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pathway study on destruction of
the spent extraction solvent in supercritical water

Ye Li, ab Qiang Qin,a Zhizhi Zhangab and Shuai Wang*a

Sustainable management of spent extraction solvents (SES) is paramount in the nuclear industry. This study

delves into the optimization and oxidation pathways of treating these solvents using supercritical water

oxidation (SCWO). Response surface methodology (RSM) has been employed to optimize key operating

variables, that is, temperature, residence time and oxidant concentration, producing a highly accurate

quadratic polynomial model. The results showed that the total organic carbon (TOC) removal could

reach up to 99.25% under 549 °C, 67.7 s and with an oxidation coefficient of 274.3%. Product analysis of

the effluent via GC-MS/FTIR/GC revealed the pivotal role of ketones and aldehydes as major

intermediates. This study proposes potential chemical pathways for the destruction of these solvents,

providing invaluable insights for process intensification. In conclusion, this study underscores the

potential of SCWO as an efficient and sustainable solution for disposing of SES in the nuclear industry.
Introduction

With the development of the nuclear fuel industry, the sus-
tained expansion and accumulation of large volumes of radio-
active organic waste liquids has become an inevitable challenge
that must be addressed.1 SES is the main source among the
current radioactive organic waste liquids, which are typically
categorized as low to medium-level radioactive organic waste
liquids.2 SES mainly consists of kerosene, tributyl phosphate
(TBP) and its irradiation products, nitric acid, and a small
amount of radionuclides. Due to its complex composition,
radioactive nature and high concentration of organic constitu-
ents, clean and efficient treatment of SES is challenging.1,3

Incineration is currently the only commercialized treatment
method worldwide.4,5 Although incineration effectively dimin-
ishes waste volume and achieves high treatment efficiency, the
construction cost of incineration facilities is high, and the
incineration temperature typically exceeds 1000 °C, leading to
equipment corrosion6 and the simultaneous generation of
secondary pollutants (such as NOX, SOX and dioxins, etc.). These
factors have collectively led to a low public acceptance of
incineration.7 Therefore, it is a necessity to develop new tech-
nologies for efficient and safe waste disposal, including emul-
sication, absorption, wet oxidation, and supercritical water
oxidation (SCWO).8,9 Among these methods, the efficiency of
SCWO in treating organic waste has been effectively demon-
strated.10,11 Supercritical water (SCW) has been increasingly
important as an eco-friendly reaction medium that promotes
hinese Academy of Sciences, Shanghai

c.cn

Beijing 100049, China

the Royal Society of Chemistry
the oxidation of organic compounds.12,13 Under supercritical
conditions (>374 °C, >22.1 MPa), water exhibits properties such
as low hydrogen bond density, low dielectric constant, and low
phase interface tension.14 Under SCWO, complex substances
can rapidly degrade into smaller molecules (such as CO2, N2

and H2)15 in a homogeneous medium without generating
secondary waste. Therefore, SCWO has been applied in wide-
spread applications and researches in industrial and municipal
wastewaters.16,17

In recent years, researchers have conducted comprehensive
investigations on SCWO treatment of radioactive organic waste.
Xu et al.18 investigated the optimization of the waste anion
exchange resin from the nuclear industry in SCW. Under opti-
mized conditions, the removal rates of the COD and TN could
reach up to 99.91% and 36.02%, respectively. Wang et al.19

investigated the optimization of the conditions for TBP in
SCWO, examined the effect of reaction conditions on the liquid
and gaseous products, and SCWO experiments with spent
extraction solvent simulants were conducted, in which the TOC
removal of spent extraction solvent simulants was more than
99.7% under the optimal conditions. Kosari et al.20 investigated
the kinetic modeling of the oxidation of TBP by SCW with and
without catalysts, and the use of Fe2O3 catalysts in the experi-
ments greatly improved the TOC removal efficiency. Qin et al.2

conducted a study on the use of ionic oxidant performance in
the oxidation of TBP by SCW, and the results showed that the
addition of a very small amount of oxidant could effectively
enhance the oxidation capacity of SCWO. The experimental
results of Golmohammadi et al.21 showed that tri-n-butyl
phosphate (TNBP) could achieve 99% TOC removal under
optimal conditions and could convert TNBP into by-product
that did not induce any cytotoxicity. To further understand
RSC Adv., 2024, 14, 5167–5175 | 5167
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Fig. 1 Schematic of the SCWO-1000 system.
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the reaction process, the researchers revealed the oxidation
mechanism of SCW. For model compounds, Chen et al.22

selected amoxicillin as the representative antibiotic in waste-
water, and the detailed mechanisms of amoxicillin decompo-
sition in SCW are studied by ReaxFF reactive molecular
dynamics (MD) simulation. Hu et al.23 analyzed the potential
reaction pathways of o-chloroaniline based on the intermediate
products, and proposed three possible reaction pathways for o-
chloroaniline to generate o-chlorophenol, catechol, and phe-
nylamino groups. For complex mixtures, Wang et al.24 per-
formed experiments using mixed ion exchange resins in SCWG
under differing conditions, analyzed intermediate products,
and discussed the reaction pathways. Although signicant
progress has been made in the research of SCWO, there still
lacks a systematic analysis of the degradation process of
complex mixtures.

In this work, SES consisting of kerosene, TBP, dibutyl
phosphate (DBP), and nitric acid was used as model
compounds. The optimization and pathway study on destruc-
tion of the SES in SCWO has been conducted. Firstly, RSM was
used to investigate the effects of interactions among different
reaction conditions (temperature, reaction time, oxidation
coefficient) on the TOC removal of SES in SCWO. Secondly, the
intermediates were identied and the potential reaction path-
ways of SES in SCWO were proposed to analyze their evolution
patterns.
Experimental section
Materials

TBP (AR, 98.5%), hydrogen peroxide (H2O2, AR, 30%, w/w),
nitric acid (HNO3, AR, purity of 65–68%), DBP (AR, 97%),
CH2Cl2 (AR, 99.5%), Na2SO4 (AR, 99%) were purchased from
Sinopharm Chemical Reagent Co. (China). The sample of
kerosene was collected from China National Nuclear Industry
Corporation 404. Deionized water was prepared using a Milli-Q
ultrapure water purication system with a 0.22 mm lter.
Apparatus and procedure

The SCWO-1000 system was constructed based on the system
had been used in the previous studies.25,26

Fig. 1 shows the SCWO-1000 system that was employed in
this study. The reaction system mainly included one tank
reactor (1000 mL, Inconel 625) and two preheaters (200 mL and
250 mL, Inconel 625). The maximum operating temperature
and pressure of the equipment were 600 °C and 28.4 MPa,
respectively. Before the start of each SCWO experiment, deion-
ized water was pumped into reactor, 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. Then, the feedstock was pumped
directly into the tank reactor. Aer the exothermic SCWO
reaction, the temperature and pressure were gradually adjusted
to ambient temperature and pressure.
5168 | RSC Adv., 2024, 14, 5167–5175
Analysis methods

TOC in liquid products was analyzed with a TOC analyzer
(Shimadzu TOC-L CSH, Japan). The three samples were
measured, and the average was used to calculate TOC removal.

The liquid effluent was extracted using CH2Cl2 and the
sample was dried with Na2SO4 before taking the supernatant for
testing. The Fourier transform infrared spectra (FTIR) of the
reaction solution was measured by the Thermo Scientic
Nicolet iS5 FTIR spectrometer. The main ingredients of spent
extraction solvent and liquid effluent were analyzed by a gas
chromatography/mass spectrometry (GC7890A/MS5975C, Agi-
lent, USA) with a HP-5MS capillary column (30 m × 0.25 mm
I.D., 0.25 mm lm thickness). Helium (1 mL min−1) was used as
carrier gas. The temperature setting of the oven was as follows:
isothermal at 50 °C for 5 min, ramped up to 100 °C at 5 °
C min−1, and ramped up to 300 °C at 10 °C min−1, and held for
10 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 gas composition was determined by a gas chromato-
graph (Agilent GC 7890A, Agilent Technologies, Inc. USA). The
program of the GC was as follows: a thermal conductivity
detector (TCD) and a G3591-80013 Q packed column (helium
was employed as the carrier gas at a ow rate of 40 mL min−1);
ame ionization detector (FID) and a G3591-80013 Q packed
column (N2 was employed as the carrier gas at a ow rate of 40
mL min−1). The column, TCD, and FID temperatures were
maintained at 50, 250, and 300 °C, respectively.

The TOC removal of the liquid effluent was calculated using
eqn (1):

TOC removal ¼ TOC0 � TOCL

TOC0

� 100% (1)

where TOC0 represents the concentration of TOC in the feed-
stock considering the dilution inuence of deionized water and
hydrogen peroxide solution, and TOCL represents the concen-
tration of TOC in the liquid effluent.

The oxidation coefficient (a, %) is calculated using eqn (2):

a ¼ ½H2O2�r
½H2O2�0

� 100% (2)

where [H2O2]0 is the concentration of oxidant needed to
completely oxidize the organic substances calculated in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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accordance with the theoretical stoichiometric ratio, [H2O2]r is
the actual concentration of oxidant during each reaction test.

The reaction time (t, s) refers to the residence time in the
reactor, and it is dened in eqn (3):

t ¼ 60� V0

Q
� V

Vr

(3)

where V0 = 1000 mL is the volume of the tank reactor, V and Q
imply the specic volume and rate of volumetric ow from the
liquid product at room temperature and atmospheric pressure,
respectively, and Vr implies the specic volume of feedstock
under the conditions of the oxidation reaction. Vr can be
calculated according to the IAPWS-IF97 thermodynamic prop-
erties formula.27
Experimental model design

Based on the central composite design (CCD) principle, RSM
was applied to design the experimental scheme for SCWO of
spent extraction solvent. Design Expert soware version 13
(Stat-Ease, Inc., Minneapolis, MN, USA) was used for the design.
Response surface design is an advanced technique, which can
be used to optimize the response variable, identify linear and
interactive effects between independent factors and the
response value, as well as determine the level at which to opti-
mize the response.28,29 This approach is used to select the
optimal operating conditions that meet the requirements. By
using the Response Surface Design technique, the number of
experiments can be reduced, which signicantly lowers the
time, material, and labor costs.30

For the design of response surface scheme, it is necessary to
identify the main signicant factors and their ranges through
single-factor experiments. In single-factor experiments,
temperature (T), reaction time (t) and oxidation coefficient (a)
were selected to examine the effect of SCWO on the removal of
TOC from spent extraction solvents. Next, the central selection
points of the main signicant factors were determined. To
investigate the effects of the main signicant factors, a three-
factor, ve-level CCD was used. The interaction between these
signicant factors can be intuitively determined, and the
optimal reaction conditions can be obtained using a high-
precision quadratic regression equation.31 The experimental
design included 20 experiments: 6 axial points, 8 fractional
points and 6 points replicate at the center.
Fig. 2 Effect of (a) temperature, (b) time and (c) oxidation coefficient on

© 2024 The Author(s). Published by the Royal Society of Chemistry
A quadratic polynomial model was used for model tting
and the correlation was determined based on the obtained
experimental results:

Y = b0 +
P

biXi +
P

biiXi
2 +

P
bijXiXj + 3 (4)

where Y is representative of the response, b0 is the interception
coefficient, bi, bii, and bij are linear, quadratic, and linear
interaction coefficient, respectively. 3 is the residual random
error in the test.

Finally, the reliability of the response surface model was
assessed by analyzing R2 (coefficient of determination) and Radj

2

(adjusted value). Analysis of variance (ANOVA) at the 95%
condence level (p-value < 0.05) was used to evaluate the
signicance of each factor and to examine the adequacy of the
tted model. To obtain the optimal conditions, the model
parameters were obtained based on the experimental data;
aerwards, the optimal conditions were estimated based on the
model.
Results and discussion

Based on our previous work,32 the reaction pressure and feed
concentration were set to 24 MPa and 2% (V/V), respectively.
Single-factor experiment

This stage of the experiment examined the impacts of factors,
including temperature (T), reaction time (t), and oxidation
coefficient (a), on TOC removal. The purpose of the study was to
determine the range of signicant factors.
Effect of temperature

The TOC removal of SES was signicantly affected by the
temperature, at reaction time of 60 s, and oxidation coefficient
of 200% as shown in Fig. 2(a). The TOC removal increases
sharply with increasing the temperature in all experiments. At
450 °C, the effluent's TOC concentration was as high as
3632 ppm (mg L−1), and the TOC removal was only 71.27%.
When the temperature was increased from 450 °C to 560 °C,
TOC removal of 97.07% and an effluent TOC concentration of
369.9 ppm were achieved. Therefore, increasing the tempera-
ture can rapidly enhance the TOC removal of organic matter.
Therefore, the temperature range of 470–550 °C could be
TOC removal.

RSC Adv., 2024, 14, 5167–5175 | 5169
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Table 1 Range and levels of independent factors

Factors Symbols

Range and levels of independent factors

−2 −1 0 1 2

Temperature (°C) T 470 490 510 530 550
Reaction time (s) t 30 45 60 75 90
Oxidation coefficient (%) a 100% 150% 200% 250% 300%
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a reasonable selection for the response surface experiments,
and 510 °C is selected as the center point.
Effect of reaction time

The effect of reaction time on the TOC removal of the SCWO
process at temperature of 500 °C, and oxidation coefficient of
200% is shown in Fig. 2(b). As can be seen, the TOC removal is
positively correlated with the increase of reaction time. In the
range of 30 to 75 s, the TOC removal increased rapidly, andmost
of the organic compounds were signicantly degraded. The
TOC removal increment slowed down signicantly aer 75 s,
and it was only increased by 1.5% from 75 s to 90 s. Here, the
results indicate that the reaction time ranged from 30 to 90 s
was reasonable, and reaction time of 60 s was selected as the
response surface center design point.
Table 2 Design approach and experimental results of RSM

Run

Variables Responses

T
(°C) t (s)

a

(%)

TOC removal (%)

Experimental Predicted

1 510 60 200 91.15 91.34
2 470 60 200 80.51 80.43
3 530 45 250 91.54 91.69
4 550 60 200 96.07 96.16
5 530 75 150 92.44 93.36
6 510 60 200 92.34 91.34
7 510 60 200 91.05 91.34
8 530 45 150 88.92 87.65
9 490 45 250 85.37 84.44
10 490 75 150 85.04 84.88
11 510 60 200 90.89 91.34
12 510 60 300 92.4 92.16
Effect of oxidation coefficient

The variation tendencies of TOC and TOC removal versus
oxidation coefficient at reaction time of 60 s and 500 °C are
shown in Fig. 2(c). In the range of 100–200%, the TOC removal
increased rapidly with the increase of oxidation coefficient.
While in the range of 200–300%, the promotion of TOC removal
by oxidation coefficient was limited, and the maximum value of
89.4% was reached at the oxidation coefficient of 300%. It
indicates that at lower oxygen concentrations, the presence of
O2 greatly improves the conversion rate of organic matter. In
addition, we found that at low oxidation coefficient, insoluble
char appeared in the effluent. Yu33 also found that if the reac-
tion conditions are not appropriate, hard-to-degrade substances
such as char will be produced, which will seriously affect the
efficiency of organic matter degradation. In order to reduce the
production of char, 100% to 300% was selected as the range of
oxidation coefficients for the response surface experiments,
with 200% as the center point.

So, in this study, temperature range of 470–550 °C, reaction
time range of 30–90 s and oxidation coefficient range of 100–
300% were selected as the parameter range for RSM optimiza-
tion experiments to examine the effect of SCWO on the removal
of TOC from spent extraction solvents.
13 510 60 200 91.65 91.34
14 510 60 200 90.94 91.34
15 490 75 250 86.69 87.94
16 510 60 100 84.79 85.05
17 510 90 200 93.71 92.7
18 530 75 250 99.37 99.37
19 490 45 150 83.37 83.35
20 510 30 200 82.46 83.49
Response surface optimization analysis and validation

Model and ANOVA. Based on the CCD principle, Table 1 lists
the levels and range of the independent factors.

The experiments were performed according to experimental
design. The complete experimental designmatrix, including the
5170 | RSC Adv., 2024, 14, 5167–5175
actual and predicted values for the response are shown in Table
2.

The predicted response values were determined based on
a quadratic polynomial, and tted to the actual values. The
modied regression model for TOC removal was written as in
eqn (5).

TOC removal = −353.78426 + 1.77870T − 1.32221t − 0.270764a

+ 0.003483Tt + 0.000738Ta + 0.000660Ta − 0.001901T2 −
0.003607t2 − 0.000274a2 (5)

ANOVA was used to verify the reliability of the model. Table 3
shows the ANOVA of the quadratic polynomial model. A model
p-value of less than 0.05 indicates that the model terms are
stable and signicant and a p-value of less than 0.0001 indicates
that the model term is highly signicant. Accordingly, it can be
seen that the model is highly signicant, which veries the
accuracy of the model response and can be used for subsequent
analysis and optimization using this approximate model. The
value of the R2 indicated that the model was able to t at least
98.00%. It can also be seen that these factors are very signicant
factors in the experimental design. In contrast, based on the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 ANOVA results of the quadratic polynomial model for SCWO

Source Sum of squares Degree of freedom Mean square F-value p-Value

Model 427.90 9 47.54 54.40 <0.0001
T 247.43 1 247.43 283.11 <0.0001
t 84.82 1 84.82 97.05 <0.0001
a 50.48 1 50.48 57.76 <0.0001
Tt 8.74 1 8.74 10.00 0.0101
Ta 4.35 1 4.35 4.98 0.0497
ta 1.96 1 1.96 2.24 0.1651
T2 14.53 1 14.53 16.63 0.0022
t2 16.56 1 16.56 18.94 0.0014
a2 11.76 1 11.76 13.46 0.0043
Residual 8.74 10 0.8740
Lack of t 7.116 5 1.43 4.54 0.0613
Pure error 1.58 5 0.3157
Cor total 436.64 19
R2 = 0.9800, adjusted R2 = 0.9620

Fig. 4 Three-dimensional and contour plots showing the interactive
effects of (a and b) temperature and time at oxidation coefficient of
200%; (c and d) temperature and oxidation coefficient at time of 60 s;
(e and f) time and oxidation coefficient at temperature of 510 °C on
TOC removal of spent extraction solvents.

Fig. 3 (a) TOC removal comparison of actual and predicted values; (b)
normal probability of standardized residuals.
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magnitude of the F-value, it can be concluded that the oxidation
coefficient has less signicant effect than the two factors and
the temperature is determined as the most signicant factor.

To better compare the actual data with those predicted by the
model, comparison of the actual data with the results predicted
by the model is shown in Fig. 3(a), and the data points are
distributed on a straight line, showing a good linear correlation
between the actual and predicted values. Fig. 3(b) shows that
the points follow a linear regularity, which means that the error
terms are normally distributed. Therefore, the proposed model
is credible.

Interactive effects of process parameters on responses. To
better understand the effect of various factors as well as to nd
the optimal condition, response plots provide a visual method
to predict the effect of different factors on TOC removal. Fig. 4
presents the three-dimensional (3D) response surface plots and
isogram that signify the interactive effect of multiple variables
on the TOC removal obtained by the SCWO treatment.

Fig. 4 shows that TOC removal signicantly increased with
rising temperature and time in all experiments, indicating that
their interaction has a substantial impact on the oxidation
reaction of spent extraction solvent in SCW. This result is in
agreement with the results obtained from ANOVA (Table 3),
where Tt was found to be highly signicant due to its very low p-
value. On the one hand, increasing the temperature has the
benet to increasing the number of $OH radicals, thereby
© 2024 The Author(s). Published by the Royal Society of Chemistry
enhancing the collision with organic matter and leading to an
increase in TOC removal.11 On the other hand, it is also possible
that high temperature increases the number of activated
molecules and the frequency of collisions between organic
matter and oxygen, thus promoting organic decomposition.34

Fig. 4(a) and (b) show the interaction of temperature and reac-
tion time on the TOC removal at oxidation coefficient of 200%.
RSC Adv., 2024, 14, 5167–5175 | 5171
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Table 4 Verification experiments at optimum conditions

Process parameters
Temperature
(°C)

Reaction time
(s) a (%)

TOC removal
(%)

Values 549 67.7 274.3 99.25

Fig. 5 FTIR spectra of liquid products with different samples.

Fig. 6 GC-MS curves of liquid products with different samples.

Fig. 7 GC curves of gas product under the 500 °C, 60 s and coeffi-
cient of 150%.

5172 | RSC Adv., 2024, 14, 5167–5175
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When the quantity of oxidant remains consistent, TOC removal
rises with higher temperature and longer reaction time. When
the temperature increased from 470 to 550 °C, and the reaction
time went up from 30 s to 90 s, the TOC removal rose from 76.48
to 99.06%. It tends to increase rapidly at rst, and then grad-
ually rises. This phenomenon can be explained based on the
free radical reaction mechanism. With an increase in the resi-
dence time, more $OH can be produced, leading to an increased
contact time between $OH and organic matter. But with the
progression of the reaction, a signicant decrease in the
concentration of both oxidant and organic matter was observed,
resulting in a slowed conversion of organic matter.35 Havva36

studied the SCWO of polycyclic aromatic hydrocarbons (PAHs)
in landll leachate, and the results showed that The COD
removal efficiency increased from 68% to 78% when the resi-
dence time was increased from 5min to 15 min at 300 °C. At the
same time, the addition of oxidant would also promote the
degradation of organic matter. H2O2 is widely used as a source
of free radicals,37 since higher TOC removal can be achieved in
the presence of H2O2. As can be seen in Fig. 4(e) and (f),
oxidation coefficient had a relatively weak impact on the TOC
removal than the reaction time. When the TOC removal excee-
ded a certain value, a continuous increase in reaction time and
oxidation coefficient did not have a signicant effect on the TOC
removal. This may be due to the fact that the $OH decomposed
by H2O2 in the reaction system is close to saturation, and
temperature is the main rate-limiting factor at this time.

One of the main purposes of using RSM is to determine the
optimal operating conditions for a system.38 The optimal
process parameters are 548.8 °C, 67.7 s and coefficient of
274.3%, resulting in a predicted value of approximately 100%.
However, considering the operability of the experiment, the
temperature was set to 549 °C. As shown in Table 4, to verify the
consistency between the predicted and experimental values,
three parallel experiments were conducted under the optimal
process parameters and the average TOC removal was 99.25%.
The difference between the experimental and predicted values
is less than 1%, which indicates the reliability of the regression
model's predictions.
Reaction pathway for SCWO of SES

Product analysis. In this section, the reaction intermediate
products formed by the decomposition of SES in SCW, have
been analyzed by GC-MS and FTIR to infer potential degrada-
tion pathways. FTIR spectrum of liquid effluent was recorded
and was depicted to detect the main functional groups. The
identication of reaction products at different retention times
(RT) was achieved by comparing with the standard MS library
(NIST 11).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The potential reaction pathways of SES during SCWO.
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It was found that kerosene consists mainly of straight-chain
alkanes and cycloalkanes,39 including 2-methyldecane, 4-
methylundecane, 5-methyltetradecane, dodecane, ethyl-
cyclohexane, cyclotridecane, and so on.

The liquid effluent samples were classied into ve cate-
gories according to their TOC content: sample 1 (S1): TOC <
1000 mg L−1, S2: 1000–2000 mg L−1, S3: 2000–3000 mg L−1, S4:
3000–4000 mg L−1, S5: >4000 mg L−1. Fig. 5 and 6 show FTIR
spectra and GC-MS of liquid products with different samples.

It's worth noting that the pH of samples 1, 2 and 3 was
approximately 3.0, indicating a higher acidity level. In Fig. 5, the
infrared characteristic peaks of the reaction products following
SCWO of the SES showed that the broad absorption peaks of
samples 1, 2 and 3 were prominently visible at 3448 cm−1,
indicating the stretching vibration of O–H, and at 1696 cm−1,
indicating the stretching vibration of C]O. Therefore, these
samples contained the functional group –COOH, signifying
acidity. The absorption peaks at 3042 and 1450 cm−1 suggest
the presence of benzene rings.40,41 The range of 1690–1760 cm−1

indicates the existence of the functional groups –C]O (alde-
hyde) or –C]O (ketone). Peak at 1265 cm−1 indicates the
stronger C–O stretching vibration absorption peak while peak at
2932 cm−1 implies the presence of stretching vibration –CH3.
For S4 and S5 in Fig. 5, peak at 2962 cm−1 indicates several
telescopic vibrations of –CH3, while peak at 733 cm−1 indicates
the presence of out-of-plane swinging vibrations of –(CH2)n–.

Combined with the analysis of the GC-MS results in Fig. 6,
the SES degradation products were found to contain benzoic
acid, 1(3H)-isobenzofuranone, acetophenone, naphthalene,
biphenyl, 2-heptanone, 2-hexanone and other constituents. For
S4 and S5, in the case of insufficient oxidative degradation
reaction, the intermediates in the liquid phase were mainly
chain products and oxygen-containing benzene series, such as
2-hexanone, 2-hexanone, 1(3H)-isobenzofuranone, 4-methyl-
phthalaldehyde, maleic anhydride, 4-methylacetophenone. For
S3, there were a signicant increase in benzoic acid content,
and an increase in polyaromatic ring compounds such as
© 2024 The Author(s). Published by the Royal Society of Chemistry
naphthalene and 9-uorenone, while chain products were
present in very low concentrations. For S1 and S2, there is
a gradual decrease in the variety of compounds, which are
basically benzene ring compounds such as benzoic acid, ace-
tophenone, phenylacetaldehyde, and biphenyl. In Fig. 7, under
the 500 °C, 60 s and coefficient of 150%, the gas-phase product's
composition was analyzed and found to consist mainly of CO2,
CH4 and CO.

Reaction pathway. Based on the results of the GC-MS anal-
ysis of the reaction products of SES, along with existing litera-
ture, potential reaction pathways in the SCWO process of SES
are illustrated in Fig. 8.

For straight-chain alkanes and TBP, the process initiates
with their interaction with $OH radicals. The breaking of the
C–C bond leads to the formation of short-chain compounds,
which subsequently proceed to undergo a process of oxidative
decomposition. There is very little chain alkane in the later
stages of the reaction. The aromatic compounds seemed to
accumulate for a longer time and degrade more slowly than
long-chain alkanes.42 Finally, the reaction is completed by
binding smaller radicals to form a stabilized product, making
the entire process much less complex than aromatics.

Under the action of $OH, $H, and O2, cycloalkanes can react
to form monocyclic compounds that contain benzene rings.
These compounds include benzaldehyde, phenol, and benzoic
acid, which are formed through hydrogen capture, substitution,
and oxidation reactions.43 Intramolecular rearrangements of
benzoic acid produced 1(3H)-isobenzofuranone. Bicyclic
compounds such as 9-uorenone or xanthone can also be
reconstituted by phenoxy radical addition.44 Polycyclic
compounds such as naphthalene and phenanthrene in the
product may be produced by coupling reaction of phenyl under
high temperature and high pressure. One of the naphthalene
rings breaks into a chain to form benzoic acid and benzalde-
hyde, and these products will be rapidly oxidized.45 Some
intermediates are polymerized to form dibenzofuran, uo-
renone and xanthone, and these complex compounds require
RSC Adv., 2024, 14, 5167–5175 | 5173
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long residence time to be destroyed.46 Then those products
undergo further ring-opening, producing linear alcohols, alde-
hydes, acids, and esters, which will ultimately be fully miner-
alized into basic compounds such as CO2, CO, CH4, and so on.
If an insufficient amount of oxidizer is present, coke and other
substances may be produced.

At high temperature and pressure, phenyl undergoes
a coupling reaction, generating dimers or polycyclic
compounds such as naphthalene and phenanthrene. They are
mainly converted into dibenzofuran, uorenone and xanthone
aer one-ring cracking, and then those products undergo
further ring-opening, producing linear alcohols, aldehydes,
acids, and esters, which will ultimately be fully mineralized into
basic compounds such as CO2, CO, CH4, and so on. If an
insufficient amount of oxidizer is present, coke and other
substances may be produced.
Conclusions

In this study, we have conducted an in-depth investigation into
the optimization and mechanistic understanding of the treat-
ment of spent extraction solvents in supercritical water.
Following conclusions can be made:

(1) Using response surface methodology (RSM) design and
experimental analysis, a polynomial equation model has been
developed to predict TOC removal, with the assistance of RSM.
The R2 of the model was 0.9800.

(2) The results indicate that the SCWO process of solvents is
mainly inuenced by the reaction temperature and residence
time. Under the optimal process conditions, the TOC removal of
spent extraction solvents reached 99.25%.

(3) Multiple effluents under different SCWO conditions were
obtained and analyzed, and the results indicate that ketones
and aldehydes are important intermediates in the oxidative
degradation of spent extraction solvents.

(4) The degradation pathway of spent extraction solvents was
preliminarily inferred to mainly involve processes like decom-
position, oxidation, ring opening, and steam reforming.

In summary, this study provides a foundation for further
research and development of SCWO treatment for organic
solvents present in radioactive waste. It highlights the signi-
cant potential of SCWO in addressing waste challenges in the
nuclear industry.
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