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Abstract. The given paper presents results of an experimental study of the 

industrial water runoff oxidation within the propylene epoxidation process 

carried out under supercritical fluid conditions (T=653-723 K, P=29-32 

MPa) at a continuous operation installation using atmospheric oxygen as the 

oxidizing agent. Efficiency of the water runoff oxidation depending on the 

thermodynamic conditions of oxidation reaction was established. Solid 

residue elemental composition was determined. 

1 Introduction 

Modern world community is seriously concerned about the problems of natural resources 

depletion, and, particularly, of hydrocarbon raw materials reserves and of environmental 

pollution. Waste waters arising from the petroleum products processing, originating in pulp 

and paper industry and in other types of production activities are inflicting significant damage 

[1-3]. As a result of waste waters a water body, water transparency decreases, its color 

changes, suspended matters content increases, as well as the content of dry and dense residue, 

sulfates and chlorides, oxidability increases and the dissolved oxygen content decreases [4]. 

In order to reduce the negative impact of the waste water pollution on the environment, 

oxidative techniques are widely used. The given techniques are used in local installations in 

combination with further biological or profound waste water final treatment [5–9]. 

In addition, the role of catalytic processes in modern petrochemistry is important. In the 

case of using the homogeneous catalysts, there almost always appears a need in the reaction 

products separation and catalyst segregation in the form of a certain fraction followed by 

purification of a target component. Otherwise, the catalyst is irretrievably lost. Thus, the 

expensive molybdenum complex examined within the present work and used to accelerate 

the propylene epoxidation reaction acceleration in a multi-ton industrial process, after the 

reaction product washing is concentrated in waste water, which is subjected to thermal 

neutralization. As a result, the high cost molybdenum salts are lost being distributed in the 

flue gases and in the corresponding melt. Besides, economic expenditures are aggravated by 
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environmental problems that arise. The above mentioned takes place and is due, first of all, 

to the lack of an efficient and cost-effective approach to separation of the molybdenum salts 

from the waste water. The above makes it relevant to search for a more efficient alternative 

method to treat the chemical industry waste waters in order to isolate and restore the spent 

homogeneous catalysts. 

As an alternative way to solve this problem, it is proposed to use the supercritical fluid 

(SCF) media within the framework of combining the CO2 supercritical fluid extraction 

process and the supercritical water oxidation technique (SCWO). SCF simultaneously 

possess the properties of both liquid and gas. In other words, SCF is able to be compressed 

like gases (ordinary liquids are practically not compressible), and at the same time is able to 

dissolve solid substances, which is not characteristic for gases [10]. Solubility of both liquid 

and solid substances in the supercritical media is a function of pressure: the higher the 

pressure is, the higher is solubility of solid substances in supercritical media [11]. Processes 

under consideration are characterizes by high mass-exchanging characteristics with the short 

duration thereof, as well as by energy-saving and environmentally secure nature [12-14]. 

Speaking of the SCWO technique, we should mention that participating organic 

compositions  and, in particular, waste water is oxidized (by oxygen, hydrogen peroxide, etc.) 

in the presence of water being in the supercritical state, up to obtaining process water, carbon 

dioxide and solid inorganic residue [15-18], which could contain chemical elements that 

possess high value in the market . 

2 Experimental part 

The water runoff under examination was the industrial water runoff resulting from the styrene 

and propylene oxide production process at the Nizhnekamskneftekhim PJSC and having the 

following composition: 

- ethylbenzene C6H5CH2CH3 - 2.5% by weight; 

- acetophenone CH3COC6H5 - 1% by weight; 

- methylphenylcarbinol (MPC) C6H5CH(OH)CH3 - 6.5% by weight; 

- phenol C6H5OH - 2.5% by weight; 

- propylene glycol C3H8O2 - 12% by weight; 

- Mo molybdenum (pure metal) - 0.2% by weight; 

- H2O water- 40% by weight. 

Within the framework of executing work on developing the process of waste water 

treatment under the reaction mixture SCF conditions, the original flow action experimental 

installation was used (Fig. 1). 
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Fig. 1. SCWO flow installation schematic diagram: 1- high pressure pump; 2- initial waste water/air 

reservoir; 3- air compressor; 4- valve; 5- receiver; 6- gauge; 7- current isolating element; 8- step-down 

transformer; 9- heat exchanger for heating the feed mixture; 10- temperature sensor (thermocouple); 

11- reactor; 12- residue collection chamber; 13- HF-30 high frequency induction heater; 14- 

refrigerator; 15- treated waste water collection reservoir; 16-gas flow meter. 

One of the main qualitative indicators of the potable, natural and waste water quality level 

could be chemical oxygen demand (COD or ХПК, in Russian). Analysis of the COD product 

reaction in order to reduce this indicator was carried out using the photometric Expert-003-

ХПК COD Analyzer with a thermal reactor for 26 samples in accordance with GOST R 

52708-2007 [19]. The COD measurement technique essence was to treat water samples with 

sulfuric acid and potassium bichromate at a given temperature in the presence of silver sulfate 

(oxidation catalyst) and mercury sulfate (II), used to reduce the effect of chlorides. The COD 

value in a given concentration range was determined by measuring the optical density of the 

tested solution at a given wavelength of 430 or 605 nm (depending on the measurement 

range) using calibration dependence of the solution optical density on the COD value. 

X oxidation efficiency was determined by the following formula: 

н

к

ХПК

ХПК
Х 1                                                     (1) 

where: ХПКН is chemical oxygen consumption for the initial water runoff, mgO2 /l; 

ХПКК -  value of chemical oxygen consumption for oxidized water runoff, mgO2/l. 

Surplus of the oxygen used was calculated by the following equation:  

𝑂2(%) =
[𝑂2]𝑎

[𝑂2]𝑠
× 100                                                  (2) 
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where: [O2]a is actual concentration of oxygen supplied to the reactor, mmole/l; [O2]s - 

stoichiometric oxygen concentration based on the waste water COD, mmole/l. 

The reaction product at the end of the water runoff oxidation process was extracted from 

the flow reactor and analyzed using the NexION 300D mass spectrometer. 

Inorganic residue was subjected to analysis using the portable S1 TITAN X-ray phase 

analysis spectrometer. 

3 Results and discussion 

On the flow installation, the 5% water runoff was subjected to oxidation with a surplus of 

atmospheric oxygen of 100-400%, in the temperature range of T=673-873 K and at pressure 

of P=25 MPa. 

Table 1 presents results of the industrial runoff SCWO process experimental study. 

Table 1. Industrial water runoff (P=25MPa) oxidation reaction product COD (mgO2/l) 

O2 surplus, % Treactor, K CODav., mgO2/l O2 surplus, % Treactor, K 
CODav., 

mgO2/l 

- - 67235* - - 67235* 

100 

673 24650 

300 

673 16945 

698 20445 698 14480 

723 17495 723 13755 

748 12285 748 10220 

773 9585 773 8880 

798 7510 798 4440 

823 5005 823 2275 

848 2170 848 2085 

873 1130 873 895 

200 

673 18770 

400 

673 12100 

698 17175 698 10435 

723 15460 723 9290 

748 11275 748 8815 

773 9660 773 4955 

798 3985 798 3035 

823 3055 823 2025 

848 1920 848 1140 

873 1015 873 715 

* initial solution  

 

Based on the experimental data obtained (Table 1), the X oxidation efficency was 

calculated (Figure 2): 
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Fig. 2. Oxidation efficiency of industrial water runoff, carried out at P=25 MPa and different oxygen 

surplus values: 1–100%, 2–200%, 3–300%, 4–400%. 

SCWO reaction is taking place with the efficiency of a process with maximum possible 

value of 0.98, which is estimated relative to the COD value for the process water (allowable 

value for process water after waste water treatment is ≈ 1,000 mgO2/l). 

An increase in temperature contributes to greater oxidation of waste water; however, 

despite the oxygen surplus, complete oxidation does not occur. The reason for this may be 

the presence of aromatic hydrocarbons in the residue composition. In the presence of a large 

amount of aromatic hydrocarbons, formation of resinous substances due to the predominance 

of radical reactions between aromatic fragments prevents the complete oxidation [20-22]. 

With increasing the pressure, the rate of radical reactions between aromatic fragments 

increases: and therefore, the oxidation rate significantly decreases. For the complete 

oxidation of aromatic compounds, significant increase in temperature or a decrease in the 

aromatic hydrocarbons concentration in the waste water due to the use of more diluted water 

runoff is required. 

Tables 2 and 3 demonstrate the results of the residue (Table 2) and the SCWO reaction 

product (Table 3) mass spectrometer analysis. 

Table 2. Dry residue components mass fractions  

Component Content, % 

Zn 38.822 

Fe2O3 8.242 

Cr 2.934 

Mo 2.266 

Ag 1.366 

Cu 0.854 

SiO2 0.842 

Ni 0.809 

Al2O3 0.641 

CaO 0.470 

Cl 0.269 

Ce 0.242 
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Sn 0.227 

P2O5 0.216 

TiO2 0.206 

MnO 0.142 

K2O 0.091 

Sr 0.004 

Pb 0.003 

 

Metals from the table above are presented in a pure form. The molybdenum content was 

found to be insignificant (2.27%), which is associated with large dilution (5%) of the 

industrial water runoff. 

The rest of the non-extracted molybdenum complex remained in the liquid fraction, which 

is clearly shown in Table 3. 

Table 3. Molybdenum content in the liquid fraction 

Sample Mo, mg/l 

Water runoff sample taken in the runoff reservoir lower part  3026.00 

Water runoff sample taken in the runoff reservoir upper part  2939.00 

Treated water runoff (T=873 K) 11.98 

4 Conclusion 

A study of the molybdenum-containing water runoffs supercritical water oxidation (T=673–

873 K, P=25 MPa) process was carried out using atmospheric oxygen as an oxidizing agent 

in a flow-type installation. Significant decrease in the COD value of the reaction product in 

comparison with the COD of the initial water runoff was established. Entire water runoff 

oxidation to satisfy the requirements of the process water level (~1000 mgO2/l) could be 

achieved by increasing temperature and oxygen surplus. In the obtained samples of the 

inorganic residue, presence of molybdenum was established, which is the target product for 

subsequent extraction. 

The authors express their appreciation to the Russian Foundation for Basic Research (Agreement No. 

18-29-06041_mk) for the financial support of the study. 
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