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A B S T R AC T

In this study, the treatment performance of SCWO process is evaluated on various industrial 
wastewaters such as textile dyehouse effl uent; pesticide containing model wastewater; olive 
mill wastewater and cheese whey. These wastewaters have signifi cant pollution potentials due 
to their high organic loads. The experiments were made under sub- and supercritical condi-
tions in a continuous fl ow reactor, using H2O2 as the oxygen source. The removal effi ciencies are 
evaluated in terms of total organic carbon concentrations (TOC). The results demonstrate that 
at various experimental conditions, SCWO provides high organic conversion yields up to 100% 
in very short reaction times within 30 s for each wastewater sample. 

Keywords:  Supercritical water oxidation; Hydrothermal; Olive mill wastewater; Textile 
wastewater; Whey; Pesticide; Water reuse

very dilute with a maximum organics concentration of 
1%. Incineration of dilute wastewaters is not economi-
cally favorable, because the energy balance requires a 
minimum organic content of 20% in order to minimize 
the supplemental fuel costs. This method has also the dis-
advantage of high investment costs of separation units 
for removal of stack gases from the exhaust streams. 

Wet air oxidation systems are usually operated in a 
temperature range of 150–350 ºC and pressure range of 
2–20 MPa, with residence times between 15–120 min. 
The chemical oxygen demand (COD) removal is typi-
cally between 75% and 90%. Remaining COD content 
usually consists of volatile acids such as acetic acid, thus 
this method may require to be supported with another 
treatment system in order to remove the remaining 
organics which are potentially harmful for the nature. 
Oxidation under more severe conditions can be seen as 
the key to reach nearly complete destruction of various 
organics in very short residence times [1]. Water, the most 
important solvent in nature, has very important charac-
teristics as a reaction solvent under supercritical condi-
tions. Above its critical point (374.8 °C and 22.1 MPa), 

1. Introduction

Amount of organic and toxic wastes produced is 
increasing every year, while the discharge limitations 
and environmental regulations on treatment standards 
are getting more stringent. Some technologies such as 
adsorption, biological oxidation, chemical oxidation, 
incineration and land-based solutions such as land fi ll-
ing, deep well injection and lagooning have their own 
disadvantages by organics contaminated water treat-
ment. Land-based solutions are not about removing the 
organic content; they bring the risk of contamination of 
toxic organics into soil, groundwater and even air, if vola-
tile organics exist in the waste mixture. It may be foreseen 
that land disposal will be prohibited in following years. 

Oxidation-based destruction methods include acti-
vated carbon treatment, biological treatment, incinera-
tion, wet air oxidation (WAO) and supercritical water 
oxidation (SCWO). Activated carbon treatment and bio-
logical treatment usually require the wastewater to be 
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 water exhibits unique physicochemical properties that 
make it an effective reaction medium. Therefore, super-
critical water offers a control mechanism depending on 
solubility, a low viscosity, excellent transport properties 
based on its high diffusion ability and new reaction pos-
sibilities for hydrolysis or oxidation. 

SCWO brings together an oxidant such as fed air, 
oxygen or hydrogen peroxide as an oxygen source and 
organic compounds to be oxidized in the presence of 
huge amount of water at high temperatures (400–600 °C) 
and pressures (25–30 MPa). These temperature and pres-
sure values are higher than the critical conditions of 
water (374 °C, 22.1 MPa), which can be seen as the reac-
tion media, thus the reaction occurs in the supercritical 
phase. Under these conditions, waste organics can func-
tion as a fuel in the oxidation reaction and organic carbon 
oxidized to CO2 and hydrogen atoms to H2O. Up to 99.9% 
degradation of organic constituents in the wastewater is 
typically achieved within reaction times between a few 
seconds to a few minutes depending on the reaction tem-
perature [2]. With these destruction effi ciencies, treated 
wastewater streams can be discharged without any fur-
ther treatment [3]. Obtaining the severe operational con-
ditions may seem expensive, but the operational costs 
can be minimized with a precise energy integration of the 
SCWO plant [4]. The potential of industrial reuse of odor-
less, colorless and transparent reactor effl uents with very 
low organic residues provides advantages to the SCWO 
process in economical aspects as well. 

This study is focused on the treatment of four dif-
ferent wastewater samples: a textile dyehouse effl uent, 
a water sample contaminated with a pesticide used in 
agricultural production, olive mill wastewater (OMW) 
and cheese whey by using  SCWO. Removal of organic 
contents in these wastewater samples are investigated 
in terms of TOC concentration. 

2. Experimental

SCWO experiments were performed in a continuous-
fl ow reactor system as described in a previous work [5]. 
The oxidant feed stream consists of diluted hydrogen 
peroxide (H2O2) in deionized water. A second feed ves-
sel was loaded with wastewater sample. Both of the feed 
liquids were pumped into the furnace to be preheated 
in separate lines. During preheating, hydrogen peroxide 
decomposes completely into oxygen and water [6]. After 
preheating to reaction temperature, both streams unite 
passing through a mixing tee and the oxidation reaction 
occurs in the following part of the pipeline. Upon exit-
ing the reactor, the effl uent was cooled rapidly through 
a heat exchanger. The solid particles, which would be 
formed presumably, were fi ltered out by an inline fi lter, 
before the stream was depressurized by a back pressure 

regulator used to keep the reactor under 25 MPa pres-
sure. The product stream was then separated into liquid 
and vapor phases. The liquid products were collected 
and analyzed for remaining TOC concentrations.

3. Analytical methods

The wastewater and liquid phase reactor effl uent 
concentrations were characterized by the analyses of 
the TOC contents. TOC analyses were performed by 
total organic carbon analyzer (HACH-LANGE IL550 
TOC-TN), which is based on combustion catalytic oxi-
dation method, using a highly sensitive multi-channel 
non-dispersive infrared detector (NDIR). Standard 
so lutions for the calibration were prepared by using 
potassium hydrogen phthalate (Acros). All the reagents 
were pure for analytical use. In order to provide precise 
data, the samples were analyzed in triplicate, and the 
averages are reported as results. COD of the wastewater 
was measured by using NanoColor® test tubes accord-
ing to Standard Method 5220 D [7]. 

3.1. Brief information on SCWO kinetics

Organics removal in supercritical water media takes 
place in two simultaneous incidents: hydrothermal deg-
radation (or decomposition) and oxidation. Those two 
reactions are shown in two terms in the model equa-
tion. A typical SCWO reaction rate model equation is as 
follows [6]:
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Here, [TOC], [H2O] and [O2] represent the concentra-
tions of TOC, water and oxygen in the reaction media, 
respectively. The terms a and b represent the reaction 
orders for TOC and water at hydrothermal degradation 
reaction; and the terms c, d and e represent the reaction 
orders for TOC, oxygen and water at oxidation reaction, 
respectively. kTh and kOx are the reaction rate constants of 
thermal degradation and oxidation, respectively. 

Rate constant (k) for any chemical reaction is defi ned 
in Arrhenius form as:

−
= ⋅0

E
RTk k e  (2)

Here, k0 is the pre-exponential factor and Ea is the 
activation energy (J mol−1) specifi c for a given reaction. R 
and T are the  universal gas constant and absolute tem-
perature, respectively. 
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There is no consensus about the effect of water con-
centration on reaction rates. The reaction media mainly 
(~98%) consists of water, thus the water terms can be 
eliminated. Oxygen is used in excess at oxidation reac-
tions and the changes in its concentration can be omit-
ted. Thus, the equation takes the form shown below:
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The terms kTh,0, kOx,0, Ea,Th, and Ea,Ox represent the pre-
exponential factors and activation energy values of ther-
mal degradation and oxidation, respectively. [O2]0 is the 
initial oxygen concentration in the reaction media.

3.1.1. Oxidation reaction

For oxidation reaction, the rate equation in terms of 
conversion ratio can be written as:
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Here, the term τ is residence time in the pipe reactor 
and X is organics conversion ratio which can be defi ned as:

0

[TOC]
1

[TOC ]
X = −  (5)

With initial condition of X = 0 at τ = 0, the rate equa-
tion can be arranged as follows:
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3.1.2. Hydrothermal degradation reaction

With zero reaction order for TOC concentration, the 
reaction rate equation for hydrothermal degradation in 
absence of oxidant can be written as follows:

,

,0
[TOC]

[TOC]
a ThE
RTTh

d
k e

dt

−− = ⋅
 

(7)

Which can be arranged in terms of TOC conversion 
ratio:
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For initial condition X = 0 at τ = 0, fi nal rate equation 
for hydrothermal degradation reaction becomes:

τ −⋅= − a
01

E RTk eX e  (10)

4. Results and discussion

4.1. Textile dyehouse wastewater treatment

Textile industry wastewater generally contains 
undesirable components which are toxic and/or muta-
genic to aquatic life [8]. Textile industries produce a huge 
amount of wastewater, which cause “money waste” if 
it is discharged instead of being reused after a proper 
treatment [9]. 

SCWO treatment of an original textile dyehouse 
wastewater sample has been investigated. In order to 
avoid precipitation of inorganic matter, a non-salty 
wastewater sample  obtained from a synthetic fi bers 
dyehouse was chosen for this study. Substances such as 
sodium acetate, acetic acid, imidazolyne based softener, 
C.I. Basic Yellow 13, C.I. Basic Red 46, C.I. Basic Blue 3, 
C.I. Basic Blue 41, C.I. Basic Blue 159 containing waste-
water with an unknown composition was obtained from 
a textile factory located in Yalova, Turkey. Because the 
composition is unknown, the organic matter content has 
been evaluated in terms of TOC. The visually inspected 
color of the wastewater was dark violet. Fig. 1 shows 
the untreated wastewater sample together with a reac-
tor effl uent sample after SCWO in 550 °C. Table 1 shows 
the properties of the wastewater. 

Fig. 1. Untreated textile dyehouse wastewater sample and 
reactor effl uent after SCWO (550 °C). 
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By hydrothermal degradation of dyehouse waste-
water, the TOC content in the liquid effl uent drops even 
in the absence of oxidant, so it is obvious that the organ-
ics leave the system in gas phase by transforming into 
gaseous hydrocarbons. By increasing the temperature 
from 450 °C to 650 °C, conversion ratios in terms of TOC 
increase from 15% to 70.5%. Experimental results are 
graphically shown on Figs. 2 and 3. Fig. 2(a) shows the 
TOC removal without using oxidant and (b) with oxi-
dant at various reaction temperatures. Considering the 
fi nal TOC intervals on the Figures, it is obvious that the 
presence of oxidant increases the conversion ratios. 

Fig. 3 shows the SCWO reaction results by vari-
able oxidant concentrations at 500 °C and 550 °C tem-
peratures. Increasing oxidant concentrations make the 
SCWO reactions more effective, but repeating the same 
reactions with only 50 °C higher temperature increases 
the conversions even more dramatically than the 
increasing oxidant concentrations do. This comparison 
on magnitudes of temperature and oxidant concentra-
tion effects on SCWO applies also to the other wastewa-
ter samples discussed in this work. 

4.2. Olive mill wastewater treatment

Olive mill wastewater (OMW) is a dark–colored 
byproduct of olive oil industry which has highly pollut-
ing characteristics.  It contains high amounts of polyphe-
nols, volatile acids, polyalcohol, nitrogen compounds, 
pectin, oil and tannin [10]. Toxic phenolic ingredients 
of the OMW require to be removed prior to biological 
treatment, which can be considered as an additional cost 
[11,12]. The OMW mentioned in this work was obtained 
from an olive oil production plant near Aydın, Turkey. 
Some of the properties of the OMW are shown in Table 2.

A roughly fi ltered OMW sample with an initial TOC 
concentration of 19,100 mg l−1, which was supplied from 
an olive oil factory, has been treated using SCWO. As 
expected, temperature and oxidant concentrations both 

Table 1 
Properties of dyehouse wastewater

Parameter Value

COD 1467 mg l−1

TOC 744.5 mg l−1

TN 109.4 mg l−1

pH 4.92
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Fig. 2. (a) Effect of temperature on textile wastewater hydrolysis in absence of oxygen. Residence time: 10.6 s.
(b) Effect of temperature on SCWO effi ciency using 2% H2O2 solution with 8 s residence time.
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Fig. 3. Effect of oxidant concentration on TOC removal under 
500 °C and 550 °C temperatures with 8 s residence time.
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affect the result, and temperature is more essential than 
high oxidant concentrations.

Figs. 4a and 4b represent the effect of varying oxi-
dant concentrations under constant temperature, and 
varying temperatures with constant oxidant concentra-
tion on TOC removal with SCWO, respectively. As seen 
on the Figures, the fi nal TOC values change more con-
sequently with changing temperatures than with chang-
ing oxidant concentrations.

The visual results of the OMW treatment are shown 
in Fig. 5 with two examples. Fig. 5 shows samples of reac-
tor effl uents after treatment under 500 °C and 550 °C tem-
peratures with an untreated OMW sample. The slightly 
yellowish color observed at the sample obtained from 
SCWO under 500 °C was completely removed in 550 °C.

4.3. Cheese whey treatment

Even dairy wastewater generally does not con-
tain toxic chemicals, it has to be treated because of its 
organic content and decomposition of which result also 
an inconvenient odor [13]. Whey is the liquid residue of 
milk after separation of casein and fat. It contains lac-
tose, soluble non–casein proteins, vitamins, minerals 

and traces of milk fat. Those organics result character-
istically in a COD concentration of 50,000–70,000 mg l−1, 
therefore it cannot be discharged and requires to be pro-
cessed even it may be economically unbenefi cial [14,15]. 
A homemade cheese whey sample was treated by 
SCWO. Table 3 shows the properties of the untreated 
cheese whey sample. A photograph of an untreated 

Table 2
Properties of the OMW

Parameter Value

COD 55,000 mg l−1

TOC 19,100 mg l−1

TN 395.6 mg l−1

pH 5.37

Table 3
Properties of the cheese whey

Parameter Value

COD 102,000 mg l−1

TOC 56,000 mg l−1

TN 610 mg l−1

pH 4.06
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Fig. 4. (a) Effect of oxidant concentration on SCWO of OMW at 600 °C. Res. time: 10 s. (b) Temperature effect on SCWO of 
OMW. H2O2 concentration: 8%. Res. time: 10 s.

Fig. 5. Untreated OMW sample with 500°C and 550°C reac-
tor effl uent samples. 
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cheese whey sample together with an SCWO–treated 
reactor effl uent sample is shown in Fig. 6.

From a 1/10 diluted cheese whey with an initial TOC 
concentration of 5600 mg l−1, TOC removal effi ciencies 
between 87.06% and 99.76% were obtained in various 
experimental conditions within 6–21 s residence times. Fig. 7 
shows results of oxidant concentration (a) and temperature 
(b) dependent TOC removal experiments, respectively. 

4.4. Agricultural pesticide contaminated wastewater treatment

Pesticides generally are chemically stable and resistant 
to biodegradation. They are water soluble and can contami-
nate the ground water [16]. Traditional oxidation processes 
with limited organics conversions form mutagenic com-
pounds, which are still dangerous for the aquatic life [17].

SCWO treatment of an agricultural pesticide 
(o,o–dimethyl–2, 2–dichloro vinyl phosphate) con-
taminated model wastewater sample has been inves-
tigated. Pesticide sample (Didifos® 55EC) is obtained 
from its producer (Hektaç Co., Istanbul). Initial TOC 
concentration of the sample was 54.71 mg l−1. TOC 
removal effi ciencies between 70.4%–100% have been 
achieved under various conditions within reaction 
times of 7–21 s. 

Fig. 8 shows the effect of oxidant concentration (a) 
and of temperature (b) on TOC removal from pesticide 
contaminated wastewater. 

4.5. Kinetic evaluation for hydrothermal and oxidative 
treatment of the pesticide in supercritical water

The unknown parameter values in Eqs. (6) and 
(10) can be determined after statistical analysis. As an 
example, after statistical analysis from experimental 
data obtained by the treatment of pesticide contain-
ing model wastewater, the overall model equation for 
hydrothermal degradation and supercritical water oxi-
dation become:

For SCWO,
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Fig. 6. Untreated cheese whey sample (left) and the 550 °C 
reactor effl uent sample after SCWO.
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Fig. 7. (a) Effect of oxidant concentration on SCWO of cheese whey with 8 s residence time, at a temperature of 500 °C.
(b) Effect of temperature on SCWO of cheese whey with 8 s residence time.

s
.



O.Ö. Söğüt et al. / Desalination and Water Treatment 26 (2011) 131–138 137

12

14

16

18

20

22

24

26

0 0,5 1 1,5 2 2,5 3

H2O2 %

F
in

al
 T

O
C

 (
m

g
/L

)

(a)

0

2

4

6

8

10

12

14

16

18

400 500 600

SCWO Temperature (°C)

F
in

al
 T

O
C

 (
m

g
/L

)
(b)

Fig. 8. (a) Effect of oxidant concentration on TOC removal from pesticide contaminated wastewater under 500 °C tempera-
ture with 8 s residence time. (b) Effect of temperature for the same wastewater. Residence time: 8 s. H2O2 concentration: 2%.

Fig. 9. Comparison of experimental and model results for 
SCWO of pesticide containing model wastewater.

Fig. 10. Comparison of experimental and model results for 
hydrothermal degradation of pesticide containing model 
wastewater.

The results obtained by using the experimental con-
ditions in the model equation were compared with the 
actual experimental data. Figs. 9 and 10 show this com-
parison of the experimental and model results for SCWO 
and hydrothermal degradation experiments, respectively. 
Predicted and observed values represent the model and 
experimental conversion results for each run, respectively.

5. Conclusion

SCWO treatment of four different wastewater sam-
ples containing various organics in a laboratory scale con-
tinuous fl ow pipe reactor was investigated in this work.

Degradation of organic content occurs in two simul-
taneous steps, thermal decomposition and oxidation. 
Thermal decomposition is the transformation of the 
organic substances in the wastewater into smaller gas-
eous hydrocarbons under high temperatures, even in 
absence of oxygen. In order to understand the role of 
thermal degradation in SCWO reactions, individual 
experiments under various temperatures were carried 
out without using hydrogen peroxide. 

Because of the severe conditions in reaction media 
with minimized mass transfer limitations, SCWO reac-
tions resulted with very rapid removal of TOC content 
for all types of samples. First, temperature and then 
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 oxidant concentration in the reactor were the main vari-
ables affecting the TOC conversions by SCWO. 

Achieving the severe conditions such as high pres-
sure and temperatures sound expensive, but with a 
precise heat integration, this process could be even 
economically benefi cial regarding the high conversion 
rates obtained in very short reaction times.
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