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Catalytic supercritical water oxidation (CSCWO) has sprung up as a promising technique to eliminate re-
fractory aromatic compounds, which are difficult to be removed by conventional wastewater treatment
processes. Decompositions and degradation mechanisms of 18 aromatic compounds, including benzene,
phenol, bisphenol A (BPA) etc., were investigated using CSCWO in this study. It was found that TOC re-
moval efficiencies of the aromatic compounds were significantly enhanced, when CSCWO temperatures
raised from 325 to 525°C and reaction time prolonged from 0.5 to 6 min, with the addition of Cu(NOs),.
The correlationships among TOC degradation rates (kroc), temperature at TOC removal rate of 90% (Tgo)
and 19 molecular descriptors were studied. The results indicated that BO, and q(H)x could greatly im-
pact the degradation behaviors. Fukui indices based density functional theory (DFT) method was applied
to reveal the conceivable degradation pathway of BPA during CSCWO process.

© 2019 Published by Elsevier B.V. on behalf of Taiwan Institute of Chemical Engineers.

1. Introduction

As a group of refractory environmental pollutants, aromatic
compounds have high toxicity and poor biodegradability, resulting
in both environmental and human health problems [1-4|. Among
aromatic compounds, benzene, phenols and toluene are often re-
garded as hazardous matters due to highly potential carcinogenic-
ity [5,6]. Bisphenol A (BPA), nonylphenol (NP) and octylphenol
(OP), as kinds of endocrine disrupting chemicals (EDCs), could
simulate the hormones and disturb endocrine system even un-
der trace concentrations [7-9]. Owning to possessing benzene ring,
aromatic compounds are persistent, as a result, they are diffi-
cult to be removed completely by traditional wastewater treat-
ment processes, like activated sludge and biodegradation [10,11].
To resolve the intractable problem, supercritical water oxidation
(SCWO) has been considered as a high-effective process for treat-
ing toxic and bio-refractory wastes in recent decades [12,13]. It was
believed that above the supercritical water point (temperature=
374°C, pressure= 22.1 MPa), organic compounds and oxygen gas
would become soluble, and then a fast reaction happened within
a single phase, which resulted that refractory organics could be
successfully mineralized into CO,, H,0, N, and few inorganic salt
within seconds or minutes [12,14].
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In order to lower severe experimental temperatures and pres-
sure requirements, as well as obtain better removal efficiencies,
catalytic supercritical water oxidation (CSCWO) has been proposed
in recent decades. Catalysts, like Cu(Il), Co(II), Ni(II), Mn(II), Zr(IV),
Zn(1I), Ti(IV), Ce(1V), have been widely used into CSCWO researches
[15-20]. Dong et al. investigated catalytic and non catalytic super-
critical water oxidation of p-nitrophenol, the result showed that
the reaction rate in catalyst MnO, process was much higher than
that in non catalystic process [21]. Furthermore, Shin et al. ex-
plored CSCWO of acrylonitrile using Ca(NO3), and Ca(OH),, the re-
sult indicated that 94% carbon and 95% reactive nitrogen of acry-
lonitrile were converted into CaCO3 and N,. Meanwhile, the in
situ formed CaCO3 could act as a catalyst to facilitate acrylonitrile
degradation [22].

Nevertheless, the aforementioned works merely focused on one
or few target compounds. To the best of our knowledge, data is
still sparse on CSCWO of a series of aromatic compounds, es-
pecially for EDCs. In addition, density functional theory (DFT)
is an attractive method for revealing reaction mechanism from
the aspect of quantum chemistry, which has resoundingly elu-
cidated many experimental phenomena [23-25]. Previously, we
have investigated SCWO of dozens of organic compounds, and ob-
served that some molecular characteristics, e.g. dipole moment and
Fukui indices, could take an important role in destroying the or-
ganics during SCWO process without catalysts [26-28]. As a re-
sult, this work aims to explore the effect of catalysts on de-
composition of aromatic compounds during SCWO. The catalysts
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Table 1
Information of 18 aromatic compounds.
Compounds Abbreviation ~ Molecular formula ~ CAS No.
Aniline Aniline CgHsN 62-53-3
Nitrobenzene NB CsHs5NO, 98-95-3
Quinoline Quinoline CoHsN 91-22-5
Potassium hydrogen phthalate ~ KHP CgHsKO4 877-24-7
Phthalic anhydride PA CgH403 85-44-9
2,7-dihydroxynaphthalene 2,7-PADN CyoHgO; 582-17-2
Benzene Benzene CsHg 71-43-2
Phenol Phenol CsHgO 108-95-2
Catechol Catechol CsHg0, 120-80-9
Phloroglucinol 1,3,5-THB CsHgO3 108-73-6
Methylbenzene MB C7Hg 108-88-3
2-cresol 2-cresol C7HgO 1319-77-3
2,4-dichlorophenol 2,4-DCP CsH4Cl,0 120-83-2
Benzenesulfonic acid BSA CsHg03S 98-11-3
3-phenylpropionic acid 3-PPA CoH100, 501-52-0
Bisphenol A BPA Ci5H1602 80-05-7
Nonylphenol NP Cy5Hp40 84,852-15-3
Octylphenol oP Ci4H,0 140-66-9
sample was prepared with 1 mM initial concentration of the poor
S 7Gas solubility target compound. Secondly, after 12h of magnetic stir-
Cooler& ring at a constant temperature of 25°C, the sample was filtered
Separator == through 1.2 pm glass fiber filter, which had been washed by ultra-
4 / - pure water before filtration, in order to avoid interference. More-
[ \ Lj:‘ﬂ'_d over, in order to avoid causing problematic corrosion and precipi-

[

Fig. 1. Scheme of SCWO apparatus.

were divided into three parts: (1) different cations, like Cu(NOs3),,
Fe(NO3)3, MH(NO3)2, Zn(NO3)2, AgNO3, NI(NO3)2, ZF(NO3)4 and
Ce(NO3)3; (2) different anions, such as CuSOy4, CuCl,, Cu(NO3),, as
well as ZnSOy4, ZnCl,, Zn(NO3),; (3) different heteropolyacid cat-
alysts, e.g. phosphotungstic acid (H3PW1,04, PTA), tungstosilicic
acid (H4SiW13049, TSA) and phosphomolybdic acid (H3PMo1304o,
PMA). Besides, DFT method was applied to calculate the quantum
properties of the 18 aromatic compounds to further reveal the cor-
relation between TOC removal and molecular structural parame-
ters.

2. Experimental
2.1. Apparatus and experimental procedures

The experimental apparatus has been fully described in our
previous work, investigating the reaction time affecting the SCWO
of N-containing compounds [28]. In brief, the reactor is made of
Hastelloy alloy, whose designed an effective volume of 10mL and
the maximum operating pressure and temperature are 40 MPa and
600 °C, respectively (Fig. 1). It should be noted that all experiments
in this work were performed at a constant pressure of 24 MPa,
temperature and reaction time were designed as 325, 375, 425, 475
and 525 °C, as well as 0.5, 1, 1.5, 3 and 6 min, respectively.

2.2. Materials and analytical methods

The information of 18 aromatic compounds was shown in Fig. 2
and Table 1. The initial concentration was 1mM for most of tar-
get compounds, however, the saturated solubility of certain com-
pounds, like OP and NP, was under 1 mM, then the saturated so-
lution of these ones was applied to perform the experiments. The
saturated solution was achieved as the following steps. Firstly, the

tation, the initial concentration of the catalysts was 0.02 mM based
on the transition metal ion, for example 0.02mM for Fe(NO3)s,
0.00167 mM for PTA, TSA and PMA. Considering the initial concen-
tration was as low as 1mM or even less, 300% excess oxygen was
used into this study to keep sufficient oxidation.

The information of quantum parameters used in this work
was listed in Table 2. Quantum parameters of the 18 aromatic
compounds were calculated using Gaussian 09 (DFT B3LYP/6-
311G level) and Material Studio 6.1 (Dmol3/GGA-BLYP/DNP(3.5)
basis). The aromatic compounds’ structures were optimized by DFT
B3LYP/6-311 G method via Gaussian 09 at first. Then the exchange,
correlation terms and natural population analysis of atom charge
were calculated by B3LYP function. The maximum displacement,
maximum force, maximum iterations and convergence tolerance
were set as 0.005A, 0.002 Ha/A, 500 and 1x10-> Ha, respec-
tively. Moreover, the density mixing and self-consistent field were
set as 0.2 charge with 0.5 spin and 10~6 a.u., respectively [29,30].
Finally, according to the abovementioned methods, the molecular
characteristics were achieved from the outmol file, which included
dipole moment (u), most positive partial charge on a hydrogen
atom (qH)x, most negative or positive partial charge on a carbon
atom (q(C)n/q(C)x), most negative or positive partial charge of a hy-
drogen atom connected to a carbon atom (q(C-H),/q(C-H)x), min-
imum and maximum number of chemical bonds between a pair of
coterminous atoms (BO,/BOy), energy of highest occupied molecu-
lar orbital (Egomo), energy of the lowest unoccupied molecular or-
bital (E;ymo) and energy of molecule calculated by B3LYP method
(E(B3LYP)). Besides, Fukui indices, as the key descriptors, were
choosed to predict the site reactive selectively between the reac-
tion pathways. For example, F(+)x, F(—)x and F(0)x stand for the
maximum values of nucleophilic attack, electrophilic attack and
‘OH radical attack, respectively, meanwhile F(+),, F(~), and F(0),
represent their respective minimum values on main-chain carbon
atom. These parameters were successfully conducted into our pre-
vious research [27].

Total organic carbon (TOC) was measured by the TOC-Analyzer
(Multi N/C 3000, Analytik Jena AG, Jena, Freistaat Thiiringen, Ger-
many) under burning temperature of 850°C with CeO,. Moreover,
TOC removal rate was defined as follows:
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Fig. 2. Structural formula of 18 aromatic compounds.

Table 2
Information of nineteen quantum parameters.

Descriptors Interpretation

% Dipole moment
Eg3ryp The total energy of a molecule
Etomo Energy of the highest occupied molecular orbital
Erumo Energy of the lowest unoccupied molecular orbital
Ecap The gap energy (Erumo—Enomo)
Esum The sum energy (Eiymo+Enomo)
q(H)x Most positive partial charge on a hydrogen atom
q(C)n/q(C)x Minimum and maximum negative partial charge on a carbon atom
q(C-H)n/q(C-H)x ~ Minimum and maximum positive partial charge on a hydrogen atom linked with a carbon atom
BO,/BOx Minimum and maximum number of chemical bonds between a pair of coterminous atoms
F(0)n/F(0)x Minimum and maximum value of Fukui indices by hydroxyl radical attack
F(+)n/F(+)x Minimum and maximum value of Fukui indices by nucleophilic attack
F(-)n[F(-)x Minimum and maximum value of Fukui indices by electrophilic attack
TOC removal efficiency = result demonstrated that at the condition of 240°C and 60 min,
concentraion of TOCintheef fluent Cu?* took a more signiﬁcaqt par.t thgn the others [32]. Basgd on
— - - — - x 100% related studies, the catalysis oxidation pathway could be inter-
concentration of TOC in the initial concentration
preted as below [33,34]:

3. Results and discussion
3.1. Effect of different catalysts

KHP has a wide range of applications in many research areas,
because it is commonly used as a primary standard for calibrat-
ing TOC analyzer and pH-meters. Therefore, KHP was chosen as a
representative compound in exploring the effect of different cata-
lysts during SCWO process. As shown in Fig. 3a, it was obvious that
compared with non catalytic reaction, all the cation catalysts, such
as Cu(I), Mn(II), Zn(II), Ni(II), Ag(I), Fe(III), Ce(Ill) and Zr(IV), could
improve TOC removal. The results were in agreement with previ-
ous study, Park et al. investigated CSCWO of wastewater containing
terephthalic acid and found that the addition of catalysts, such as
MnO,, Al,03 and CuO, could effectively improve COD conversion.
However, the COD conversion rate had a huge difference between
19% and 98%, this might come from different operating parame-
ters, like temperature, pressure and oxygen concentration, as well
as different catalysts [31].

Among the cations, Cu?* achieved the best TOC removal dur-
ing CSCWO process. Similar results were found in previous stud-
ies, Zhang et al. examined wet oxidation of sewage sludge using
metals ions, like Cr3+, Cu2*, Fe3*, Zn?t and Mn?2*, the optimal

Cu?* + H,0, — Cut + H* + HO, (R1)
Cut +H,0, — Cu?t + OH™ + -OH (R2)

Cu?* could react with H,0, and form Cu™, which could facili-
tate the formation of hydroxyl radical (-OH) from H,0,. Due to -OH
had high-effective oxidation, as a result, it could oxidize the target
compound. Qi et al. studied decomposition of aniline in CSCWO,
and found that ferrous ions could react with H,0,, which resulted
in the generation of -OH [16]. Similarly, Kosari et al. examined
CSCWO of tributhyl phosphate using Ag,0, CuO, Fe,03, MgO and
ZnO nanoparticles, the result showed that activated oxygen would
be produced from supercritical water in the presence of a catalyst
[35].

To explore the effect of heteropolyacid catalysts on TOC re-
moval, PTA, TSA and PMA were conducted into this work. In
Fig. 3b, comparison of non-catalyst, the addition of PTA, TSA and
PMA achieved higher TOC removal, which implied that heteropoly-
acid catalysts could effectively improve TOC removal during SCWO
process. Similarly, Arslan and Ferry used TSA as the catalyst to in-
vestigate SCWO of nitrobenzene (NB), the result showed the de-
composition of NB could be largely improved under the presence
of TSA [36]. Besides, TOC removal efficiency generally followed
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Fig. 3. TOC removal under various catalysts (425 °C, 24 MPa and 1 min). (a) for different cations, such as Cu(NO3),, Fe(NO3 )3, Mn(NOs),, Zn(NOs),, AgNO3, Ni(NO3),, Zr(NO3 )4
and Ce(NO3)s. (b) for different anions and heteropolyacid catalysts, like CuSO4, Cu(NOs3),, CuCl,, ZnSO4, Zn(NO3),, ZnCl, as well as PTA, TSA and PMA.
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Fig. 4. The conceivable catalysis oxidation mechanism of Cu(NOs3),.

the order that PTA > TSA > PMA in this work. Moreover, dif-
ferent anions, like SO42~, NO3~ and Cl-, were also investigated.
From Fig. 3b, NO3~obtained a slightly higher TOC removal effi-
ciency than SO42~ and Cl-. There were some researches verified
that nitrate could participate in oxidizing the target compounds
during SCWO, because NO3~was supposed to be an effective ox-
idizing agent [37]. Some researchers proposed the reaction scheme
(R3-R4), firstly, the nitrate could react with H,O and formed HNO3
[38]. Secondly, HNO3 could generate HO- and -NO, radicals by hy-
drolysis. Finally, -NO, could oxidize the organic compound and re-
duced into N, [39]. Based on the facts examined above, a con-
ceivable catalysis oxidation mechanism of Cu(NOs3), was proposed
in Fig. 4. In brief, Cu(NO3), could form Cu?* and NO;~, then on
the one hand Cu?* had a catalytic impact in SCWO process, and
facilitated the generation of -OH from H,0,. On the other hand,
NO3~ could react with H,O0 and produced HNOjs, then it gener-
ated -OH and -NO, via hydrolysis. Additionally, in case of Cu(NOs),
and CuCl,, the TOC removal had not considerable difference. It
was well accepted that Cl atom would be converted into HCl dur-
ing SCWO. HCl, as a strong acid, could corrode the Hastelloy alloy
reactor walls and then transition metal ions, such as Ni3+, Fe3+,
Mn2+and Cu?*, would be produced, which might play a positive
role on TOC removal. Similar results were found in the previous
study, Hatakeda et al. investigated corrosion on continuous SCWO
for polychlorinated biphenyls, the result showed that the Hastelloy
alloy was proved to be corroded on the surface located between
the bottom of the reactor and cooling parts [40].

In sum, Cu(NOs3), obtained the best TOC removal among all
the catalysts. As a result, Cu(NOs), was chosen as the catalyst and
brought into later study.

NO;~ +H,0 < OH- + HNO; (R3)

HNO; < HO- +-NO, (R4)

3.2. Effect of temperature

As shown in Fig. 5, TOC removal efficiencies of 18 aromatic
compounds had a sharp increase as temperature ranged from
325 to 525°C. Except for benzene, the other target compounds
achieved more than 90% TOC removal efficiencies after 525°C.
Similar results were found in previous works, Dong et al. inves-
tigated CSCWO of 4-nitrophenol and observed that the removal
efficiency was near 100% when temperature increased from 380
to 440°C with the addition of MnO,/Ti-Al oxide [21]. Angeles—
Hernandez choosed MnQO,/CuO as catalyst and studied the destruc-
tion of quinoline during CSCWO, the result indicated TOC removal
rate of quinoline was more than 90% as temperature was above
500°C [41]. In this work, quinoline achieved near 100% of TOC re-
moval rate after 475 °C.

Furthermore, it was important to note that when tempera-
ture was up to 525°C, the TOC removal efficiencies of BPA, NP
and OP were near 100%, which indicated that EDCs could be suc-
cessfully mineralized during catalytic supercritical water oxidation.
However, in terms of BPA, NP and OP, data is still sparse on the
decomposition of EDCs during CSCWO process, based on other
related AOPs studies, Gao et al. examined the degradation of BPA
using transition metals activating persulfate process, and found
BPA could be removed more than 90% with the presence of Fe2* or
NiO3 after 30 min at normal atmospheric temperature [42]. Potakis
et al. investigated oxidation of BPA in water by heat-activated per-
sulfate, the result showed that activation temperature increased
from 40 to 70 °C could lead to the removal efficiencies of BPA
raised from 10% to 100% within 5min, which resulted in an 80-
fold degradation rate increase [43]. Compared with these results,
TOC removal efficiencies of EDCs in this work were near 100%
within 1.5 min, which implied CSCWO was a time-saving and high-
effective process for removing EDCs.

3.3. Effect of reaction time

TOC removal efficiencies of 18 aromatic compounds under dif-
ferent reaction times with a constant temperature of 425°C were
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Fig. 5. TOC removal under various temperatures with a constant reaction time and pressure of 1.5min and 24 MPa, respectively, as well as 0.02mM Cu(NOs),.

presented in Fig. 6. The TOC removal rates raised largely as reac-
tion time prolonged from 0.5 to 1.5min, then the growth tended
to be steady after 3 min, finally all the target compounds obtained
over 90% of TOC removal rates at 6 min. The results were also in
agreement with the previous study, Tan et al. investigated SCWO
of 12 organics, including aniline, nitrobenzene, phenol and BSA,
the result indicated that the TOC concentrations became to none
when reaction time raised from 140 to 460s under temperature
over 450°C [26]. Yang et al. examined the decomposition of 41
nitrogen-containing compounds, including aniline and NB, during
SCWO, and observed the TOC removal efficiencies of most com-
pounds were above 80% and even to 100% when reaction time
raised from 0.5 to 6 min [28].

3.4. TOC degradation rates

Lots of studies presented that a pseudo-first-order kinetic
model could successfully illustrate the macro-kinetics for SCWO of
wastes [44-47]. Therefore, to further compare the decomposition
difference between the 18 target compounds, the TOC degradation
rates (kyoc) had been calculated via a pseudo-first-order kinetic
model, as followed:

In (TOC]y/ [TOC],) = kroct

where [TOC], stood for the initial TOC concentration of each com-
pound, [TOC]; indicated its TOC concentration at time t, kyoc rep-
resented the TOC degradation rate constants of each compound,
t was the reaction time. As a result, the TOC degradation rate
constants (krgc) of 15 target compounds had been presented in
Table 3.

Table 3

The TOC degradation rates of 18 aro-
matic compounds in CSCWO (0.5-
6 min, 425°C and 24 MPa).

Compound kroc (min —1)
Aniline 1.682
NB 1.465
Quinoline 1423
Benzene 0.855
MB 1.822
Phenol 2.031
Catechol 2.264
1,3,5-THB 1197
2-Cresol 1.730
2,4-DCP 1194
BSA 2.731
KHP 2.439
PA 1.428
2,7-PADN 1.797
3-PPA 1.542
BPA 1.665
oP 1.576
NP 1.858

As shown in Table 3, it was clear that the TOC degradation
rates were in an order that BSA (2.731) > KHP (2.439) > catechol
(2.264) > phenol (2.031) > NP (1.858) > MB (1.822) > 2,7-PADN
(1.797) > 2-cresol (1.730) > Aniline (1.682) > BPA (1.665) > OP
(1.576) > 3-PPA (1.542) > NB (1.465) > PA (1.428) > Quinoline
(1.423) > 1,3,5-THB (1.197) > 2,4-DCP (1.194) > benzene (0.855).
There was a huge difference of TOC degradation rates between 18
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Fig. 6. TOC removal under various reaction times with a constant temperature and pressure of 425°C and 24 MPa, respectively, as well as 0.02mM Cu(NOs ),.

aromatic compounds, which might come from the various molecu-
lar parameters of each compound. As for phenol, there were some
evidence showed that its kinetic constants were in a wide range of
0.345 to 4.275 min~!, due to different non-isothermal reactors, re-
actor material, initial concentrations, experimental pressures and
temperatures [48-50]. Besides, Kosari et al. explored CSCWO of
tributhyl phosphate, the result indicated that under non-catalytic
and catalytic conditions, the reaction kinetic constants were 0.008-
0.027 min~! and 0.014-0.034 min~!, respectively, with tempera-
ture ranging from 370 to 480 °C [35].

3.5. Correlation analysis of kroc, Tgg and molecular descriptors

Commonly, TOC was considered to be efficiently removed as
the removal efficiency reached 90%. According to Fig. 5, the tem-
perature at TOC removal efficiency of 90% (Tgy) was achieved.
All the 18 aromatic compounds’ TOC degradation rates (krgc), Tog
and their respective quantum parameters were shown in Table S1.
The correlation coefficients indicated that p, q(H)x, q(C-H)x, q(C)x,
Enomo. Esum» F(-)x» F(0)x and BOx were positively correlated to
kroc, while Egsryp, q(C-H)n, q(C)n, Erumo, Ecap, F(+)n, F(+)x, F(-)n,
F(0)n, F(0)x and BO, were negatively correlated to kroc. In terms of
Tgo, on the contrary, molecular descriptors, like p, q(H)x, q(C-H)x,
q(C)x, Enomo, Esum and F(-)x were negative correlated, while Egsjyp,
q(C-H)n, 9(C)n, Erumos Ecaps F(+)n, F(+)x, F(-)n, F(O)n, F(0)x, BOn
and BOy were positive correlated. It was understandable that for
the same compound, if its kygc was large, which meant it could
be removed easily, as a result it would also be degraded at a low

temperature. In other words, the larger value of krgc was, the
fewer value of Tgg was.

Among all the parameters, it was BO, that could play a most
important role in affecting kroc and Tgy during CSCWO process.
Bond order (BO) represented the number of chemical bonds be-
tween a pair of atoms, giving an indication of the stability for a
bond. From Table S1, all aromatic compounds’ BO was less than 2.
Generally, the less BO value was, the more easily to be attacked
and resulted in bond breaking [51,52]. Another significant descrip-
tor was q(H)x, which reflected the most positive partial charge
on a hydrogen atom. There is a general consensus that the more
q(H) value was, the easier H atom could lose, which resulted in
higher kroc constant. Besides, the molecular characteristic . was
the meaning of dipole moment, which stood for the polarity and
charge separation in a molecule [53]. A compound with large w
value frequently resulted in the stronger electronegativity than that
of small w value. Therefore, in terms of those compounds with
large w value, it was more easily to accept the electrons from the
oxidants, like -OH, which resulted in a positive relationship with
kroc values. The parameter F(-), represented the minimum value of
Fukui indices by electrophilic attack. F(—), gave some information
on site reactivity and could predict which region of a compound
would be better prepared to donate charge [54]. It indicated that
the electrophilic reaction dominates the removal of aromatic com-
pounds during CSCWO process. These results were also in agree-
ment with previous works, Cheng et al. revealed the relationship
between reaction rate constant and quantum parameters in Fenton
oxidation process, and proposed the main descriptors governing re-
action rate were q(H)x, q(C-H)x and q(C-H),, which were relevant
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Fig. 7. Structural formula and Fukui function map with indices values of BPA.

to the active site and -OH attack [55]. Similarly, Su et al. inves-
tigated the removal rates of organic pollutants by adsorption of
manganese dioxide under acid condition, the result showed that
q(H)x, F(+)x and Eyomo could largely impact on adsorption behav-
ior [56].

3.6. Degradation pathway of BPA

To further investigate the molecular characteristics of BPA,
Fukui indices based on -OH radical attack (F(0)) had been calcu-
lated using DFT method. Structural formula of BPA with atom num-
ber and Fukui function map were shown in Fig. 7. It was well ac-

OH

cepted that the more F(0) value was, the more easily to be attacked
by radicals [57]. As a result, the hydroxyl groups on the benzene
rings could be replaced at first, and then C-C bond between the
two aromatic rings would be attacked by oxidative reactive radi-
cal due to the high frontier electron density, therefore, two aro-
matic rings could separate from each other and generated phe-
nol, isopropyl phenol, hydroquinone, benzoquinone, hydroxyben-
zoic acid and so on [58-60]. Thus, the substituent groups on the
aromatic ring would further react with -OH, which resulted in ring-
open and then formed small molecular acids, such as oxalic acid,
succinic acid and formic acid [59,61,62]. Finally, all these inter-
mediates could be high-effectively mineralized into CO, and H,0
after CSCWO process. Based on these results, therefore, the con-
ceivable degradation pathway of BPA was presented (Fig. 8). Firstly,
‘OH would orderly attack the hydroxyl groups and the C-C bond
between two aromatic rings according to the F(0) values. As a re-
sult, a series of intermediates generated, such as hydroquinone and
phenols. Secondly, -OH would further attack the substituent groups
on the aromatic ring, which resulted in ring-open and then gener-
ated small molecular acids, like oxalic acid. At last, all these inter-
mediates could be high-effectively mineralized into CO, and H,0
after CSCWO process.

4. Conclusion

The degradation of 18 aromatic compounds, containing aniline,
quinoline, benzene, phenol, catechol, EDCs and so on, has been in-
vestigated under catalystic supercritical water oxidation process.
The presence of catalysts, like Cu2t, Fe3*, Zn2*, Ni2t, Agt, Ce3*,
Mn?tand Zr#t, as well as PTA, TSA and PMA, could facilitate TOC
removal. Among these catalysts, Cu(Il) obtained the best TOC re-
moval efficiency during CSCWO process. Additionally, TOC removal
efficiencies of the aromatic compounds presented a sharp increase,
as temperature and reaction time raised from 325 to 525°C and
from 0.5 to 6min, respectively. The result of correlation analy-
sis showed BO, and q(H)x could largely impact the TOC degrada-
tion behaviors during CSCWO process. The conceivable degradation
pathway of BPA was proposed, based on density functional theory
(DFT) method. Firstly, the hydroxyl groups on the benzene rings
could be attacked, and then C-C bond between the two aromatic
rings would be broke via -‘OH due to the high frontier electron
density, as a result, two aromatic rings could separate from each
other and generated a series of phenolic compounds. Secondly, the

)

HO C
OH
OH (i
O + +
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0
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O
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Fig. 8. The conceivable degradation pathways of BPA during CSCWO.
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substituent groups on the aromatic ring would further react with
‘OH, which resulted in ring-open and then formed small molecu-
lar acids. Finally, all these intermediates could be high-effectively
mineralized into CO, and H,0 after CSCWO.
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