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Abstract Oil cleaning agents generated from nuclear
power plants (NPPs) are radioactive organic liquid wastes.
To date, because there are no satisfactory industrial treat-
ment measures, these wastes can only be stored for a long
time. In this work, the optimization for the supercritical
water oxidation (SCWO) of the spent organic solvent was
investigated. The main process parameters of DURSET (oil
cleaning agent) SCWO, such as temperature, reaction time,
and excess oxygen coefficient, were optimized using
response surface methodology, and a quadratic polynomial
model was obtained. The determination coefficient (R?) of
the model is 0.9812, indicating that the model is reliable.
The optimized process conditions were at 515 °C, 66 s,
and an excess oxygen coefficient of 211%. Under these
conditions, the chemical oxygen demand removal of
organic matter could reach 99.5%. The temperature was
found to be the main factor affecting the SCWO process.
Ketones and benzene-based compounds may be the main
intermediates in DURSET SCWO. This work provides
basic data for the industrialization of the degradation of
spent organic solvents from NPP using SCWO technology.
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1 Introduction

By the end of August 2021, 51 nuclear power units were
in operation in mainland China. Each nuclear power unit
produces approximately 1 m® of radioactive organic liquid
waste annually, including radioactive oil waste and spent
organic solvents. Radioactive oil waste primarily originates
from the lubricating oil of the main circuit heat transfer
pump, turbine oil, and hydraulic oil of the fuel loader.
Spent radioactive organic solvents mainly come from the
oil cleaning agents of equipment and metal parts and a
small amount of liquid scintillation waste produced by
laboratory analysis. Oil waste mainly consists of long-
chain alkanes (mostly more than 20 carbon chains), and its
activity is approximately 100—150 Bq m™>; spent organic
solvents are mainly short-chain alkanes (9—12 carbon
chains), and their activity is approximately 150 MBq m >
[1]. The major radionuclides are C058, C06O, Cs134, Csl37,
etc.

Different technologies have been used to dispose of
radioactive organic solvents, including incineration [2, 3],
adsorption—solidification [4, 5], wet oxidation [6], steam
reforming [7], electrochemical oxidation [8], etc. Among
these methods, the incineration method can effectively
reduce the volume of the treatment effect, but the incin-
eration process produces secondary pollution (such as
NOy, SOy, and dioxins), which can easily cause equipment
corrosion and low public acceptance. The wet oxidation
method has a lower operating temperature and pressure, but
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the reaction time is generally long, and some corrosion
may be caused by the introduction of oxidants (NO3 ™) [9]
or heteroatoms (S and Cl). The adsorption—solidification
method has advantages of a simple process and low cost,
while the organic adsorption capacity and containment rate
are low, and the nuclide is easily leached. Steam reforming
technology has problems with equipment corrosion and
high energy consumption. Owing to the lack of mature and
safe treatment technology, radioactive organic waste liquid
can only be temporarily stored, and long-term storage has
the potential safety hazards of leakage and ignition. Con-
sequently, new technologies must be developed to effi-
ciently and safely treat waste.

Supercritical water oxidation (SCWO) is a promising
green method for degrading organic structures in most
organic wastes. At conditions exceeding its critical point
(T > 374 °C, P> 22.1 MPa), there are quite a few
advantages in supercritical water (SCW), such as low vis-
cosity, low dielectric constant, high diffusion coefficient,
and low ionization constant [10, 11]. SCW is miscible with
most organics and non-polar inorganic molecules, such as
oxygen and carbon dioxide, to form a homogeneous reac-
tion environment, thereby reducing the mass transfer
resistance and improving the reaction rate [12]. Because
refractory organics can be quickly and completely degra-
ded by SCWO, the process does not produce hazardous
emissions, such as NOy, SOy, and dioxins. In addition,
there is almost no volatilization of radioactive metal
nuclides [13].

Considering these advantages, SCWO has been widely
applied to treat various refractory organic wastewaters,
such as pharmaceutical wastewater [14, 15], semi-coke
wastewater [16], explosive wastewater [17], landfill lea-
chate [18], and pesticide wastewater [19]. Moreover, a
corresponding industrial wastewater treatment device has
been built and operated [20]. Research on the SCWO
treatment of radioactive organic waste has mainly focused
on tributyl phosphate (TBP) [21] and ion exchange resin
[22]. Golmohammadi et al. [23] investigated the oxidation
reaction kinetics of TBP in SCW with different tempera-
tures ranging from 370 to 480 °C. The use of Fe,O5 cat-
alyst in the experiment greatly improved total organic
carbon (TOC) removal by 20%. Furthermore, according to
the experimental results, the in-depth mechanism of
supercritical water catalytic oxidation of TBP was sum-
marized and analyzed, and the main intermediate products
were dibutyl phosphate, monobutyl phosphate, and butyric
acid [24]. Leybros et al. [25] studied the degradation
mechanism of SCWO treatment of radioactive waste ion
resin. HOO radicals participate in the process of polymer
decomposition to generate aromatic acids and alcohols.
The main intermediate compounds are benzoic acid, phe-
nol, and acetic acid. Wang et al. [26] performed
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gasification of cationic ion exchange resin in SCW using a
batch reactor. The carbon gasification efficiency was up to
97.98% with K,CO; added and 30 min at 750 °C, and
liquid products were mainly composed of benzene,
monocycle arenes, phenol groups, and polycyclic aromatic
hydrocarbons. In previous research, we studied the oxida-
tive degradation of a radioactive spent extraction solvent in
SCW [13, 27]. Results showed that the TOC removal rate
of organic matter can reach 99.5%. In addition, it has been
revealed that the solubility of radioactive inorganic salts in
SCW is helpful in understanding the deposition charac-
teristics of the reaction [28]. Additionally, SCWO treat-
ment of lubricating oil in nuclear power plants has also
been studied [29]. The results showed that the optimal
reaction conditions were temperature of 550 °C, a reaction
time of 80 s, an excess oxygen coefficient of 250%, and a
removal rate of organic matter of up to 96%. According to
the previous literature, it is worth emphasizing that
supercritical water oxidation has unique advantages in the
treatment of radioactive organic waste. However, no basic
research on the treatment of spent radioactive organic
solvents from nuclear power plants using SCWO technol-
ogy has been conducted. The spent radioactive organic
solvent is oxidized by supercritical water, converted into
radioactive wastewater, and then treated with mature
technologies such as evaporation, precipitation, or ion
exchange to meet the emission standards [1].

In this study, SCWO technology was used to optimize
the reaction conditions of oil cleaning agent simulants,
improve the efficiency of organic removal, and realize
harmless treatment of radioactivity. The DURSET was
selected as the test object for SCWO. First, through single-
factor experiments, the main influencing factors and value
ranges were determined for SCWO. The effects of different
factors and interactions on the chemical oxygen demand
(COD) removal of organic matter in SCW were investi-
gated using response surface methodology (RSM). Subse-
quently, a quadratic polynomial model was established
between independent factors and responses. The best
operating parameters were then obtained through an opti-
mization analysis. Finally, verification experiments were
conducted to confirm the reliability of the model. In
addition, the main components of the reaction products in
the SCW were analyzed.

2 Materials and methods
2.1 Materials
Hydrogen peroxide (H,O,, 30%, w/w) was purchased

from Sinopharm Chemical Reagent Co. (China). The
DURSET cleaning agent (PSC-002) was purchased from



Decomposition of oil cleaning agents from nuclear power plants by supercritical water oxidation

Page 3 of 13 47

the NCH HUYANG Co. (Dalian, China). The physico-
chemical properties of the DURSET are listed in Table 1.
The measured value of COD was 6.20 x 10° +
3.7% mg-L™", which was used to calculate the required
amount of hydrogen peroxide oxidizer for fully oxidizing
DURSET using stoichiometric method. The density, pH,
flash point, and saturated aliphatic hydrocarbons were
obtained from the product details. The GC-MS chro-
matogram and main components of DURSET are shown in
Fig. 1 and Table 2, respectively. It can be seen that the
main components of the stock solution are monocyclic
alkanes (1,2,4-trimethylcyclohexane, 1,2,3-trimethylcyclo-
hexane, 2-cyclohexylbutane, etc.) and bicyclic alkanes
(decalin, 2-methyldecalin, etc.). In addition, it contains a
small number of refractory monocyclic aromatic
hydrocarbons.

2.2 Apparatus and procedure

The SCWO-1000 system was constructed based on the
SCWO-250 system used in the previous studies [13, 27], as
shown in Fig. 2. The reaction system mainly included one
tank reactor (1000 mL, Inconel 625) and two preheaters
(200 mL and 250 mL, Inconel 625). The maximum oper-
ating temperature and pressure of the equipment were
600 °C and 28.4 MPa, respectively. Considering that
pressure had no significant effect on organic matter
removal, all experiments were performed at 24 MPa.
Before the start of each SCWO experiment, deionized
water was pumped into two preheaters and one tank reac-
tor, and the temperature was gradually increased using the
PID meter (proportional integral derivative). When the
internal temperature exceeded 100 °C, the pressure should
be slowly increased to the expected value. Deionized water
and a hydrogen peroxide solution were jointly pumped into
the preheaters via a pressure metering pump (pump 1).
Then, the feedstock solution (DURSET) was pumped
directly into the tank reactor with the assistance of another
pressure metering pump (pump 2). After the exothermic
SCWO reaction, the outflowing reaction mixture was
cooled to room temperature using a tubular cooling device.
The condensed reaction mixture was adjusted to atmo-
spheric pressure using a backpressure regulator (BPR). The
mixture was sent to a gas—liquid separator, and the required
liquid product sample was obtained after separation of the
gas and liquid. The organic matter content in the liquid
effluents was measured and evaluated using a HACH
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Fig. 1 GC-MS chromatogram of DURSET

chemical reactor and
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2.3 Analysis methods

The main ingredients of DURSET and liquid effluent
were analyzed by gas chromatography/mass spectrometry
(GC7890A/MS5975C, Agilent, USA) with a HP-INNO-
WAX capillary column (60 m x 0.25 mm LD., 0.25 um
film thickness). Helium (1 mL/min) was used as carrier
gas. The temperature program of the oven was as follows:
isothermal at 40 °C for 5 min, ramped up to 100 °C at
5 °C/min, and ramped up to 230 °C at 10 °C/min, and held
for 15 min. The working voltage of the MS ion source (EI)
was 70 eV, and its working temperature was 230 °C.
150 °C was used as the operating temperature of the MS
quadrupole.

The COD values of DURSET and the liquid products
were determined by rapid digestion spectrophotometry (HJ/
T399-2007). The measuring equipment used was the
digestion device (DRB 200, HACH, USA) and
portable spectrophotometer (HACH, DR 890, USA). First,
2 mL of the liquid product sample was injected into a
digestion tube (in the range of 0-1500 mg-L™"). Then, the
digestion tubes were placed into the digestion reactor for
the digestion reaction for two hours at 150 °C. Finally, the
COD values were measured using a portable spectropho-
tometer. To ensure the credibility and accuracy of the COD
measured by DURSET, a dilution measurement method
was adopted to conduct six parallel experiments.

Table 1 Physicochemical

Tl
properties of DURSET COD (mg-L )

Density (kg-L™")

pH Flash point (°C) Saturated aliphatic hydrocarbon (wt%)

6.20 x 10° £3.7% 0.75

7 48 80-90

“COD value was determined by rapid digestion spectrophotometry
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Table 2 Main components of DURSET

Composition Monocyclic alkanes Bicyclic alkanes Linear alkanes Monocyclic aromatics Other substances
Percentage (wt%) 69.41 14.21 4.96 2.08 9.34
@ specific volume of feedstock under the conditions of the
® oxidation reaction.

—0

Reactor

Gas-liquid Gas products

separator

Liquid products

WaterandH;0,  Feed

Fig. 2 Schematic diagram of SCWO system (T: Temperature meter,
P: Pressure gage)

The COD removal efficiency (CRE, %) of the liquid
effluent was calculated using the following formula:

[COD],—[COD],_

CRE =
[coD],

x 100%, (1)
where [COD], represents the concentration of chemical
oxygen demand in the feedstock after considering the
dilution influence of deionized water and hydrogen per-
oxide solution and [COD]; represents the concentration of
chemical oxygen demand in the liquid effluent.

The excess oxygen coefficient (o, %) is calculated using
the following equation:

ML - St (2)
[02]0

where [O,], is the concentration of oxidant needed to
completely oxidize the organic substances calculated in
accordance with the theoretical stoichiometric ratio, [O,],
is the actual concentration of oxidant during each reaction
test.

The reaction time (¢, s) refers to the residence time in the
reactor, and is defined as follows:

Vo V
t=60x 2 x—, 3)
0 Wr

where V) = 1000 mL is the volume of the tank reactor, V
and Q imply the specific volume and rate of volumetric
flow from the liquid product at room temperature and
atmospheric pressure, respectively, and V; implies the
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2.4 Experimental model design

Response surface methodology (RSM) was used to
design the experimental scheme for SCWO of DURSET,
which was based on the CCD principle (central composite
design). Design Expert software version 8.0.6 (Stat-Ease,
Inc., Minneapolis, MN, USA) was used for the design. The
application of statistical auxiliary tools can reduce material
consumption and expenses. This is mainly due to the
reduction in working hours and number of experiments. In
addition, the scheme design can establish a multiple
equation model between each independent factor and the
response value. It can also optimize the model to reveal the
multiple, interactive, and linear influences between the
independent factors and response values.

Before designing the response surface scheme, it was
necessary to determine the main influencing factors and
range through single-factor experiments. In this study, the
feed concentration (C, 1.5-3.0 wt.%), temperature (7,
440-580 °C), reaction time (f, 30-105 s) and excess oxy-
gen coefficient (o, 50-300%) were selected as influencing
factors, which affected COD removal of DURSET via
SCWO. Next, the influence of reaction parameters was
analyzed through single-factor experiments. Finally, the
central selection points of the main influencing factors,
such as the temperature, reaction time, and excess oxygen
coefficient, were determined (see Sect. 3.1).

Subsequently, the set pressure and feed concentration
were set to 24 MPa and 2 wt%, respectively. The influ-
ences of temperature, reaction time, and excess oxygen
coefficient were studied using the experimental method of
central composite design (CCD) of three factors and five
levels. The levels and ranges of the independent factors are
tabulated in Table 3. The CCD is mainly suitable for multi-
factor and multi-level experiments, usually with five levels
for each factor. The interaction between these significant
factors can be intuitively determined, and the optimal
reaction conditions can be obtained using a high-precision
quadratic regression equation. The total number of exper-
imental tests is expressed by the formula [30]:
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Table 3 Range and levels of
independent factors

Ny =2F 42k +c, (4)

where k is the number of influencing factors and c is the
number of center points. A total of 20 tests were applied to
this RSM design, of which there were six axial points, eight
factorial points, and six repeated experiments at the center
point. The relationship between the independent variable
and the response value was regressed using a multiple
model equation [31]. This is expressed by the following
equation:

Y =fo+ Z BiXi + Z BiX; + Z BiXiX; + e, (5)

where Y is the expected response value, X; is the inde-
pendent variable, f5, is a constant value of the model, f; is

Factors Symbol Range and levels of independent factors
-2 -1 0 1 2
Temperature (°C) T 430 460 490 520 550
Reaction time (s) t 25 40 55 70 85
Excess oxygen coefficient (%) o 50 100 150 200 250
100
I/.
98 -
.
96 -
Q\O, 94 -
T 92t
g
o 90
o 88r
8
86 [ T=540°C
84 | t=80s
0=300%
82
1 1 1 1
1.5 2.0 2.5 3.0
C(Wt.%)

the coefficient of linear variables, f§; is the coefficient of
quadratic variables, f3; is the coefficient of interactive
variables, and ¢ is the residual random error in the test.

Finally, the reliability of the response surface model was
assessed by analyzing R? (coefficient of determination) and
Ridj (adjusted value). Subsequently, the significance of the
quadratic model equation was verified by analysis of
variance (including the P-value, F-value, and coefficient of
variation).

3 Results and discussion

3.1 Single-factor experiment on COD removal
efficiency

All the experiments were performed at approximately
24 MPa. In this section, the effects of feed concentration,
temperature, reaction time, and excess oxygen coefficient
on the CRE were studied. The optimal range of the main
factors in the response surface experiments was selected
through single-factor experiments.

3.1.1 Effect of feed concentration on CRE

Figure 3 presents the influence of feed concentration of
DURSET on COD removal in SCWO at 540 °C, a reaction
time of 80 s, and excess oxygen coefficient 300%. As
shown in Fig. 3, when the feed concentration increased
from 1.5 to 2.0 wt%, the CRE increased from 98.66 to

Fig. 3 Effect of feed concentration on COD removal efficiency

99.67%. However, when the content exceeded 2 wt%,
there was a relative downward trend. When the feed con-
centration increased and the organic removal rate
decreased, the COD of the liquid effluent tended to
increase. Moreover, a high feed concentration may lead to
an increase in second-order polymerization reactions,
resulting in char and tar byproducts [32]. In general, the
feed concentration of the reactants had no significant effect
on the COD removal. Consequently, the effect of feed
concentration was not considered in subsequent response
surface experiments.

3.1.2 Effect of temperature on CRE

The CRE of DURSET was significantly affected by the
temperature, as shown in Fig. 4. The CRE gradually
increased with increasing temperature at a feed concen-
tration of 2 wt%, reaction time of 55 s and excess oxygen
coefficient of 300%. When the temperature increased from
440 to 540 °C, the CRE clearly increased from 88.75 to
99.41%. However, the CRE only increased by approxi-
mately 0.40% when the temperature increased from 540 to
580 °C. Accordingly, when the temperature was relatively
low, an increase in temperature was an effective measure to
quickly increase the COD removal of organic matter. This
may be due to the increase in temperature, which helped
trigger molecular activity in the supercritical water reaction

@ Springer
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Fig. 4 Effect of temperature on COD removal efficiency

system. Yang et al. [33] studied the decomposition of 15
aromatic compounds in supercritical water oxidation at
350-550 °C. The results indicate that temperature played
an important role in the removal of various organic matter
in the SCWO. Al-Duri et al. [34] conducted an experi-
mental study on the SCWO degradation of nitrogenous
hydrocarbons  1,8-diazobicy-clo [5.4.0] undec-7-ene
(DBU). It was found that at the conditions of oxidant sto-
ichiometric ratio of 200%, pressure of 25 MPa, and resi-
dence time of 7 s, the TOC removal rate increased from
about 17 to 98% when the temperature increased from 400
to 525 °C, which showed that the effect of temperature was
very significant. In this work, to obtain a fitted quadratic
model with a wide temperature range, a temperature range
of 430-550 °C was used of the response surface experi-
ment, and a temperature of 490 °C was selected as the
center point.

3.1.3 Effect of reaction time on CRE

The effect of reaction time from 30 to 105 s on the COD
removal of the SCWO process at a feed concentration of
2 wt%, temperature of 540 °C, and excess oxygen coeffi-
cient of 300% is shown in Fig. 5. Figure 5 shows that
under the given conditions, the CRE obviously grew from
91.79 to 99.90%. The CRE increased rapidly with
increasing reaction time in the range of 30-55 s, after
which the increasing trend slowed with depleted reactants.
This result may be explained by the free-radical reaction
mechanism in a supercritical water environment [35].
Biihler et al. [36] reported that OH-- and H--free radicals
play a key role in the degradation of organic molecules in
SCW. Yu et al. [37] studied the treatment of oily
wastewater using SCWO and concluded that when the
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Fig. 5 Effect of reaction time on COD removal efficiency

reaction time increased from 1 to 9 min, the COD removal
rate approximately increased from 69 to 78%. At the same
time, with the use of Ccu*t catalyst, the COD removal rate
increased from 83 to 93%. Chen et al. [38] investigated the
effect of the reaction time on SCWO degradation in oil-
based drilling cuttings. At the condition of the reaction
temperature 500 °C and oxidation coefficient 250%, the
TOC removal rate increased by 25% when the reaction
time increased from 30 to 120 s. These results show that
the effect of reaction time plays a significant role in
SCWO. Hence, a reaction time of 55 s was selected as the
response surface center design point, while the reaction
time ranged from 25 to 85 s.

3.1.4 Effect of excess oxygen coefficient on CRE

The influence of excess oxygen coefficient in the range
of 50-300% and at the conditions of a feed concentration
of 2 wt%, 540 °C, and 80 s is given in Fig. 6. When the
excess oxygen coefficient increased from 50 to 200%, the
CRE clearly grew from 92.01 to 99.43%. When the excess
oxygen coefficient exceeded 200%, the amount of oxidant
had little effect on the CRE. This may be due to an excess
of oxidant. Gong et al. [39] found that the TOC removal
rate increased rapidly when the oxidation coefficient
increased from O to 200% during SCWO degradation of
quinazoline. When it exceeded 200%, the TOC removal
rate plateaued to a constant value, which also confirmed
our results to some extent. In addition, we found that if the
excess oxygen coefficient was lower than 50%, a lot of
insoluble black tar appeared in the liquid effluent, which
could easily cause the reactor pipe to block. Related studies
[32, 40] have pointed out that the precursor molecules of
tars are polycyclic compounds, including naphthalene and
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Fig. 6 Effect of excess oxygen coefficient on COD removal
efficiency

phenanthrene. Besides, Wahyudiono et al. [41] studied the
liquefaction of tar in sub- and supercritical water and found
that the main products from the liquefaction of tar were
phenol, biphenyl, diphenyl ether, and diphenylmethane,
respectively. This phenomenon may be due to the forma-
tion of intermediate compounds and their polymerization
processes, which resulted in the production of tar and char
[42]. Therefore, to reduce the production of tar, the range
of excess oxygen coefficient was selected to be 50-250%
in the response surface experiment.

3.2 Model fitting and ANOVA

The response surface method based on CCD was used to
probe the effect of the process parameters on the SCWO of
the oil cleaning agent. Table 4 shows the experimental
results of the CCD assays for SCWO of DURSET. The
results showed that there were significant differences in the
CRE of the SCWO systems under different reaction con-
ditions. Figure 7a shows a favorable linear correlation
between the experimental and predicted values. Figure 7b
presents the normal plot of residuals that shows that the
points follow a linear regularity, which means that the error
terms are normally distributed [43]. Therefore, the pro-
posed model is credible.

Combined with the results in Table 4, which shows the
experimental and predicted values of the three responses,
an empirical relationship between the experimental vari-
ables and response is obtained using Eq. (6). In Eq. (6), the
CRE was used as the response value, which was associated
with the coded independent variables, including tempera-
ture, reaction time, and excess oxygen coefficient.

Table 4 Design approach and experimental results of response sur-
face methodology

Run Variables Responses
T (°C) t (s) o (%) CRE (%)
Experimental Predicted

1 490 55 150 95.01 95.61
2 490 55 50 90.05 90.42
3 490 55 150 95.74 95.61
4 490 55 150 96.18 95.61
5 430 55 150 84.01 83.70
6 490 55 250 96.86 96.26
7 490 55 150 96.36 95.61
8 460 40 200 89.32 89.23
9 460 40 100 87.53 87.09
10 520 40 200 95.34 95.19
11 460 70 100 88.89 89.28
12 460 70 200 90.53 91.52
13 490 85 150 95.88 94.81
14 550 55 150 96.96 97.04
15 490 55 150 95.31 95.61
16 520 40 100 92.35 91.59
17 520 70 100 96.33 96.65
18 520 70 200 99.68 99.99
19 490 25 150 86.61 87.45
20 490 55 150 95.29 95.61

CRE(%) = 95.56 + 3.33T + 1.841 + 1.46a + 0.72Tt + 0.36T«
+0.02610—1.31T%*—1.12/2—0.570

(6)

Analysis of variance (ANOVA) was used to verify the
reliability of the model. The ANOVA of the fitted quad-
ratic model for the SCWO process of DURSET is shown in
Table 5. As shown in Table 5, a model P-value of less than
0.0001 indicated that the model was statistically signifi-
cant. P-values less than 0.05 implied that the model terms
were stable and significant [44]. In this case, the significant
model terms were T, t, o, Tt, T2, tz, and ocz, with corre-
sponding  P-values of < 0.0001, < 0.0001, < 0.0001,
0.0294, < 0.0001, < 0.0001, and 0.0052, respectively. In
other words, temperature, reaction time, and excess oxygen
coefficient, as well as the interaction between temperature
and reaction time, significantly affected the CRE response.
The model F-value of 57.84 meant the model was signif-
icant. It can be observed that the temperature with an F-
value of 277.44 was a determinant of the reaction time and
excess oxygen coefficient, with F-values of 84.49 and
53.37, respectively. Therefore, the order of factors
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Fig. 7 Comparison of a CRE obtained by the experiment values and model predicted. b Normal probability of internally studentized residuals

for CRE

Table 5 ANOVA results of the quadratic polynomial model for SCWO of DURSET

Source Sum of squares Degree of freedom Mean square F-Value P-value
Model 333.52 9 37.06 57.84 < 0.0001
T-temperature 177.76 1 177.76 277.44 < 0.0001
t-reaction time 54.13 1 54.13 84.49 < 0.0001
o-excess oxygen coefficient 34.19 1 34.19 53.37 < 0.0001
Tt 4.13 1 4.13 6.45 0.0294
To 1.06 1 1.06 1.65 0.2276
to 0.0055 1 0.0055 0.0086 0.9279
T° 43.16 1 43.16 67.36 < 0.0001
7 31.55 1 31.55 49.24 < 0.0001
o? 8.10 1 8.10 12.64 0.0052
Residual 6.41 10 0.64

Lack of fit 4.96 5 0.99 3.43 0.1014
Pure error 1.45 5 0.29

Cor total 339.93 19

R® = 0.9812, Ry = 0.9642, R, ., = 0.8720, Adequate precision = 29.42,

CV = 0.86%, SD = 0.80

affecting the CRE was temperature > reaction time > ex-
cess oxygen coefficient. Compared with the pure error, the
“lack of fit F-value” of 3.43 and its P-value of 0.1014
imply that the lack of fit was insignificant. In other words,
there was a 10.14% possibility of noise influence caused by
such a lack of fit value. The coefficient of determination
(R?) and its adjusted value (Ridj) were 0.9812 and 0.9642,
respectively, proving that the correlation between the

@ Springer

experimental and predicted values was very high. The
signal-to-noise ratio (Adeq. Precision) was 29.42. Usually,
the signal-to-noise ratio is required to be greater than four,
indicating that this multiple model can accurately reflect
the experimental results [45]. Smaller coefficients of vari-
ation (CV) of multiple models lead to higher accuracy. The
value of CV was 0.86% (< 5%), implying that the model
was accurate and reliable [40].
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3.3 Interactive effects of process parameters
on responses

To better understand the three independent variables and
their interactions, response plots provide a statistical

COD removal efficiency (%)
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COD removal efficiency (%)
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Fig. 8 Three-dimensional and contour plots showing the interactive
effects of a, b temperature and reaction time at excess oxygen
coefficient of 150%, ¢, d temperature and excess oxygen coefficient at

method to visually predict the relationship between the
response and experimental level [46]. Figure 8 presents the
response surface (3D) plots and contour plots that signify
the interactive effect of multiple variables on the CRE
obtained by the SCWO treatment of DURSET.
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3.3.1 Interactive effect of temperature and reaction time

Figure 8a and b shows the interactive influence of
temperature and reaction time on the CRE at excess oxygen
coefficient of 150%. When the amount of oxidant was
constant, CRE increased with increasing temperature and
reaction time. Similar results have been reported in the
literature [16, 47]. However, the effect of temperature on
the CRE was greater than that of the reaction time, and the
curve was steeper. This may be because increasing the
temperature was helpful in increasing the number of acti-
vated molecules, thereby increasing the reaction rate.
When the temperature increased from 430 to 550 °C, and
the reaction time went up from 25 to 85 s, the CRE rose
from 78.38 to 99.06%. It tended to increase sharply at first,
and then slowly increase. This phenomenon can be
explained by the three steps of the free-radical reaction
mechanism: initiation, proliferation, and termination.
Under SCW conditions, H,O, and H,O rapidly decompose
into free radicals. In the proliferation stage, a large number
of free radicals produced in the initial stage attacked the
organic molecular structure. As the reaction time increased,
the termination phase gradually dominated. Finally, the
generated refractory compounds may further impede COD
removal of organic substances [48].

3.3.2 Interactive effect of temperature and excess oxygen
coefficient

Figure 8c and d shows the interactive influence of
temperature and excess oxygen coefficient on the CRE at
the reaction time of 55 s. When the excess oxygen coef-
ficient was greater than 50% and the temperature increased
from 430 to 550 °C, the CRE increased by approximately
20%. This indicated that when the reaction time was con-
stant, the interaction between temperature and oxidant
could significantly promote the COD removal of organic
matter. This was due to the fact that temperature played a
major role in the SCWO of organic matter [22]. However,
the COD removal was obviously slowed down when the
temperature was greater than approximately 500 °C. This
was because the organic matter was sufficiently oxidized,
but the increase in temperature caused the water density
and reactant concentration to decrease, thereby causing a
decrease in the reaction rate and a slow increase in the CRE
[49].

3.3.3 Interactive effect of reaction time and excess oxygen
coefficient

The interaction between reaction time and excess oxy-

gen coefficient on the CRE at the temperature of 490 °C is
shown in Fig. 8e and f. As can be seen, the excess oxygen
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coefficient had a relatively weak impact on the CRE than
the reaction time, and with the rise of the reaction time, the
CRE grew from 82.30 to 97.19%. From this, when the
temperature was constant below 490 °C, the oxidative
degradation of organic matter was incomplete. Addition-
ally, the continuous increase in the reaction time and
excess oxygen coefficient had no significant effect on COD
removal when it exceeded a certain value. This may be due
to the use of excess oxidant. The HOe decomposed by
hydrogen peroxide in the reaction system was already close
to saturation; therefore, there was only a slight increase in
the CRE. Hence, increasing temperature can help to
improve the COD removal of organic matter.

3.4 Optimization and verification of process
conditions

The optimal combination of various influencing factors
in the reaction process can be obtained using RSM. Usu-
ally, in the optimization and selection of a combination of
independent variables that meet the objective experimental
conditions, the maximum CRE will be obtained in the
supercritical water oxidation treatment of DURSET.
Therefore, the CRE was selected to be “maximized”, while
the independent factors were set to be “in range.” Table 6
presents the solution optimized via Design Expert 8.0.6
software, where the optimal process conditions were
515.03 °C, 66.33 s and an excess oxygen coefficient of
211.38%. However, considering the operability of the
experiment, the optimum process conditions were 515 °C,
66 s, and excess oxygen coefficient 211%. These levels of
process conditions led to a maximum removal rate of
approximately 100%. To verify the agreement between
predicted values and experimental values, three parallel
experiments were conducted applying the optimum process
conditions: the CRE of DURSET was 99.49 + 0.23%, and
the COD concentration of liquid effluent was
84.32 4 38.03 mg-L™'. The error between the experi-
mental and the predicted values was less than 1%, which
indicates that the parameters of SCWO treatment of
DURSET optimized by response surface analysis method
are reliable, and the prediction is feasible according to the
regression model.

3.5 Product analysis for SCWO of DURSET

In this section, the reaction intermediate products
formed by the decomposition of DURSET in SCW are
analyzed. The compounds extracted from the liquid efflu-
ent were separated and identified using GC/MS. The
identification of reaction products at different retention
times (RT) was achieved by comparing with the standard
MS library (NIST 11). Table 7 lists major reaction
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Table 6 Optimized process conditions

Process conditions Temperature (°C) Reaction time (s)

Excess oxygen coefficient (%) COD removal efficiency (%)

Values 515.03 66.33

211.38 100

Table 7 Liquid products identified by GC/MS analysis obtained at
440 °C, 70 s, and excess oxygen coefficient of 50%

No RT (min) Compounds Peak area (%)
1 Ketones 39.64
5.28 Acetone 18.83
7.57 2-Butanone 3.64
9.01 2-Pentanone 6.28
12.01 2-Hexanone 4.59
18.56 Cyclohexanone 1.25
3.93 Ethyl ether 26
Benzene compounds 8.35
8.11 Benzene 2.96
10.72 Toluene 0.52
23.41 Benzaldehyde 1.71
24.95 4-Methylbenzaldehyde 1.32
29.28 2-Methylphenol 1.54
4 8.49 Ethyl propionate 6.09
5 21.97 Acetic acid 3.05
6 3.7 Isopentane 2.83
7 26.58 Naphthalene 0.81
Others 13.23

products identified from the SCWO of DURSET conducted
at 440 °C, 70 s an excess oxygen coefficient 50%. As
shown in Table 7, the main intermediate products were
ketones, ethyl ether, benzene compounds, ethyl propionate,
and others. Among these products, cyclic ketones and
benzenes were considered refractory products, which
mainly hindered the decomposition of organic matter and
COD removal. It was worth mentioning that the newly
produced naphthalene may be produced by dehydrogena-
tion of decalin [50]. In addition, under special conditions,
the phenyl radical of SCWO may generate dimers or
polycyclic compounds such as naphthalene and phenan-
threne through coupling reactions [17]. The mechanism of
oxidative degradation is very complex and cannot be
explained in detail through simple experiments. Cyclo-
hexane in the stock solution can be oxidized to cyclic
ketones under certain circumstances [51, 52]. Previous
studies have shown that aromatic compounds (such as
benzene, phenol, and naphthalene) are often regarded as

dominant intermediates that hinder the degradation reac-
tion in SCW [26, 53]. Therefore, ketone and benzene
compounds may be important intermediate products in the
degradation process. In other words, the work in this sec-
tion provides a basis for further study on the degradation
mechanism of oil cleaning agents treated by SCWO.

4 Conclusion

This study demonstrates that SCWO is an effective
green technology for the treatment of DURSET oil clean-
ing agents from nuclear power plants. In this study, the
experimental design and optimization of the SCWO
degradation of oil cleaning agents were realized via RSM.
The following conclusions were drawn:

(1) Through single-factor experimental analysis, the
main influencing factors (including temperature,
reaction time, and excess oxygen coefficient) were
determined for the follow-up response surface
scheme design. The optimized value range of these
main factors was selected as a temperature range of
430-550 °C, reaction time of 25-85 s, and an excess
oxygen coefficient range of 50-250%.

(2) A polynomial equation model for predicting COD
removal, involving three independent variables, was
established. The coefficient of determination (R?)
was 0.9812, demonstrating that the proposed pre-
dictive model was adequate. This temperature was
found to be the main factor affecting the SCWO
process.

(3) The optimal reaction conditions at a pressure of
24 MPa and feed concentration of 2 wt% were
determined to be at 515 °C, 66 s, and an excess
oxygen coefficient of 211%. Under these conditions,
the CRE of DURSET was up to 99.5%, the COD of
liquid effluent was less than 100 mg-L™", and with a
standard deviation of less than 1%. These results
further confirm the reliability of the quadratic
empirical equation model.

(4) Product analysis of the liquid effluent using GC/MS
revealed that ketones and benzene compounds may
be the main intermediates of DURSET in the process
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of oxidative degradation by supercritical water. This
work provides a foundation for the study and
development of SCWO treatment of spent radioac-
tive organic solvents.
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