard curve (r2 = 0.997). This curve is based on the absorbances of GA 
stock solutions (25–400 ppm) which was analyzed in the same way mentioned above for 
samples. The removal efficiency of total phenolic content, in other words, dephenolisation 
efficiency (DPE), was expressed in percentages using Eq. (1).  
UV analysis 

The efficiency of the aromatic compound removal (dearomatisation efficiency, DAE) of 
treated samples was spectrophotometrically determined and expressed as percentages of rem-
oval by comparing the absorbances that are obtained for stock solution and samples, respect-
ively, as stated in Eq. (1). The total aromaticity of stock and treated samples was monitored at 
254 nm using UV spectrophotometer. 
Experimental design and optimization of degradation process using CCD 

RSM is an advantageous statistical technique which has been widely used to assess the 
optimum experimental variables and evaluate the performance of a system.37,45 The main goal 
is to optimise the response in RSM over other independent variables as well as to predict 
responses using theoretical equations, by carrying out a limited number of experiments. Since 
Box and Wilson first introduced the CCD, the use of the CCD has increased even more due to 
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being the most efficient method among many types of RSM designs.50-52 CCD is used to 
construct the full factorial or fractional factorial second-order RSM models which consist of 
three types of points such as cube, axial and centre that are settled in the experimental 
region.38,53 Hereby, the total number of experiments can be designated by N = 2k + 2k + C0, 
where k stands for the number of process variables and C0 is the run number of central 
points.54 The CCD model which consists of 20 runs of degradation experiments was per-
formed in randomized order in this work (N = 2k + 2k + C0 = 23 + 2*3 + 6 = 20 runs).  

The correlation of response and independent variables can be represented by linear or 
quadratic models (Eq. (2)): 

 2 2 2
0 1 1 2 2 3 3 12 1 2 13 1 3 23 2 3 11 22 331 2 3β β β β β β β β β β ε= + + + + + + + + + +Y x x x x x x x x x x x x  (2) 

where Y symbolizes the approximation response, and x1, x2 and x3 depict the coded inde-
pendent variable effects, and 2

1x , 2
2x  and 2

3x  represent the square effects. x1x2, x1x3 and x2x3 
demonstrate interaction effects. β1, β2 and β3 show the linear coefficients. β11, β22 and β33 
represent the square coefficients. β12, β13 and β23 are the interaction coefficients. β0 and ε 
represent the constant and the random error, respectively.31 

The effect of the independent process variables, namely temperature, K, x1; treatment 
time, min x2 and concentration of oxidising agent, M x3; were investigated at three levels. The 
TOC removal percentage (response 1, Y1), the total phenolic content removal percentage 
(response 2, Y2) and the aromatic compound removal percentage (response 3, Y3) were 
assumed to be the dependent variables. The design of the independent variables is presented in 
Table I. The statistical analysis was supplied using Design Expert 9.0.6.2. The interactions 
between the independent variables were investigated by the analysis of variance (ANOVA) 
and expressed by the response surface plots. In addition, the accuracies of the obtained models 
and the terms of the models were evaluated using ANOVA. The properties of the quadratic 
models were evaluated by the coefficients of determinations (R2, R2

adj), Fisher’s F test, and 
P-value.  

TABLE I. Design of the degradation experiments and the values of independent variables 
used in RSM 

Factor Independent variable Coded levels 
–1.682 –1 0 1 1.682 

x1 Temperature, K 356 373 398 423 440 
x2 Treatment time, min 40 60 90 120 141 
x3 Concentration of oxidising agent, M 0.13 0.4 0.8 1.2 1.47 

RESULTS AND DISCUSSION 

The effects of system variables, a relationship between these variables and 
the responses of the treatment process of OMWW were identified by employing 
CCD. The experimental and predicted values of CRE, DPE and DAE along with 
the actual/coded values of the independent variables displayed in Table II. The 
highest and the lowest experimental COD removal rates were obtained at run 18 
and 14 respectively, as 85.74 and 1.84 %, respectively. Furthermore, these values 
were obtained as 96.13 and 46.79 % respectively, in the case of dephenolisation 
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efficiency and 99.96 and 24.05 %, respectively, in the case of dearomatisation 
efficiency.  

TABLE II. Experimental and predicted values of CRE, DPE and DAE along with actual/coded 
values of independent variables obtained by CCD; CRE: COD removal efficiency, DPE: 
dephenolisation efficiency, DAE: dearomatisation efficiency 

Run Temperature, 
K 

Treatment 
time, min 

Concentration 
of oxidizing 

agent, M 

CRE / % DPE / % DAE / % 

Exp. Pre. Exp. Pre. Exp. Pre 

1 373 (–1) 120 (+1) 0.4 (–1) 15.54 15.94 48.61 47.60 31.89 31.32 
2 398 (0) 40 (–1.682) 0.8 (0) 26.68 28.58 87.47 88.21 76.60 76.00 
3 398 (0) 90 (0) 0.8 (0) 77.51 79.17 91.68 91.94 95.88 94.53 
4 398 (0) 90 (0) 1.47 (1.682) 73.62 71.41 90.65 87.36 74.76 68.05 
5 398 (0) 90 (0) 0.8 (0) 79.37 79.17 91.78 91.94 93.11 94.53 
6 373 (–1) 120 (+1) 1.2 (+1) 41.3 42.74 81.53 81.01 66.38 67.69 
7 398 (0) 90 (0) 0.8 (0) 78.44 79.17 93.65 91.94 94.12 94.53 
8 423 (+1) 60 (–1) 1.2 (+1) 67.54 67.55 86.21 87.19 76.34 77.86 
9 373 (–1) 60 (–1) 1.2 (+1) 20.45 20.62 73.84 75.01 35.48 39.93 
10 440 (1.682) 90 (0) 0.8 (0) 81.41 80.62 88.63 86.15 93.51 92.51 
11 423 (+1) 120 (+1) 0.4 (–1) 62.46 62.70 80.43 79.23 78.30 74.80 
12 398 (0) 90 (0) 0.13 (–1.682) 32.57 34.20 48.32 51.66 38.16 43.53 
13 398 (0) 90 (0) 0.8 (0) 77.54 79.17 89.47 91.94 93.30 94.53 
14 356 (–1.682) 90 (0) 0.8 (0) 1.63 1.84 46.79 49.31 24.39 24.05 
15 398 (0) 141 (1.682) 0.8 (0) 60.26 57.78 94.86 94.17 91.47 90.72 
16 373 (–1) 60 (–1) 0.4 (–1) 3.87 1.85 57.23 53.32 39.76 35.92 
17 398 (0) 90 (0) 0.8 (0) 80.11 79.17 93.04 91.94 95.94 94.53 
18 423 (+1) 120 (+1) 1.2 (+1) 85.74 88.17 96.13 100.00 95.18 99.96 
19 398 (0) 90 (0) 0.8 (0) 81.95 79.17 92.02 91.94 94.59 94.53 
20 423 (+1) 60 (–1) 0.4 (–1) 51.13 50.10 77.65 78.14 85.42 85.06 

It can be seen from Table II that the high dearomatisation and dephenol-
isation efficiency values can be obtained in the circumstances where the COD 
removal rate is low.  

Evaluation of ANOVA 
The statistical analysis of the results was evaluated based on ANOVA. Table 

III shows the results of the employed quadratic models. The significance of the 
obtained quadratic models can be described using statistical analysis in terms of 
F values, p values and lack of fit values etc.55 In this case, ANOVA terms 
verified that the quadratic models were significant for designating the effect of 
the variables on the responses (CRE, DPE and DAE). The F values of the models 
which were obtained as 372.47, 70.99 and 83.96 in the case of COD removal, 
dephenolisation and dearomatisation analysis, respectively, imply that the models 
are significant. The obtained 0.01 % chance values revealed that the F-values of 
this order could occur due to noise in each case.  
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TABLE III. ANOVA results of quadratic models obtained by CCD 

Source 
COD Removal Dephenolisation Dearomatisation 

Mean 
square F Value p-value 

prob > F
Mean 
square F Value p-value 

prob > F
Mean 
square F Value p-value 

prob > F 
Model 1713.31 372.47 < 0.0001 577.66 70.99 < 0.0001 1321.88 83.96 < 0.0001 
x1 7492.60 1628.87 < 0.0001 1638.23 201.32 < 0.0001 5657.99 359.39 < 0.0001 
x2 1028.65 223.62 < 0.0001 42.88 5.27 0.0446 261.48 16.61 0.0022 
x3 1671.06 363.28 < 0.0001 1539.10 189.14 < 0.0001 725.86 46.11 < 0.0001 
x1x2 1.12 0.24 0.6327 23.22 2.85 0.1220 15.99 1.02 0.3373 
x1x3 0.88 0.19 0.6715 79.82 9.81 0.0107 62.78 3.99 0.0738 
x2x3 32.20 7.00 0.0245 68.74 8.45 0.0157 523.75 33.27 0.0002 
x1

2 2593.15 563.74 < 0.0001 1055.34 129.69 < 0.0001 2367.12 150.36 < 0.0001 
x2

2 2333.44 507.28 < 0.0001 1.01 0.12 0.7318 224.54 14.26 0.0036 
x3

2 1252.27 272.24 < 0.0001 906.23 111.37 < 0.0001 2703.48 171.72 < 0.0001 
Residual 4.60   8.14   15.74   
Lack of Fit 6.28 2.15 0.2102 14.21 6.87 0.0272 29.99 19.99 0.0027 
Pure Error 2.92   2.07   1.50   

In addition, the convenience of the model and its terms can be evaluated 
using p-values. Therefore, the p-values less than 0.05 are desired. Herein, x1, x2, 
x3, x2x3, 2

1x , 2
2x  and 2

3x  are significant model terms in the case of COD removal 
where x1, x2, x3, x1x3, x2x3, 2

1x , and 2
3x  are significant and x1, x2, x3, x2x3, 2

1x , 2
2x  

and 2
3x  are significant model terms for the dephenolisation and dearomatisation 

attempts, respectively. Moreover, temperature, x1, was found to be the most fav-
ourable parameter of all cases that possessed the highest F values. 

Evaluation of regression coefficients 
The regression coefficients of the models are shown in Table IV. The stan-

dard deviation values, which are known as the square root of residual mean 
square values and desired to be lower, were obtained as 2.14, 2.85 and 3.97 res-
pectively, in the case of COD removal, dephenolisation and dearomatisation 
analysis.56 The fit of the model with each point in the design is determined using 
the predicted residual sum of squares values (PRESS) where small values are 
desired.57 Thus, the PRESS value of COD removal was found to be better than 
that of the obtained ones in other cases. The coefficient of determination (R2), 
which takes values between zero and one, represents the relationship between the 
variables and its value is desired to be close to 1.57  

Herein, R2 values were found as 0.9970, 0.9846 and 0.9869, respectively, for 
COD removal, dephenolisation and dearomatisation analysis. The amount of the 
variation around the mean given by the model is represented by the adjusted R2 
and the amount of variation in new data, explained by the used model, is sym-
bolised by the predicted R2.56 The predicted R2 values of 0.9832, 0.8918 and 
0.9020 are in a reasonable agreement with the adjusted R2 values of 0.9943, 
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0.9707 and 0.9752, respectively. The adequate precision values, which were sup-
posed to be greater than 4 and measure the signal-to-noise ratio, were found to be 
56.930, 25.981 and 27.059 for COD removal, dephenolisation and dearomatis-
ation analysis, respectively. Thus, these values indicate that the models can be 
used to direct the design space in each case.31 

TABLE IV. Regression Coefficients of the models obtained by CCD 
Regression coeffiecient COD Removal Dephenolisation Dearomatisation 
Standard Deviation 2.14 2.85 3.97 
PRESS 260.57 571.08 1181.85 
R2 0.9970 0.9846 0.9869 
Adjusted R2 0.9943 0.9707 0.9752 
Predicted R2 0.9832 0.8918 0.9020 
Adequate precision 56.930 25.981 27.059 

Evaluation of approximation equations 
The predicted second-order polynomial equations – Eqs. (3)–(5), were 

obtained using the Design-Expert software.56 These equations can be used to 
make the predictions about the degradation percentage for the given levels of 
each factor based on the evaluation of the factor coefficients (coded factors). Eqs. 
(3)–(5) indicated that the relative impacts of the factors for the predicted models 
are in the following sequence: x1 > x3 > x2 > x2x3 > x1x3 > x1x2 > x3

2 > x2
2 > x1

2, x1 
> x3 > x2x3 > x2 > x1x2 > x2

2 > x1x3 > x3
2 > x1

2 and x1 > x2x3 > x3 > x2 > x1x2 > x1x3 > 
x2

2 > x1
2 > x3

2 in the case of COD removal, dephenolisation and dearomatisation 
analysis, respectively. Y1, Y2 and Y3, correspond to the response of each model for 
the COD removal, dephenolisation and dearomatisation analysis, respectively. 

 
1 1 2 3 1 2 1 3

2 2 2
2 3 1 2 3

0.37 0.33

2.01 9.

 79.17 23.42 8.68 11.06

 13.41 12. 2 37 2

Y x x x x x x x

x x x x x

= + − − +

+ −

+ +

− −
 (3) 

 
2 1 2 3

2 2 2
1 2 1 3 2 3 1 2 31.70 3.16 2.93 0.26

 91.94 10.9

7.93

5 1.77 10.62

 8.56

Y x x x

x x x x x x x x x

+

+ − − −−+

= + + +
 (4) 

 3 1 2 3
2 2 2

1 2 1 3 2 3 1 2 31.41 2.80 8.09

 94.53 20.35 4.38 7.29

 3.95 13.12.82 70

Y x x x

x x x x x x x x x

−

− − + −

+ +

−

= +

−
 (5) 

Effects of temperature and treatment time on the COD removal, dephenolisation 
and dearomatisation efficiency 

Fig. 1a–c demonstrates the 3D plots displaying the effect and the interaction 
of the temperature and the treatment time, at a fixed H2O2 concentration of 1 M, 
on the response as independent variables. Responses represent the percentages of 
COD removal, dephenolisation and dearomatisation efficiency in Fig. 1a–c, 
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respectively. Considering the Fig. 1, one can notice that while higher temperature 
and longer treatment time are more effective on the COD removal, milder con-
ditions are sufficient for obtaining the high yield in the dephenolisation and 
dearomatisation processes. This can be attributed to the fact that, though the 
structures of phenolic and aromatic compounds can be degenerated even under 
the lower values of temperature and treatment time, more harsh conditions are 
required for the oxidation of mentioned structures, consequently for the high 
COD removal. Also, the removal efficiencies of the aromatic compounds may 
vary with the structure type of them.58 

 
Fig. 1. Effects of temperature (T) and treatment time (t) on: a) the COD removal, 

b) dephenolisation and c) dearomatisation efficiency of OMWW using H2O2 at fixed c = 1 M. 

In addition, a certain time is required for the generation of the adequate free 
•OH.31 On the basis of this necessity, it is obvious that effect of the treatment 
time is essential especially in the higher temperature values for obtaining a high 
yield. Thus, the increasing treatment time has a significant effect on the each 
case. For instance, the increasing treatment time from 60 up to 100 min raised 
COD removal, dephenolisation and dearomatisation percentages, respectively, 
from 59.96 to 84.18, from 91.76 to 96.31 and from 82.38 to 97.11 under fixed 
temperature of 398 K and H2O2 concentration of 1 M. Increasing the temperature 
from 373 K up to 423 K raised the COD removal, dephenolisation and dearo-
matisation percentages respectively from 47.64 to 93.90, from 77.82 to 97.70 and 
from 65.82 to 100 under fixed H2O2 concentration of 1 M and the treatment time 
of 100 min. 

Effects of treatment time and concentration of oxidizing agent on the COD 
removal, dephenolisation and dearomatisation efficiency 

The combined effect of treatment time and H2O2 concentration on the res-
ponse is shown in Fig. 2a–c at fixed temperature of 398 K. It is clearly shown 
from Fig. 2a that the darker area, which demonstrates the high yield, is smaller 
than that of Fig. 2b and c. This situation suggests that COD removal requires 
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more severe conditions when comparing dephenolisation and dearomatisation 
processes. Nevertheless, while concentration of H2O2 is essential in the gener-
ation of free radicals, an adequate amount of free radicals might be formed 
beyond a certain time. Thus, the medium and high levels of H2O2 concentration 
raised the yield of COD removal above the medium levels of the treatment time. 
Also, high dephenolisation yields were obtained above medium levels of H2O2 
concentration in all treatment time and high dearomatisation yields were obtained 
at lower levels of concentration of H2O2 and the treatment time. For instance, 
increasing treatment time from 60 up to 100 min raised COD removal, dephenol-
isation and dearomatisation percentages respectively from 57.77 to 80.65, from 
89.90 to 92.49 and from 86.21 to 95.55 under fixed temperature of 398 K and 
H2O2 concentration of 1.0 M. Increasing H2O2 concentration from 0.4 up to 1.0 
M raised COD removal, dephenolisation and dearomatisation percentages, res-
pectively, from 59.60 to 84.18, from 72.98 to 96.31 and from 71.86 to 97.12 
under the fixed temperature of 398 K and the treatment time of 100 min.  

 
Fig. 2. Effects of treatment time (t) and concentration of oxidizing agent (C) on: a) the COD 

removal, b) dephenolisation and c) dearomatisation efficiency of OMWW using H2O2 
at fixed T = 398 K. 

Effects of concentration of oxidizing agent and temperature on the COD removal, 
dephenolisation and dearomatisation efficiency 

The combined effect of temperature and H2O2 concentration significantly 
increased the yield in each case shown in Fig. 3a–c. For instance, increasing the 
temperature from 373 up to 423 K raised COD removal, dephenolisation and 
dearomatisation percentages respectively from 43.90 to 90.52, from 72.43 to 
95.34 and from 62.73 to 100 under the fixed treatment time of 100 min and H2O2 
concentration of 0.8 M. Increasing the H2O2 concentration from 0.4 M up to 1.2 
M raised COD removal, dephenolisation and dearomatisation percentages res-
pectively from 22.59 to 46.57, from 49.85 to 79.14 and from 36.34 to 61.53 
under the fixed treatment time of 100 min and even temperature of 373 K. 
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Increasing H2O2 concentration might affirmatively effect the efficiencies due to 
the possible increase in the amount of •OH that can easily attack the target 
compound and therefore enhance the degradation rates.30,59 In addition, the tem-
perature might favour the mentioned generation of free radicals. However, the 
temperature can reduce the yields above the certain point due to the possible 
degradation of H2O2, or an undesirable reaction might occur between the matrix 
and H2O2.60 Thus, temperatures adversely affect the efficiency above 420 K. For 
instance, increasing the temperature from 418 to 423 K only, caused the decrease 
in the COD removal, dephenolisation and dearomatisation percentages respect-
ively from 67.69 to 67.55, from 89.05 to 87.19 and from 78.68 to 77.85 under the 
fixed H2O2 concentration of 1.2 M and the treatment time of 60 min.  

 
Fig. 3. Effects of concentration of oxidizing agent (C) and temperature (T) on: a) the COD 

removal, b) dephenolisation and c) dearomatisation efficiency of OMWW using H2O2 
at fixed t = 100 min. 

CONCLUSION 

Based on the use of simple but impressive experimental set-up, this study 
has been proposed as an important and advantageous alternative to the inefficient 
and inapplicable conventional processes for the treatment of OMWW. Moreover, 
it should be noted that H2O2, which leaves no residues after treatment, was used 
as the oxidising agent. Results show that the co-effect of a subcritical medium 
and H2O2 have a remarkable effect on responses. The high yields obtained in 
terms of COD removal, dephenolisation and dearomatisation indicate that the 
OMWW is effectively cleansed and can be safely discharged using the eco- 
-friendly subcritical water oxidation method. CCD was performed to fully evalu-
ate the effect of each temperature, concentration and treatment time on the COD 
removal, dephenolisation and dearomatisation rates. The ANOVA results were 
considered to reveal the convenience of the models and model terms. Besides 
determining these experimental parameters and the interactions between them, 
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the approximation equations were proposed in each case. The temperature was 
found to be the most effective variable in all cases, especially in COD removal. 
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И З В О Д  
ДЕГРАДАЦИЈА, ДЕФЕНОЛИЗАЦИЈА И ДЕАРОМАТИЗАЦИЈА ОТПАДНЕ ВОДЕ ОД 
МЛИНА ЗА ЦЕЂЕЊЕ МАСЛИНА МЕТОДОМ ОКСИДАЦИЈЕ ПОТКРИТИЧНЕ ВОДЕ 
КОРИШЋЕЊЕМ ВОДОНИК-ПЕРОКСИДА: ПРОЈЕКТОВАЊЕ ЦЕНТРАЛНОГ 

КОМПОЗИТА МЕТОДОМ ОДГОВОРА АНАЛИЗЕ ПОВРШИНЕ  

ERDAL YABALAK, ÖZKAN GÖRMEZ и BELGİN GÖZMEN SÖNMEZ 

Mersin University, Faculty of Arts and Science, Department of Chemistry, Çiftlikköy Campus, 

TR-33343, Mersin, Turkey 

У овој студији је представљена метода прихватљива за животну средину, којом се 
деконтаминира отпадна вода млина за цеђење маслина, што се испоставило као значајан 
проблем у заштити животне средине. Испитано је уклањање полифенолних и ароматич-
них остатака и разлагање отпадне воде из млина у региону Mersin у Турској – помоћу 
оксидације поткритичне воде коришћењем водоник-пероксида. За процену утицаја тем-
пературе, дужине трајања третмана и концентрације оксидационог агенса коришћено је 
пројектовање централног композита методом одговора анализе површине. Поузданост 
употребљене методе је доказана АNOVA анализом. Одређени су оптимални експери-
ментални параметри и у сваком од случајева предложене су теоријске једначине. 
Најефикасније уклањање COD, дефенолизација и деароматизација остварене су у изно-
сима од 85,74, 96,13 и 95,94 %, редом. 

(Примљено 9. септембра, ревидирано 24. октобра, прихваћено 25. октобра 2017) 
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