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Aromatic compounds such as phenols presented widely in coal chemical industry wastewater (CCW) ren-
der the treatment facing great challenge due to their biorefractory characteristics and potential risks to
the environment and human health. Ozone-based advanced oxidation processes show promising for these
pollutants removal, but the mineralization via ozonation alone is unsatisfactory and not cost-effective.
Herein, a hybrid peroxi-coagulation/ozonation process (denoted as PCO) was developed using sacrificial
iron plate as an anode and carbon black modified carbon felt as cathode in the presence of ozonation.
An enhanced phenol removal of ~100% within 20 min and phenol mineralization of ~80% within 60 min
were achieved with a low energy consumption of 0.35kWh/g TOC. In this novel process, synergistic ef-
fect between ozonation and peroxi-coagulation was observed, and beside O3 direct oxidation, peroxone
played a dominant role for phenol removal. In the PCO process, the hydrolyzed Fe species enhanced the
generation of reactive oxygen species (ROS), while *OH was dominantly responsible for pollutant degrada-
tion. This process also illustrated high resistance to high ionic strength and better performance for TOC
removal in real wastewater when compared with ozonation and peroxi-coagulation process. Therefore,
this process is more cost-effective, being very promising for CCW treatment.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Coal chemical industry wastewater (CCW), generated mainly
from coal coking and coal gasification, is a typical industrial
wastewater with great treatment difficulty [1]. Particularly, China
has produced CWW around 475 million tons per year [2], contain-
ing high amounts of toxic chemicals and biorefractory matters with
chemical oxygen demand (COD) and phenol concentration even up
to 50,000 and 10,000 mg/L, respectively [3]. It can impose negative
influence to environment and human health if improperly treated.
Currently, the integrated systems combining conventional physic-
ochemical process with biological process are the most widely
used treatments technologies, but the unsatisfactory performance
accompanied with high treatment cost has long been criticized.
Therefore, it is imperative to develop efficient and low-cost CCW
treatment process.
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Advanced oxidation processes (AOPs), such as Fenton-like oxi-
dation [4], electrochemical oxidation [5,6], wet oxidation [7] and
photocatalytic oxidation [8,9] have been successfully applied to the
treatment of CCW. However, several drawbacks are still encoun-
tered in utilizing AOPs methods. Fenton-like oxidation usually re-
quires a pH of about 3 and is limited by the reduction of Fe(III).
For photocatalytic oxidation, the inevitable problems are high in-
vestment cost, catalyst deactivation and catalyst recovery. Ozona-
tion is one of the main technologies for refractory wastewater deep
treatment and drinking water disinfection due to the excellent ox-
idation capacity of ozone (03, Ey=2.07eV) [10]. Ozonation is in-
creasingly used in industrial wastewater due to the gradual cost
reduction for ozone production, and has been proven to be effi-
cient to improve biodegradability of coal gasification wastewater
[11]. However, ozone is a selective oxidant that can quickly oxi-
dize organic compounds with electron-rich moieties such as phe-
nols, olefins, and deprotonated amines [12,13]. The less reactivity
for the small molecular weight compounds with carboxylic groups
(rate constant of 0.01-100Lmol~'s~1) leads to low mineralization
efficiency of contaminants [14].
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As such, extensive efforts have been devoted to developing vari-
ous processes to overcome this problem [15-17]. It is reported that
the application of electric field can promote the decomposition of
ozone to produce non-selective hydroxyl radical ("OH, Eg =2.8V) as
shown in Eqs. 1 and 2, thereby, degrading pollutants deeply into
carbon dioxide and water [18,19]. Unfortunately, for high-salinity
wastewater, the strong interaction between the soluble salts and
the oxidative species leads to sluggish pollutant decomposition.
Nevertheless, the soluble salts in CCW can act as an electrolyte for
enhanced electrochemical process. In 2013, Wang et al. proposed
electro-peroxone (EP) with in-situ generation of H,0,, which was
reacted with the sparged ozone molecule to produce "OH (Egs. 3
and 4) to degrade pollutants [20]. Since then, EP has been widely
applied to dye removal [21], landfill leachate treatment [22], phar-
maceuticals elimination [23,24], disinfection by-products control
[25,26] and adsorbents regeneration [27,28]. Many works high-
lighted the process efficiency enhancement by peroxone resulting
from H,0, and O3 reaction, but the formation efficiency of this re-
action to "OH was only about 50% [29,30]. And some used anode
materials such as boron-doped diamond (BDD) [31], dimensionally
stable anode (DSA) [24] and Pt plate [22] are usually expensive,
which limited its practical application.

O3+e” =03 (M
‘03~ 4+ H;0 — "OH+ 0, 4+ OH~ (2)
0, +2H+e™ — H,0, (3)
203 +H,0, — 2'0H + 30, (4)

Sacrificial anode based on iron (Fe) or aluminum (Al) is a
promising candidate to these expensive anodes for its low cost.
Although electrocoagulation alone is hard to destroy dissolved or-
ganics, Fe(Il) generated in-situ can catalytically active converting
of O3 or H,0, (Egs. 5-7) [32,33]. Xiong et al. [34] developed
an electrolysis-assisted ozonation process by combining ozonation
with electrocoagulation, showing excellent synergy on the abate-
ment of N,N-dimethylacetamide (DMAC). In this process, H,O0, was
supposed to be generated by the reduction of Os (Eqs. 8 and 9),
and then reacted with O3 or generated Fe?* to form "OH, realizing
the simultaneous ozonation, Fenton, peroxone oxidation and coag-
ulation. Some studies further indicated that mutual promotion and
synergy between ozone and coagulants (SOC) during the electro-
hybrid ozonation-coagulation process with Al plate as anode and
stainless steel as cathode [35], demonstrating that the ozonation
and SOC effect were the main roles leading to the removal of
ibuprofen at the initial pH of 5.

FeZt + 03 — Fe0?* + 0, (5)
FeO%* +H,0 — Fe3* +°OH 4 OH~ (6)
Fe* + H,0, — Fe3* +"0OH + OH~ (7)
O3+ OH- — 0y~ + HO' (8)
2HO" — 0, + H,0, (9)

Additionally, the application of carbonaceous cathode is found
to be capable of promoting the coupling effect of ozonation and
electrochemical reduction by generating more H,0, [36,37]. For
example, Kong and co-workers [36] reported that the peroxi-
coagulation coupled with ozonation process with Al plate as anode
and C-PTFE as cathode could be used to treat shale gas fracturing
flowback water, achieving a COD removal efficiency of 82.4% within
80min at the current density of 50 mA/cm?2. These previous obser-
vations suggest that the combination of carbon-based cathode for
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Fig. 1. (a) Phenol abatement. (b) TOC removal. (c) EEC and mineralization rate con-
stants. (d) Sludge concentration for phenol degradation during O3, EC, PC, ECO and
PCO processes. Reaction conditions: I=10maA, initial pH 5.6 (uncontrolled), gas flow
rate =0.25 L/min, ¢t =60 min.

H,0, production and sacrificial anode might enhance the utiliza-
tion of O3 to improve the process efficiency due to the H,0, ex-
ist widely, when compared with traditional electrocoagulation as-
sisted ozonation process. Despite that, the peroxi-coagulation cou-
pled with ozonation system has been rarely reported for CCW
treatment as far as we known, not to mention the mechanism deep
into the role of coagulation, catalytic oxidation and electrochemical
reaction.

Herein, a hybrid peroxi-coagulation/ozonation process (PCO)
was therefore proposed at a low current load using sacrificial iron
plate as anode and carbon black modified carbon felt as cathode,
which was efficient for in-situ H,0, generation [38,39]. The main
objective of this study was to evaluate the feasibility of PCO for
CCW treatment and to elucidate the process mechanism, using
phenol as the target pollutant since it was a typical pollutant in
CCW. The performance by optimization of operation parameters,
including ozone dosage, initial pH and co-existing anions were ex-
amined. The contributions of various reactions involved in the PCO
were deduced based on the pseudo-first-order rate constant anal-
ysis. The feasibility for treatment of the real CCW by this PCO was
further explored. This work would provide insight into the key fac-
tors and mechanism of the efficient PCO process.

To evaluate the superiority of the PCO process, it was compared
with single ozonation and conventional electrocatalytic ozonation
based on sacrificial anode for phenol removal. Fig. 1 shows the
removal efficiency of phenol by ozonation (Os3), electrocoagula-
tion (EC), peroxi-coagulation (PC), electrocoagulation coupled with
ozonation (ECO) and PCO process. Apparently, the PCO had the
biggest oxidation capacity among all processes. The removal and
mineralization rate of phenol were negligible by EC and PC pro-
cess after 60 min. For EC process, a possible explanation for this
result was the almost non-availability of adsorption sites for the
flocculants at high concentration of phenol [40]. Simultaneously,
the "OH yield in EC and PC process was probably insufficient to de-
stroy the molecular structure of pollutants. Although phenol could
be completely removed within 20 min using ozonation alone, the
TOC removal efficiency was unsatisfactory (60%). Combining EC
with Os, the mineralization efficiency of phenol by ECO increased
to 63%. This result suggested that O3 molecule could be catalyzed
by the released iron ion, while the magnitude of this activation
was insignificant. Interestingly, Fig. S2a (Supporting information)
shows the accumulative concentration of H,0, in DSA/Fe-0,/03
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Fig. 2. Effects of the (a) applied current, (b) gas flow rate, (c) initial pH, (d) Cl~, (e) NO3~ and (f) HCO3~ on the phenol removal during the PCO process. Reaction conditions:

I=10maA, initial pH 5.6, gas flow rate =0.25L/min, t =60 min.

was 1.29mg/L at 30 min, while in DSA/Fe-0O, system it almost ap-
proached zero. Thus it could be deduced that H,0, was generated
by the decomposition of Os rather than oxygen electrochemical re-
duction in the ECO system, which agreed well with the literature
[34,41]. Remarkably, the residual concentration of H,0, in ECO sys-
tem was higher than the produced concentration in DSA/Fe-0,/03
system, confirming the quick H,O, decomposition in the presence
of O3 without pollutants. Further, the replacement of Fe plate cath-
ode by modified carbon felt cathode could significantly acceler-
ate the mineralization of phenol, achieving the mineralization ef-
ficiency of 79% at 60 min. This enhancement can be explained as
the introduction of more H,0, into the ECO process could catalyze
the decomposition of O3 (Fig. S3 in Supporting information). The
lower residual H,0, in the PCO process compared to ECO process
also indicated that it had a higher H,0, utilization efficiency (Fig.
S2b in Supporting information).

Fig. 1c compared the phenol mineralization rate constant (Kgps-
TOC) (see the detailed procedures in Fig. S4 in Supporting informa-
tion) and electric energy consumption (EEC) during various pro-
cesses. The EC and PC was not taken into consideration due to
the poor phenol removal performance. The rate constant for phe-
nol mineralization was about 0.0271 min~! for PCO, which was 1.7
times and 1.5 times that of the ozonation (0.0159min~') and ECO
(0.0182min~1). Accordingly, the EEC for ozonation, ECO, and PCO
were 0.46, 0.43, and 0.35kWh/g TOC, respectively. Furthermore,
it is well known that iron sludge will be produced by the iron-
based AOPs system [42]. As illustrated in Fig. 1d, the PCO process
achieved the lowest iron sludge generation of 49 mg/L at 60 min
among all processes. The above results showed the superiority of
the PCO process for phenol removal, ie., higher mineralization,
lower EEC and iron sludge generation. In addition, the effects of
applied current, the flow rate of ozone, initial pH and coexisting
anions on phenol removal by PCO system has also been fully in-
vestigated, and the results were presented in Figs. 2a-f.

The applied current in the PCO process is a key parameter since
it directly controls the production of Fe2* on anode and the gen-
eration of H,0, on the cathode, thereby affecting the removal of
pollutants. As shown in Fig. 2a, the current had a slight of in-
fluence on the removal of phenol, which all reached 100% within
20 min at all applied currents. The mineralization efficiency of phe-
nol accelerated when the applied current enlarged from 5mA to
10maA, in which a high TOC removal efficiency around 79% could
be obtained. However, when the applied current rose from 10 mA

to 30 mA, a decrease in TOC removal efficiency was observed (from
79% to 72%). This result could be attributed to the competition be-
tween flocculation and oxidation. The concentration of dissolved
iron ion and the H,0, production with the increased current was
depicted in Fig. S5a (Supporting information). As expected, the in-
creasing applied current could facilitate the generation of iron ion
and H,0,, which would react with O3 to promote ‘OH genera-
tion [43,44]. However, excess H,0, would consume some reactive
species (H,0; +°OH — *0O,H +H,0) [22]. Overall, a better phenol
mineralization was not certainly realized by increasing the applied
current. Conversely, it might be counterproductive since a high cur-
rent would give rise to large iron sludge production and high en-
ergy consumption. As shown in Fig. S5b (Supporting information),
the minimum energy consumption of 0.35kWh/g TOC for phenol
removal was obtained at the applied current of 10 mA. Therefore,
from the perspective of economy and environmental protection,
10mA was chosen as the best applied current.

The effects of ozone dosage in the sparged gas were investi-
gated at the gas flow rate of 0.10-0.30L/min. As shown in Fig. 2b,
the removal of phenol varied greatly at different gas flow rate. Ba-
sically, increasing ozone dosage favored the phenol removal. The
kops at the low gas flow rate of 0.10L/min was only 0.093 min—!,
while it rapidly raised to 0.260min~! at the ozone flow rate of
0.30L/min (Fig. S6 in Supporting information). Fig. 2b showed
the TOC removal efficiency achieved 79% at ozone flow rate of
0.25L/min. There are two possible reasons for the enhanced re-
moval of phenol. One is the increase in mass transfer ratio of
03 from gas phase to liquid phase as the ozone dosage increase,
thereby, more O3 exposure can be realized. Since ozonation can ef-
fectively oxidize phenol (k=100Lmol~!s~1) [45], a significant im-
provement in phenol removal was observed as the O3 exposure in-
creased. Another is that more ROS were generated due to the en-
hanced O3 mass transfer (including “OH and *0,~) [46]. However,
it should be noted that the improvement on phenol mineralization
was not obvious when the gas flow rate increased from 0.25 L/min
to 0.30L/min, which might because the excessive O3 could not be
well utilized during the PCO process due to the limited solubility
of O3 in the solution [13]. Therefore, the optimal gas flow rate of
0.25L/min was selected for the following experiments.

The initial pH plays a vital role in both ozonation and PC pro-
cesses. Considering the much fluctuation of the pH value for real
CCW generated from various coal chemical production technology
[47], the removal of phenol by PCO was systematically investigated
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at wide pH ranges of 3.0-10.0. As seen from Fig. 2¢c, the phenol
removal all reached about 95%-100% within 20 min. Beyond that,
66%, 79%, 72%, and 81% of TOC were removed after 60 min at initial
pH of 3.0, 5.6, 7.0 and 10.0, respectively. Apparently, there seemed
to exist the initial pH value-dependent effect for TOC mineraliza-
tion, i.e., the higher the pH, the better the mineralization of phe-
nol. By ozonation alone, the removal of organic pollutants under
acidic conditions is dominated by direct ozonation [48]. The TOC
removal efficiency by O3 alone at initial pH of 3.0 was only 58%
(Fig. S7a in Supporting information), a little lower than that by the
PCO process (66%). These results showed that *‘OH generation was
prompted possibly because of the presence of Fe?* or H,0, in the
PCO process. And the more ‘OH production from O3 decomposi-
tion under neutral and alkaline conditions contributed to the ex-
cellent performance of phenol mineralization [49]. The initial pH
was one of the important factors affecting the existing forms of
iron species. The variations of Fe2*/Fe3* ion during phenol removal
upon different initial pH were depicted in Fig. S7b (Supporting in-
formation). The concentration of Fe2* increased in the initial stage
and then declined at all pH conditions, which could be ascribed to
the transformation of iron species by precipitation and oxidation.
As expected, as the reaction proceeded the Fe3* concentration in-
creased gradually (Fig. S7c in Supporting information). It reached
44 mg/L within 60 min at pH 5.6. Meanwhile, when increasing the
initial pH, the concentration of both Fe?* or Fe3+ at the same reac-
tion time showed the similar decreasing trend. This phenomenon
was reasonable since Fe was increasingly soluble at lower pH and
the rate of "OH generation during catalytic ozonation was also sig-
nificantly corresponded to ferrous ion, which finally gave the in-
termediate Fe3* [50]. The variation of Fe3* can be explain by the
fact that the precipitation of iron species more readily takes place
at high pH conditions [51]. Given that the acceptable phenol re-
moval without adjusting pH, there was no pH adjustment in later
experiments except for the experiments on the effect of coexisting
anions.

For real wastewater, the ubiquitous inorganic ions are a ma-
jor challenge for the abatement of contaminants. Thus, three com-
mon anions chloride ion (Cl™), nitrate ion (NO3~) and bicarbonate
ion (HCO5~) with concentration range of 0.10-10.0 g/L (refer to the
quality parameters of real CCW in Table S1 in Supporting infor-
mation) were representatively added into the PCO system. As seen
in Figs. 2d-f, the negligible effect of NO;~ was observed even at
an initial anion concentration of 10.0 g/L. Generally, the co-existing
of CI~ might promote the abatement of contaminants due to elec-
trochemical production of reactive chlorine species (RCS), such as
*Cl and "ClO [52]. When metals are used as anodes in electrolytic
cells, the electron loss capability at anode follow the order of ac-
tive metal > Cl~, indicating that iron leaching before Cl~ being
oxidized into RCS. Also, the coexisting ClI~ may slightly consume
‘OH (Eq. 10), resulting in an inhibition effect on phenol removal.
Thus, there was no enhancement on the phenol degradation in the
presence of CI-. As a common quencher, despite HCO3~ will con-
sume "OH in the solution, the phenol removal showed increasing
trend with the increasing coexisting HCO3~ concentrations, pre-
sumably due to the generation in a large number of CO3*~ (Eq. 11),
which could react with phenol with the second order rate constant
values of 1.6 x 107 Lmol~!s~1 [53]. The above results showed that
the PCO process exhibited high resistance to relatively high ionic
strengths in real wastewaters.

Cl- +°OH— CIOH"~ (10)
“OH + HCO3~ — CO5"~ +H,0 (11)

In the iron-based system, some high valent iron species, in-
cluding Fe(V) and Fe(IV) might be generated, because Fe(IV) is
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supposed to be the primary oxidant for contaminant degradation
[54]. First, PMSO, a high valent iron probe, was used as an indi-
cator to detect the generated *‘OH and high valent iron species in
the process. As verified from the generated methyl phenyl sulfone
(PMSO,) concentration by different processes (Fig. S8 in Support-
ing information), the high valent-involved pathway should not oc-
cur in the process. After excluding the contribution of high valent
iron to the phenol degradation, a series of EPR tests were per-
formed to determine the ROS generated in the PCO process. As
shown in Fig. 3a and Fig. S9a (Supporting information), the EPR
spectrum of PCO exhibited obvious signal of DMPO-"OH (1:2:2:1)
and TEMP-'0, adducts (1:1:1), which were generally assigned to
the generation of *OH and '0,, respectively [55]. As the electrol-
ysis time increased, the signal intensity of DMPO-"OH and TEMP-
10, increased, indicating that *OH and '0, were continuously pro-
duced during the PCO process. Fig. S9b (Supporting information)
showed that no obvious characteristic peaks of superoxide radicals
("0, ™) were observed, therefore the contribution of *O,~ to phenol
abatement was negligible. Overall, it was confirmed that ‘OH and
10, were possibly responsible for the phenol removal in the PCO
process.

To further clarify the roles of ROS on the phenol removal and
mineralization in the PCO process, a set of quenching experiments
were performed by adding 4-chlorobenzoicacid (p-CBA), metron-
idazole (MDE) and hydrogen peroxide dismutase (CAT) as scav-
engers for *OH, 10, and H,0,. Herein, p-CBA and MDE were used
rather than tert-butanol and furfuryl alcohol to avoid the reaction
mechanism change because of their low reactivity toward ozone
(< 01Lmol-1's~1, < 1Lmol~!s~1), which had been widely used
to calculate the exposures of ROS [56]. As illustrated in Fig. 3b,
the presence of 0.5 mmol/L p-CBA decreased the phenol removal
efficiency from 100% to 86% after 20 min reaction. The findings re-
vealed that "OH served as the main ROS for phenol degradation.
When 0.5 mmol/L MDE was dosed into the system, the phenol re-
moval was similar to that of MDE and p-CBA added together, im-
plying that 10, does little to the phenol degradation. It should
be mentioned that CAT success to produce an inhibition on the
phenol degradation to a certain extent, indicating that H,0, as an
auxiliary promoter was involved in the reaction. It is well known
that Hy,0, could be effectively produced at carbon-based cathode
[57]. However, the presence of O3 could influence the cathodic
0, reduction [58]. From Fig. S10 (Supporting information), the ca-
thodic O3 reduction in modified carbon felt was more likely to be
involved at considerably high potentials, which was in line with
previous study [59]. Consequently, the cathodic potentials in de-
sired low applied current were investigated. With the applied cur-
rent increased from OmA to 10mA, the cathodic potentials were
decreased stepwise during electrolysis with either O, or 0,/O;
sparging. The value was maintained at —0.45V and —0.28V (vs.
Ag/AgCl), respectively. Notably, a relatively high cathode potential
in the presence of 0,/0O3 was close to the onset cathodic oxygen
reduction (—0.30V vs. Ag/AgCl in Fig. S10a). This evidence con-
firmed that cathodic O, reduction could occur at low applied cur-
rent of 10mA during the PCO process. In particularly, the phos-
phate (PO,43~) was used to confirm the role of the surface hydroxyl
groups of coagulants on the phenol removal. And the slight inhibi-
tion effect confirmed that the hydroxyl groups on coagulants could
be the active sites for O3 decomposition, which was further veri-
fied by the structures of the hydrolyzed Fe species in the subse-
quent section. Besides, NaHSO3, an inorganic *OH scavenger, was
used to evaluate the role of ‘OH for the phenol mineralization [60].
As presented in Fig. 3¢, the removal efficiency within 60 min was
78% and 61% in the absence and presence of NaHSOs3, respectively,
indicating that *OH should work in the enhanced phenol mineral-
ization in the PCO process. Also, DMSO was used as a free radical
trapping agent to measure the *OH generation with the electrolysis
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Fig. 3. (a) EPR spectra of PCO system in aqueous dispersion for DMPO-"OH adduct. (b) The quenching experiments with different scavengers. (c) The role of *OH and Os
for TOC removal during PCO process. (d) The cumulative concentration of *OH with reaction time during different system; (e) XRD and (f) FTIR spectra of coagulants from
different process. Reaction conditions: I=10mA, initial pH 5.6, [p-CBA] = [MDE] = 0.5 mmol/L, [CAT] =500 U/mL, [PO43~]=1g/L, gas flow rate =0.25 L/min, t =60 min.

time for different processes. As shown in Fig. 3d, the concentration
of "OH in the PCO process was always higher than other processes,
revealing that the modified carbon felt cathode could enhance the
hydroxyl radical generation due to more H,0, generation, consis-
tent with the mineralization results.

To further gain insight into the mechanism of the process, the
XRD and FTIR spectra were employed to reveal the properties of
the generated hydrolyzed Fe species from different processes with-
out pH adjustment (Figs. 3e and f). It could be seen that there was
different crystallinity for these coagulants. The diffraction peaks at
14.1° (200), 27.0° (210), 36.3° (301), 46.8° (501), 52.7° (511), 60.3°
(002) and 79.6° (002) appeared on the EC by-product, which were
attributed to the lepidocrocite (FeO(OH) [61]. While the diffrac-
tion peaks with a broad hump existed in the samples from the
PC, ECO and PCO, indicating that these hydrolyzed products were
amorphous or poorly crystalline in nature. In addition, the broad
diffraction peaks at 21.2° were ascribed to the (200) plane of the
magnetite (Fe304) in PCO by-product. In short, there were the mix-
ture of magnetite and lepidocrocite in the coagulant from PCO pro-
cess. As can be seen from Fig. 3f, the adsorption peaks at approx-
imately 3400-3500cm~! and 1600-1640cm~! were observed for
all the prepared coagulants, which could be related to the stretch-
ing vibration of chemically bonded -OH and the bending vibra-
tion of water molecules attached to the surface of the hydrolyzed
Fe coagulants, respectively [62]. The adsorption band obtained in
ranges of 1053-1211cm~! spectra corresponded to the Fe-OH-Fe
bond. And the peaks around 692-706cm~! were attributed to the
Fe-O [63]. Compared with ECO, the significant decreasing peak in-
tensity in 1640cm~! showed that surface hydroxyl group served
as the active sites for catalytic ozonation. This phenomenon can be
explained as SOC effect. For example, several groups have reported
that the Al-bonded or Fe-bonded surface hydroxyl groups (M-OH)
is a type of strong Lewis acid sites that can react with ozone
[64,65]. When high doses of ozone are added, an oxygen atom of
the ozone molecule, acting as a Lewis base site, can be chemically
adsorbed onto the M-OH, leading to the significantly declined peak
intensities. The weaker peak intensity at about 1610cm~! in the
PCO process than that of the PC further implied that O3 consumed
the -OH bond in coagulation from PCO. Accordingly, more surface
hydroxyl groups were reacted in the PCO to be responsible for the
generation of ROS (Eqs. 12-15), which was consistent with previ-
ous study [35]. At the same time, the C-OH group (1384cm~1) was

all presented in five coagulants samples, proving the absorption of
phenol or its intermediates on the surface of the coagulants.

Fe-OH + O3 — Fe-OH-03 — Fe-O,H™ + 0, (12)
Fe-O,H™ + 03 — Fe-"0O,~ + HO3" (13)
Fe-'0,~+ 03 +OH™ — Fe-OH+°'03~ + 0O, (14)
‘03~ +H"—'HO3~ — 'OH+ 0, (15)

According to the above analyses, multiple reactions should oc-
cur for phenol removal in the PCO process, taking the following
six reactions into consideration: EC, Fenton-like, O3 direct oxida-
tion (O3), catalytic ozonation, peroxone reaction, and SOC. It is
necessary to quantify the relative contributions of these reactions,
adopting a method based on the proportion of the pseudo-first
order rate constant (kops) of each reaction in the whole system
[34]. In this case, the rate constant of phenol removal by differ-
ent systems in the absence or presence of scavengers (p-CBA, CAT
or phosphate) is listed in Table S2 (Supporting information), and
the calculated contribution were summarized in Fig. S11 (Support-
ing information). Also, the analysis method was given in Table S3
(Supporting information).

In the EC process, coagulation was the only way for phenol re-
moval. For the same applied current, Fe species was attained in
almost the same amount by the EC and PCO process. Considering
the poor phenol removal efficiency in EC process (Fig. 1), the con-
tribution of coagulation in the PCO process should be negligible
because the value of 0.007% was obtained by the proportion of kg,
of EC to the whole PCO process. In consideration of H,0, formed
in PC process, Fenton-like reactions could occur and the contribu-
tion of Fenton -like oxidation for phenol removal in PCO might be
determined by the ratio of the difference between the k,, of the
PC and EC processes, which was only 0.3% in PCO process. How-
ever, there were no catalytic ozonation, peroxone, Fenton-like and
SOC effect involved in the ‘OH trapping experiments. Therefore, the
proportion of O3 direct oxidation could be calculated (37.6%). Fur-
thermore, due to the coexistence of H,O, and O3, the peroxone re-
action should be involved in the PCO process, and this reaction was
gradually enhanced with the continuous production of H,O, on
the cathode. The removal of phenol with the addition of CAT was
conducted to evaluate the contribution of peroxone. The ks of
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Fig. 4. (a) Pollutants abatement and (b) TOC removal for different pollutants. (¢) TOC removal for real CCW. (d) UV absorption spectra of real CCW; EEM TOC spectrum of
the (e) original CCW and (f) PCO system treated CCW after 60 min. Reaction conditions: I=10mA, initial pH 4.0 (uncontrolled), gas flow rate =0.25L/min, t=360 min.

phenol removal obtained by PCO-CAT and PCO system were 0.258
and 0.218 min~!, respectively, based on which the contribution of
peroxone reaction could be acquired (15.1%). As an important part
of the PCO process, the SOC effect was elucidated. The role of the
hydroxyl groups on the surface of the hydrolyzed Fe species was
eliminated by the addition of phosphate. Subsequently, the contri-
bution from SOC effect was deduced based on the proportion of
kops in PCO-phosphate and PCO system (26.7%). Moreover, the cat-
alytic ozonation was responsible for the remaining phenol removal.
Overall, the ozonation, SOC and catalytic ozonation played major
roles in the PCO process under conditions without pH adjustment
at applied current of 10 mA.

Besides phenol, aromatic compounds such as p-nitrophenol, ni-
trobenzene and p-chlorophenol are contained in CCW. They were
thereby selected as the target pollutants to evaluate the feasibility
of the PCO process in complex wastewater matrix. Fig. 4a showed
that phenol, nitrobenzene, p-nitrophenol and p-chlorophenol were
all well removed within 20 min. The corresponding pollutant min-
eralization efficiencies were 79%, 82%, 79% and 81%, respectively
(Fig. 4b), which all much higher than that of ozonation alone (only
40%-60% TOC removal within 60 min) (Fig. S12 in Supporting infor-
mation). These results supported that the PCO process possessed
the enhanced performance for the removal of different pollutants.

To further confirm the applicability of the PCO process in real
wastewater, the treatment of real CCW was conducted under the
optimal conditions. As shown in Fig. 4c, the TOC mineralization
efficiency of CCW reached 66% after 360 min treatment, and the
TOC decreased from 157 mg/L to 54.0 mg/L. Compared to PC and
ozonation, the TOC removal by PCO was significantly increased by
10 and 1.7 folds, respectively. The final organic content in treated
CCW could meet the requirements on the evaporation and crystal-
lization (COD < 200mg/L) [66]. In addition, the treated CCW be-
came clear and transparent. With regard to UV absorption spec-
tra of raw CCW and effluents through different process shown in
Fig. 4d, the raw CCW showed high absorption peaks within the
range of 250 nm to 350 nm, which could be correlated to the pres-
ence of aromatic compounds such as phenols and polycyclic aro-
matic hydrocarbons [67]. The intensity of these peaks at the same
wavelengths decreased evidently after treatment. A light color was
observed, especially for the effluents by PCO, indicating the aro-
matic organics were removed. Further, the variations of fluores-
cence properties during the PCO treatment were evaluated. The
original wastewater had three significant fluorescence peaks (III, IV
and V) (Fig. 4e), indicating high content of fulvic acids-like, solu-
ble microbial byproduct and humic acid-like substances in the raw

CCW [68]. Apparently, the intensity at all regions in the excitation-
emission matrix (EEM) fluorescence spectrum showed significant
decrease after treatment of 360 min by PCO process (Fig. 4f), which
might be caused by the relatively high reactivity of humic acid-
like substances with ozone and ‘OH. The variations of fluorescence
properties by PC and ozonation treatment can be found in the sup-
port information (Fig. S13). According to the similar EEM fluores-
cence spectra of PC-treated wastewater and raw CWW, the PC pro-
cess had no significant removal of fluorescent substances. A slight
intensity of fluorescence detection was still found for the Region
I, IV and V during ozonation process. The above peak intensity
changes in each process were in agreement with the TOC removal
efficiency. All results suggested that the proposed PCO process was
a promising alternative for treating CCW.

Table 1 presented the comparison of our work with the liter-
ature in the removal of contaminants using ozonation and elec-
trocatalytic coupling process. The results show that the coupling
process exhibits an excellent removal performance of phenol (100%
within 20min). The pseudo-first order rate constant (kg,s-TOC)
for phenol mineralization of PCO system (0.027 min~!) was found
significantly better than traditional electrolysis coupled ozonation
(0.014min~1). Moreover, conventional electrocatalytic ozonation
processes generally have pretty pollutant removal performance in
the range of applied current of 100-3000 mA, which could result in
higher electrical energy consumption. This PCO process worked at
a low current load (10mA) and a 0.34 kwh/g TOC was required for
phenol mineralization. Although the similar EEC to our works was
obtained in electrocatalytic ozonation system using Pt plate, the
electrode cost should be taken into account since Fe anode used in
this study was cheaper. Hence, it would be a cost-effective system
for the removal of contaminants using PCO process.

In the present work, a hybrid peroxi-coagulation/ozonation pro-
cess was developed, demonstrating excellent performance for en-
hanced phenol removal and mineralization. The removal of phenol
by PCO process was obtained 45-fold, 30-fold, 1.7-fold and 1.5-fold
improvement on mineralization rate constant, inducing a signifi-
cant enhancement compared to traditional EC, PC, ozonation and
ECO process, respectively. The mainly responsible oxidants for phe-
nol removal and mineralization were Oz, “OH. The multiple reac-
tions of direct ozonation, SOC effect, catalytic ozonation, perox-
one, coagulation and Fenton-like attributed to the removal, among
which the former three were dominant. Meanwhile, the TOC re-
moval efficiency obtained by the PCO process for real CCW val-
idated the superiority than those of ozonation and PC process.
In addition, the PCO process greatly reduced the amount of iron
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Comparison of the results with electrocatalytic ozonation system reported in the literatures.

Series Anode Target pollutants Reaction conditions

Removal performance EEC (kWh/g TOC) Refs.

material -
Ozone dosage Current (mA) Pollutants TOC Kops-TOC (min—1)
1 BDD Phenol (0.9L; 100mg/L) [03]=5mg/L (0.05L/min) 3000 - ~98% (1h) - - [10]
2 BDD Phenol (1L; 100mg/L) [03]=5mg/L (0.05L/min) 3000 ~82% (1h) ~100% (2h) - 0.45 [31]
3 Pt Phenol (2L; 100mg/L)  [03]=53.55 mg/L (60L/min) 100 ~98% (1h) - - 0.36 [41]
4 Ti-Ir0,  Phenol (1L; 200mg/L) [03]=90mg/L (0.4L/min); 400 - ~64% (1h) 0.014 - [58]
5 Fe (0.3L; 200 mg/L) [03]=55mg/L (0.25L/min) 10 ~100% (20 min) ~80% (1h) 0.027 0.35 This work

sludge at a low current load. This study demonstrated its wide ap-
plication in efficient treatment of CCW.
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