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� Al13-HOC process exhibited higher
removal performance than AlCl3-HOC
process.

� Surface hydroxyl groups were deter-
mined to be the active reaction sites
in the HOC.

� Preformed Al13 had a higher propor-
tion of surface hydroxyl groups than
AlCl3$6H2O.

� Most of the generated �O2
� in the Al13-

HOC was adsorbed on the Al13
surface.

� �OH oxidation occurred primarily in
the aqueous phase during the HOC
process.
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Because of the influence of hydrolysed species from Al-based coagulants on coagulation performance, the
performance and mechanism of the developed hybrid ozonation-coagulation (HOC) process using
AlCl3$6H2O and preformed Al13 as coagulants were investigated in this study, in which ozonation and
coagulation occurred simultaneously within a single unit. It was found that the HOC process exhibited
higher organic matter removal performance compared with coagulation and the pre-ozonation-
coagulation process. It was found that the high ibuprofen (IBP) removal efficiency in the HOC process
was mainly attributed to �OH oxidation promoted by in situ formed hydrolysed aluminium species from
AlCl3$6H2O and preformed Al13. Furthermore, the surface hydroxyl groups were determined to be the
active reaction sites for the HOC process. Due to the higher proportion of surface hydroxyl groups for
Al13, the HOC process with preformed Al13 as coagulants (Al13-HOC) exhibited a higher removal per-
formance than that with AlCl3$6H2O as the coagulant (AlCl3-HOC). It was revealed that most of the
generated �O2

� in the Al13-HOC was adsorbed on the surface of Al13 at different pH values, while a
considerably lower proportion of adsorbed �O2

� was observed on the surface of in situ formed Al species
from AlCl3$6H2O. Nevertheless, low proportions of adsorbed �OH were found on the surfaces of both
preformed Al13 and in situ formed Al species, indicating that the �OH oxidation for the removal of organic
pollutants occurred primarily in the aqueous phase.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Ozonation and ozone-based catalytic oxidation processes are
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widely used for eliminating biological refractory compounds and
for enhancing downstream treatment processes in wastewater
reclamation (Huber et al., 2005; Lee and von Gunten, 2010; Snyder
et al., 2006; Ternes et al., 2003; Wert et al., 2009). As a selective
oxidant, ozone reacts rapidly with organic compounds containing
electron-rich moieties (ERMs), such as phenols, amines and olefins
(Sonntag and Gunten, 2012). However, the removal performance is
relatively poor for ozone-refractory organic matter. To solve this
problem, the treatment processes for enhanced production of non-
selective hydroxyl radicals (�OH) were applied to improve the
removal performance (Meunier et al., 2006).

To improve �OH generation, ozonation was generally combined
with ultraviolet (UV) irradiation, H2O2, metal ions or metal oxides
(Kasprzyk-Hordern et al., 2003). However, our previous work
indicated that Al-based coagulants can also enhance �OH genera-
tion during ozonation (Jin et al., 2017). Thus, ozonation perfor-
mance may be improved by the addition of Al-based coagulants
simultaneously. Consequently, the hybrid ozonation-coagulation
(HOC) process, in which ozonation and coagulation occur simul-
taneously within a single unit, was proposed. The mechanism of
�OH radical generation in the HOC process was deduced in our
previous work based on heterogeneous catalytic ozonation using
metal oxides as catalysts for the decomposition of ozone on the
active sites on the surface of coagulants or flocs to generate hy-
droxyl radicals (Ikhlaq et al., 2012; Qi et al., 2010; Zhao et al., 2015).
Nevertheless, there were no experimental data for identifying
surface active sites in the HOC process. Furthermore, the mecha-
nism underlying the generation of some reactive oxygen species in
the HOC process, such as superoxide, was still unclear. This infor-
mation may be important for elucidating the mechanism of the
HOC process.

In the HOC process, ozonation and coagulation occurred
simultaneously in one unit. Clearly, coagulation plays an important
role in the HOC process. It is well-known that coagulation perfor-
mance and mechanism using Al-based coagulants are greatly
dependent on the hydrolysed Al species (Xu et al., 2011a). During
the hydrolysis of Al-based coagulants, such as AlCl3$6H2O and
polyaluminium chloride (PACl), many hydrolysed species can be
generated through in situ hydrolysis, including Al(OH)4�, Al(OH)2þ,
Al2(OH)24þ, Al3(OH)45þ, AlO4Al12(OH)24(H2O)127þ (Keggin-Al13, also
called Al13) and aluminium hydroxide (Al(OH)3) (Shu-xuan et al.,
2014; Xu et al., 2011b). Keggin-Al13, composed of a tetrahedral
AlO4 centre surrounded by 12 octahedrally coordinated Al atoms, is
regarded as the most active species responsible for coagulation (J.-
L. Lin et al., 2014; Lin et al., 2008b, 2008a). It is commonly accepted
that Al13 is effective as a highly charged polymeric aluminium
species because of its strong charge neutralization capacity (Lin
et al., 2008b; Wang, 1994). Because of the advantages of Al13 pol-
ycation, many studies used preformed Al13 species directly as co-
agulants to enhance the performance of coagulation (Bose and
Reckhow, 2007; Yan et al., 2008; Zhao et al., 2009). Furthermore,
Keggin-Al13 species have been used as experimental models to
determine reaction rates and pathways of oxygen exchange re-
actions between the aqueous phase and specific surface sites
because Keggin-Al13 is structurally similar to most Al-(hydr)oxide
minerals, which can be used as catalysts (Black et al., 2006; Casey
et al., 2000; Lee et al., 2002; Phillips et al., 2000). For instance,
Al13 can be viewed as a subunit of g-alumina, a commonly used
catalyst or catalyst support that also contains tetrahedrally coor-
dinated Al (Phillips et al., 2000). Due to its structural similarity to
commonly used Al-(hydr)oxide catalysts, investigation is needed to
analyse the performance of Al13 in the HOC process. However, the
coagulation efficiency of preformed Al13 was less than that of
conventional Al salt for the treatment of humic acid (Shi et al.,
2007). In addition, it was reported that more surface adsorption
sites can be found on the generated flocs from in situ formed Al
species than from preformed Al13 (Hu et al., 2012). Because of the
different characteristics between preformed Al13 and in situ formed
Al species, different performances could be observed in the HOC
process. Therefore, it is necessary to analyse the differences be-
tween preformed Al13 and in situ formed Al species in terms of their
performances and mechanisms during the HOC process.

Based on the removal performance of the HOC process using
preformed Al13 (Al13-HOC) and aluminium chloride (AlCl3-HOC) as
coagulants, the effect of hydrolysed Al species on the HOC process
performance was analysed. In addition, the active sites on the
surface of the hydrolysed Al species for the generation of reactive
oxygen species were identified, and the intermediate reactive ox-
ygen species during the HOC process, such as superoxide, were
detected to directly elucidate the mechanism of the HOC process.

2. Materials and methods

2.1. Reagents and chemicals

All chemicals used in this study were of analytical grade or
higher grade. Ibuprofen (IBP), 4-chloro-7-nitrobenzo-2-oxa-1,3-
dizole (NBD-Cl), potassium superoxide (KO2) and para-chlor-
obenzoic acid (pCBA) were purchased from Sigma-Aldrich.
AlCl3$6H2O was obtained from Kermel, China. All stock solutions
were freshly prepared using ultrapure water from a Millipore ul-
trapure water system. The gaseous ozone was generated by a
Sankang ozone generator (Model: SK-CFQ-5P, China). The method
for the preparation of Al13 is presented in the Supplementary Ma-
terial, Text S1. The speciation distribution of AlCl3$6H2O and pre-
formed Al13 samples was measured by Ferron assay (Shi et al.,
2007), and the results are shown in Fig. S1. The results revealed
that AlCl3$6H2O contains approximately 52%, 57% and 63% Al13 (Alb)
at pH 6, 7 and 8 respectively, while the Al13 (Alb) concentration in
preformed Al13 is higher than 90% of the total Al concentration at
different pH values.

2.2. Raw water

The raw water was collected from the effluent of the sedimen-
tation tank at a municipal WWTP in Xi'an, China, which mainly
treats domestic wastewater. The raw water was filtered using a
0.45-mm filter (Shanghai Xinya, China) to remove particles before
experiments. The filtered raw water quality parameters were
DOC¼ 11.276± 1.94mg/L, UV254¼ 0.203± 0.043 cm�1, and pH
7.36± 0.18.

2.3. Ozonation experiment

The ozonation experiments were conducted in a semi-batch
reactor at room temperature at pH 6, 7 and 8, which is the
normal pH range of wastewater treatment plant (WWTP) effluent
and natural water (Baghoth et al., 2010; Z. W. Chen et al., 2017a,b;
Liu et al., 2018; Yang et al., 2018). The aqueous solution (100mL)
spiked to a final concentration of 5mM IBP (ibuprofen) and 0.2mM
phosphate buffer or WWTP effluent (100mL) spiked to a final
concentration of 0.2mM phosphate buffer were transferred to the
reactor and rapidly mixed at 500 rpm for 1min. Ozonation exper-
iments were conducted at slow mixing conditions at 100 rpm.
Ozone generated from pure oxygen using a Sankang ozone gener-
ator (Model: SK-CFQ-5P, China) was continuously bubbled into the
semi-batch reactor from the beginning of the slow-mix step by
means of a ceramic sparger (flow rate: 0.2 L/min; ozone concen-
tration: 5mg/min). Samples were quenched with 0.025M Na2SO3
to remove any residual ozone and filtered by a PTFE 0.45 mmsyringe
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filter (Meunier et al., 2006; Rosenfeldt et al., 2006; Huang et al.,
2015). All experiments were performed in triplicate, and the solu-
tion pH was adjusted with HCl or NaOH. The HOC experiments
were performed as described above by adding either AlCl3$6H2O or
preformed Al13 (12mg Al/L) to the semi-batch reactor at the
beginning of the slow-mix step. Na2HPO4 (50mg/L PO4

3�) was
added when studying the effect of phosphates on the removal
performance of the HOC process, and phosphate exhibited little
effect on IBP removal during ozonation alone (Ikhlaq et al., 2014).

2.4. Analytical methods

2.4.1. IBP analysis
The concentration of IBP was analysed by a high-performance

liquid chromatography (HPLC) system (Shimadzu LC-2010AHF)
equipped with a C18 column (5 mm particle size, Global Chroma-
tography, China) using a UV detector at 220 nm. The mobile phase
for IBP measurement consisted of water (pH 2, adjusted by phos-
phoric acid)/acetonitrile (30: 70, v/v%). The flow rate was kept at
1.0mL/min.

2.4.2. Dissolved organic carbon (DOC) analysis
DOC was measured using a Shimadzu TOCVCPH analyser with an

infrared detector. The DOC analyser was calibrated with a potas-
sium hydrogen phthalate standard solution before each run. All
samples were filtered with a 0.45-mm filter, acidified with H2SO4,
and purged with nitrogen to remove inorganic carbon before
measurement.

2.4.3. X-ray photoelectron spectra (XPS) analysis
The flocs after different processes were separated from the so-

lution after freeze drying for XPS and Fourier transform infrared
spectroscopy (FT-IR) analysis. The X-ray photoelectron spectrawere
acquired using a K-Alpha X-ray photoelectron spectrometer
(Thermo Fisher Scientific, UK). The binding energy in the range of
100e1000 eV and the core-level characteristic peaks for O1s were
measured. The XPS data were analysed using software provided
with the spectrometer.

2.4.4. FT-IR analysis
Amixture of 0.5mg sample and 50mg KBr was ground and then

compressed. The samples were analysed using an FT-IR spectrom-
eter (Model Nicolet 6700, Thermo Fisher Scientific) covering a
frequency range of 4000 to 500 cm�1.

2.4.5. �O2
� and �OH analysis

To investigate the formation of �O2
�, ozonation experiments

were conducted at room temperature in a semi-batch mode as
Fig. 1. DOC removal performance
discussed above. The formation of superoxide ion radicals was
measured using NBD-Cl (Ikhlaq et al., 2013; Olojo et al., 2005). The
concentration of hydroxyl radicals in the solution was indirectly
monitored by depletion of the �OH-probe compound (pCBA) (Jin
et al., 2017; Jothinathan and Hu, 2018). The detailed description
for total and dissolved �O2

� and �OH analysis can be seen in Text S2.
The analysis method for the NBD-Cl product is presented in Text S3.
The analysis method for pCBA is presented in Text S4.

3. Results and discussion

3.1. Removal performance of the HOC process

To test the removal performance of the HOC process, AlCl3-HOC
and Al13-HOC processes were applied to the treatment of WWTP
effluent. The results can be seen in Fig. 1. According to Fig. 1, su-
perior organic matter removal can be obtained for both AlCl3-HOC
and Al13-HOC processes compared with coagulation and pre-
ozonation-coagulation processes at different pH values. In addi-
tion, the Al13-HOC process had higher organic matter removal ef-
ficiency than the AlCl3-HOC process. 37.89%, 39.66% and 43.21%
DOC removal can be achieved for the AlCl3-HOC process at pH 6, 7
and 8 respectively. In particular, over 50% DOC removal was ach-
ieved for the Al13-HOC process at all three pH values, i.e., 51.20%,
55.63% and 57.41% for pH 6, 7 and 8, respectively. To elucidate the
mechanism of the HOC process, the following experiments were
conducted using IBP, which is one of the pharmaceutical com-
pounds deficiently degraded by ozonation. The reaction rate con-
stant between IBP and ozone was only 9.1M�1s�1 (Huber et al.,
2003). However, the reaction rate constant between IBP and hy-
droxyl radicals (�OH) was 7.4� 109M�1s�1 (Huber et al., 2003).

Fig. S2 shows the IBP removal performance by the coagulation
process at different pH levels (pH 6, 7 and 8). It can be seen from
Fig. S2 that coagulation exhibited very poor removal performance
for IBP either by preformed Al13 or in situ formed Al species. Fig. 2
shows the removal of ibuprofen in ozonation and the HOC pro-
cesses at different pH levels (pH 6, 7 and 8). The results revealed
that the AlCl3-HOC process can effectively enhance IBP removal
efficiency compared with that achieved by single ozonation.
Moreover, AlCl3$6H2O as the coagulant exhibited the highest ac-
tivity for accelerating IBP degradation at pH 6. Fig. 2 shows that the
removal efficiency of single ozonation was less than 50% at 4min.
However, the removal efficiency reached 62% at the same reaction
time during the HOC process using AlCl3$6H2O as the coagulant at
pH 6. Because of the small amount of IBP removed by coagulation,
the removal of IBP was primarily attributed to the reaction between
IBP and �OH. According to our previous study, in the HOC process,
Al-based coagulants can promote the generation of �OH (Jin et al.,
. a. AlCl3-HOC; b. Al13-HOC.
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2017). Thus, it can be inferred that Al-based coagulants in the HOC
process function as catalysts to enhance ozone decomposition to
produce a higher content of �OH. Al13 has been recognized as the
most active species responsible for coagulation (Gao et al., 2009; Xu
et al., 2014). In this study, preformed Al13 was also employed as the
coagulants in the HOC process. The results shown in Fig. 2 reveal
that the Al13-HOC process exhibited a higher IBP removal efficiency
than the AlCl3-HOC process. Compared with the results achieved
using the process of AlCl3-HOC, the existence of preformed Al13
assisted in elevating the IBP removal from 62% to 78% in 4min at pH
6, which indicated that a higher concentration of �OH was gener-
ated in the Al13-HOC process.

The pH of the solution plays a critical role in the ozonation of
organic contaminants. Hydroxide ions (OH�) in water initiate the
chain reaction in ozone decomposition (Chen et al., 2017a,b).
Additionally, the pH of the solution determines the surface prop-
erties of catalysts (Qi et al., 2013). As shown in Fig. 2, the IBP
removal efficiency increased with increasing pH values during the
single ozonation. This result was consistent with a previous study
which reported that a higher initial solution pH value benefits the
generation of �OH and results in a higher removal efficiency of
pollutants (Nawrocki and Kasprzyk-Hordern, 2010). In addition, the
IBP removal during the HOC process also increased as the initial pH
of the solution was raised from 6 to 8. It was reported that
hydroxyl-aluminium formed at various Al concentrations had sur-
face charges of nearly zero at approximately pH 8 (Rakotonarivo
et al., 1988). Previous studies also reported that catalysts with
zero charged surfaces were believed to have relatively higher cat-
alytic activity accelerating the generation of hydroxyl radicals
(Zhang and Ma, 2008; Zhao et al., 2008). Therefore, higher IBP
removal efficiency was achieved at pH 8 (Fig. 2) as the result of both
higher OH� content and the zero charged surface of Al-based
coagulants.

3.2. Investigation of catalytic active sites

3.2.1. Effect of phosphate on the HOC process
It is well known that the catalytic active sites of catalysts play a

critical role in heterogeneous catalytic ozonation. It is generally
accepted that the adsorption of ozone and its further decomposi-
tion occur at catalytic active sites on the catalyst (Zhao et al., 2015).
To determine the catalytic active sites on the surfaces of the
hydrolysed species of the coagulants for the generation of reactive
oxygen species, the effect of phosphate on the removal perfor-
mance of the HOC process was investigated. Phosphate, a common
ligand and a strong Lewis base, can lead to the substitution of hy-
droxyl groups on the catalyst surface (Ikhlaq et al., 2012; Zhu et al.,
2017). In this study, 50mg/L phosphate was introduced into the
HOC process at pH 6, 7 and 8.

Fig. 3 shows the effects of phosphate on IBP removal in the HOC
process using AlCl3$6H2O or preformed Al13 as coagulants. In the
presence of AlCl3$6H2O or preformed Al13, phosphate reduced the
IBP removal efficiency at each pH level, which suggests that phos-
phate was held on the coagulant surface and then exchanged for
the surface hydroxyl groups, leading to the low catalytic activity
(Zhao et al., 2015). This result revealed that hydroxyl groups on the
surface of hydrolysed Al species were the active sites for the gen-
eration of reactive oxygen species involving hydroxyl radicals.
Furthermore, the results shown in Fig. 3 also indicated that
compared with the AlCl3-HOC process, phosphate exerts a more
adverse effect on the performance of the Al13-HOC process. The
interaction between phosphate and Al-based coagulants was
dependent on the charge density of the hydrolysed Al species, and
the increased cationic charge on the hydrolysed Al species is usually
beneficial for phosphate adsorption (Boisvert et al., 1997). It is
generally acknowledged that Al13 is an effective agent as a highly
charged polymeric aluminium species (Lin et al., 2008b; Wang,
1994), and the content of preformed Al13 was higher than that of
in situ formed Al13 from AlCl3$6H2O, as shown in Fig. S1. Therefore,
the more obvious inhibition of IBP removal for the Al13-HOC pro-
cess can be attributed to the fact that more phosphate was adsor-
bed on the surface of preformed Al13 and then exchanged for the
hydroxyl groups on the preformed Al13 surface.

Fig. 3 also demonstrated that the effect of phosphate on IBP
removal inhibition in both the AlCl3-HOC and Al13-HOC processes
was the greatest at pH 6. With increasing pH values, the inhibition
effect decreased. Due to the low pH value, most hydroxyl radicals
participating in IBP removal were generated through the reaction
between ozone and surface hydroxyl groups. Thus, the introduction
of phosphate obviously depressed the removal efficiency. Never-
theless, with increasing pH, in addition to the �OH generated via the
reaction between ozone and surface hydroxyl groups, the hydroxyl
radicals generated from hydroxide ions in solution became
increasingly important, which was only slightly affected by phos-
phate. In addition, the amount of phosphate adsorbed on
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coagulants decreased with increasing pH (Boisvert et al., 1997). This
phenomenon also decreases the effect of phosphate at a high pH.
3.2.2. XPS analysis
To investigate the chemical states on the surface of hydrolysed

species, the XPS technique was applied, and the results are shown
in Fig. 4. The O1s XPS spectra of AlCl3$6H2O and preformed Al13
were separated into three types of peaks after fitting. The peak at
530.0e530.3 eV could be attributed to the lattice oxygen (Oa), and
the peak at a higher binding energy of 531.1e531.3 eV was usually
assigned to surface hydroxyl group (Ob), which is the reported
active site in catalytic ozonation (Zhang et al., 2018). In addition, the
peak at binding energy of approximately 532.9 eV was assigned to
adsorbed water (Og) (Wagner et al., 1980). In this study, by calcu-
lating the peak area of Ob/(OaþObþOg), the proportions of surface
hydroxyl groups on the hydrolysed Al species from AlCl3$6H2O and
preformed Al13 were obtained and are illustrated in Fig. 4. The
relative ratio of hydroxyl group peaks on the surface of in situ
hydrolysed Al species from AlCl3$6H2O was 61.75% at pH 6. This
result indicated that the hydroxyl group is the main component of
oxygen-containing groups on the surface of in situ hydrolysed Al
species from AlCl3$6H2O, leading to the improvement of catalytic
activity (Jaffari et al., 2017; Kang et al., 2007). The same phenom-
enon was still observable at higher pH values. Additionally, Fig. 4
shows that the proportion of hydroxyl groups was 75.42% on the
surface of preformed Al13 at pH 6, which was significantly higher
than those of in situ hydrolysed Al species from AlCl3$6H2O. When
the solution pH increased, higher peak ratios of hydroxyl groups
were also observed on the preformed Al13 surface.

In addition, the pre-hydrolysed coagulant contains more poly-
merized species than conventional ‘alum’ (Duan and Gregory,
2003). The Al-based coagulant hydrolysis occurred to increase the
number of hydroxyl groups on hydrolysed Al-based coagulants, and
the aggregation of hydrolysed species further increased the charge
intensity of hydrolysed species, which enhanced the adsorption
ability of the hydrolysed species. Thus, more hydroxyl groups were
present on the preformed Al13 than on the hydrolysed Al species
from AlCl3$6H2O. Furthermore, the content of in situ formed Al13
during the hydrolysis of AlCl3$6H2O was limited compared with
that of preformed Al13 in this study (Fig. S1). In addition, due to the
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steady Al(O)4 core, the preformed Keggin-Al13 species exhibited
high stability after dosing with water to maintain their structures
and resist further hydrolysis, which differs from the properties of
the in situ formed flat-Al13 species spontaneously hydrolysed by
AlCl3$6H2O after dosing (Tang et al., 2015).

3.2.3. FT-IR analysis
To further explore the function of surface hydroxyl groups in the

HOC process, the surface properties of in situ formed Al species
from AlCl3$6H2O and preformed Al13 during different processes
were characterized using FT-IR. As shown in Fig. 5, in the coagu-
lation process, the FT-IR spectra of in situ formed Al species from
AlCl3$6H2O and preformed Al13 exhibited peaks of adsorbed water
and hydroxyl groups at 1610 cm�1 and 3450 cm�1, respectively, at
pH 6, 7 and 8 (Maneewong et al., 2016; O'Reilly and Mosher, 1983).
When ozone was added, the peak intensities of hydroxyl groups on
the surfaces of in situ formed Al species from AlCl3$6H2O and
preformed Al13 both decreased for all pH values. A previous study
that investigated the catalytic ability and mechanism of g-Al2O3
supportedmanganese oxide for ozonation, also revealed that ozone
reduced the peak intensities of hydrogen-bound MnO-H (Wang
et al., 2016). This result demonstrated that surface hydroxyl
groups acted as active sites participating in the interaction with
ozone. Ozone can be chemically adsorbed on the Lewis acid sites of
catalysts, which may be due to the dipole nature of ozone (Bing
et al., 2015; Yang et al., 2009). Additionally, Al-combined hydroxyl
groups (Al-OH) were strong Lewis acid sites (Wang et al., 2018a).
Thus, in the HOC process, one oxygen atom of ozone with a high
electron density could display Lewis basicity and then be adsorbed
onto Al-OH and further decomposed into reactive oxygen species
(ROS). When IBP was added to the HOC system, compared with
those of unozonated samples, the intensities of the peak at
3450 cm�1 for surface hydroxyl groups also decreased. This result
further indicated that surface hydroxyl groups play a critical role in
the catalytic ozonation of IBP.

Furthermore, Fig. 5 shows that the peak intensities of the
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hydroxyl groups on the preformed Al13 surface were reduced to a
greater extent than those of the in situ formed Al species from
AlCl3$6H2Owhen ozonewas added. Additionally, in the presence of
IBP, the same phenomenon was still observable. These results
suggested that more surface hydroxyl groups were consumed in
the Al13-HOC process, which may generate more �OH and exhibit
more effective removal performance. This result is consistent with
that shown in Fig. 2 indicating that the Al13-HOC process exhibited
a higher IBP removal efficiency than the AlCl3-HOC process.

3.3. Investigation of ROS

3.3.1. Formation of superoxide ion radicals
A previous study hypothesized that surface hydroxyl groups of

the catalyst decompose ozone, leading to the formation of �O2
�

(Zhang andMa, 2008). �O2
� is an important intermediate product for

the generation of �OH (Ernst et al., 2004). The superoxide ion is a
crucial and short-lived entity that constitutes the fundamental part
of catalytic ozonation (Ikhlaq et al., 2013). In this study, to further
explore the mechanism of the HOC process, the formation of su-
peroxide ion radicals was measured during the HOC process using
NBD-Cl (Ikhlaq et al., 2013; Olojo et al., 2005).
Fig. 6 shows the variation of �O2

� in different processes. The re-
sults clearly indicated that the formation of �O2

� was improved in
the presence of coagulants. At pH 6, the concentration of the total
�O2

� reached equilibrium at approximately 53.39 mMat 4min for
single ozonation. When AlCl3$6H2O was added, substantially more
�O2

� was generated at the beginning, and the concentration then
increased to 66.13 mMat the same reaction time. This result further
illustrated that in situ formed Al species from AlCl3$6H2O acted as
catalysts for the decomposition of ozone during the HOC process. In
addition, the total �O2

� concentration increased to 79.31 mMat 4min
during the HOC process when preformed Al13 was used as the
coagulant at pH 6. As an important intermediate during the radical
chain reaction, the higher concentration of �O2

� demonstrated that
the preformed Al13 could enhance ozone decomposition to further
produce �OH more effectively. This result is consistent with that in
Fig. 5, which shows that more hydroxyl groups were consumed
during the Al13-HOC process than during the AlCl3-HOC process.
Surface hydroxyl groups function as active sites that can react with
ozone to form radical intermediates, such as �O2

�, leading to the
formation of �OH (Yong and Lin, 2012). With increasing pH, the
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concentration of total �O2
� in each ozonation process also increased.

For example, at pH 7, the maximal �O2
� contents increased to

129.57 mM and 105.07 mM in the Al13-HOC and AlCl3-HOC pro-
cesses, respectively. When the pH increased to 8, the maximal
values reached 267.63 mM and 219.20 mM, respectively, in the same
process. These phenomena resulted from the presence of a high
content of OH� ions in the solution at high pH values, which led to
enhanced ozone decomposition and the generation of superoxide
ion radicals. In addition, previous studies indicated that hydroxyl-
aluminium formed during hydrolysis has almost zero surface
charge at approximately pH 8, and catalysts with zero charged
surfaces are believed to have relatively higher catalytic activities
(Rakotonarivo et al., 1988; Zhang and Ma, 2008; Zhao et al., 2008).
As a result, the generation of �O2

� was also enhanced by Al-based
coagulation catalysis via surface hydroxyl group reactions at pH 8.

The content of dissolved �O2
� was also measured in this study.

Fig. 6 shows that the concentration of dissolved �O2
� was clearly
lower than that of total �O2
� in both the AlCl3-HOC and Al13-HOC

processes. For example, at pH 6, the concentration of dissolved �O2
�

reached equilibrium at approximately 30.87 mM during the AlCl3-
HOC process, which was 53.83% lower than total �O2

�. This result
indicated that more than half of the �O2

� was adsorbed on the sur-
face of in situ formed Al species from AlCl3$6H2O, which may be
attributed to the negative charge nature of �O2

� in the solution.
When AlCl3$6H2O was added to the solution, Al3þ rapidly under-
went hydrolysis reactions to form various in situ dissolved Al spe-
cies, such as Al(OH)2þ, Al2(OH)24þ, Al3(OH)45þ, AlO4Al12(OH)24(H2O)127þ

(Al13), and the negatively charged �O2
� could then be adsorbed onto

the surface of the hydrolysed species (Shu-xuan et al., 2014; Xu
et al., 2011b). For the Al13-HOC process, the dissolved �O2

� content
remained at a very low level, indicating that more than 95% of �O2

�

was absorbed onto the surface of preformed Al13 at pH 6. The higher
concentration of adsorbed �O2

� in the Al13-HOC process can be
attributed to the high positive charge of preformed Al13, which can
adsorb the majority �O2

� via its strong charge neutralization ability
(J. L. Lin et al., 2014). Fig. 6 also shows that the total �O2

� concen-
tration increased with increasing pH values during the AlCl3-HOC
process. However, the concentration of adsorbed �O2

� changed
slightly with increasing pH. This result can be attributed to the
limited adsorption capacity of in situ formed Al species from
AlCl3$6H2O. Nevertheless, Fig. 6 clearly shows that the dissolved
�O2

� can remain at a notably low level at different pH values during
the Al13-HOC process, which results from the stability and high
adsorption capacity of preformed Al13 at different pH values (Tang
et al., 2015).
3.3.2. Formation of hydroxyl radicals
The formation of hydroxyl radicals during different ozonation

processes was measured by the depletion of pCBA, and the results
are shown in Fig. S3. The results showed that pCBA depletion was
greater during the HOC process than during single ozonation under
the same experimental conditions. For example, 51.70% pCBA
depletion was obtained by total �OH during the AlCl3-HOC process
within 4min at pH 6. However, only 38.74% pCBA depletion was
obtained during single ozonation under the same conditions. This
result confirmed that in situ formed Al species from AlCl3$6H2O
have the ability to enhance the molecular ozone decomposition to
generate �OH. For preformed Al13 employed in the HOC process,
higher pCBA removal can be achieved. In total, 61.93% of pCBA was
depleted by total �OH during the Al13-HOC process within 4min at
pH 6. With increasing pH, higher pCBA removal was observed in
both the single ozonation process and the HOC process. During the
single ozonation process, this result can be attributed to the
increased OH� concentration, which leads to the enhanced ozone
decomposition into hydroxyl radicals. Furthermore, as the solution
pH increased to the pHpzc of hydroxyl-aluminium, the coagulant
hydrolysis products were believed to exhibit a relatively higher
catalytic activity (Zhang et al., 2008; Zhao et al., 2008). In this study,
the hydroxyl-aluminium exhibited protonated at pH 6 and 7. As a
dipole molecule, ozone has both a nucleophilic site and electro-
philic site (Beltr�an, 2004). The ozone molecule may combine with
the H (electrophilic) and O (nucleophilic) atoms of the surface hy-
droxyl group during their interaction. Since the protonation
weakens the nucleophilicity of the O of surface hydroxyl groups,
the low solution pHwould consequently decrease the interaction of
the surface hydroxyl groups with ozone (Zhang et al., 2008).
Therefore, the higher pCBA removal observed in the HOC process at
pH 8 resulted from the synergistic effect of a higher OH� content in
the aqueous phase and the zero charged surfaces of Al-based
coagulants.

The removal of pCBA by dissolved �OHwas also measured in this
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study. Fig. S3 shows that 42.79% and 47.58% of pCBA was removed
by dissolved �OH during the AlCl3-HOC and Al13-HOC process,
respectively, within 4min at pH 6, which indicated that only 14.35%
and 8.91% was removed by surface reactions via the adsorptive �OH.
With increasing pH, the pCBA depleted by adsorptive �OH remained
at a very low level in both the AlCl3-HOC and Al13-HOC processes.
This result demonstrated that the majority of �OH diffused into the
bulk phase aqueous solution during the HOC process and then
participated in the removal of organic contaminants.

3.4. Proposed mechanism

Based on the results described above, the mechanism underly-
ing the HOC process was proposed (Fig. 7). At the beginning, mo-
lecular ozone in aqueous solution can attack the surface hydroxyl
groups of in situ formed Al species from AlCl3$6H2O and preformed
Al13 resulting in electron transfer, O2 release and surface hydro-
peroxyl anion (HO2

�) formation (Ernst et al., 2004). However, the
bond between the surface of the hydrolysed Al species and the
oxygen atom of the surface HO2

� is weakened compared to that
between the raw surface hydroxyl groups due to the interaction of
the two oxygen atoms on the surface HO2

�, one of which comes
from molecular ozone. Furthermore, the reaction of the surface
HO2

� and another molecular ozone resulted in the formation of one
HO3� released into the bulk solution and one surface adsorbed su-
peroxide anion radical (�O2

�). Further reactionwithmolecular ozone
and water can yield surface hydroxyl groups and O3�

-, and the
released HO3� and O3�

- can transform into �OH via chain reactions
occurring primarily in the aqueous phase. The detailed reaction can
be seen in Table S1. This finding is consistent with the fact that a low
proportion of �OHwas observed on the surfaces of in situ formed Al
Fig. 7. Proposed mechanism
species from AlCl3$6H2O and preformed Al13, which indicated that
the �OH oxidation generated for the removal of organic pollutants
occurred mainly in the aqueous phase. In addition, an adsorption
equilibrium exists between the hydrolysed Al species surface and
oxygen atoms, such as surface �O2

�, based on the properties of Al-
based coagulants and the bulk phase solution. The adsorbed sur-
face oxygen atom could be desorbed due to the weakening of the
bonds between the hydrolysed Al species surface and the oxygen
atom to release �O2

�, HO2
� or HO2� into the aqueous phase, which can

also enhance the generation of �OH. The considerably higher
amount of adsorbed �O2

� on the surface of preformed Al13 compared
with that on the surface of in situ formed Al species from
AlCl3$6H2O could be attributed to the high proportion of hydroxyl
groups on the preformed Al13 surface and more intensive bonds
between the oxygen atom and the preformed Al13 surface.

For practical water treatment, the HOC system could be created
if ozonation and coagulation occurred simultaneously within a
single unit. Therefore, the HOC process can be developed through
the dissolved ozone flotation (DOF) process by using ozone instead
of air in the dissolved air flotation process (Jin et al., 2006, 2015). In
the DOF process, the ozonation and coagulation occurred at the
same time at the contact zone to form the HOC effect. In addition,
the DOF process has been applied to wastewater reclamation and
industrial wastewater treatment (Wang et al., 2018b; Jin et al.,
2019).

4. Conclusion

The AlCl3-HOC and Al13-HOC processes exhibited higher
removal efficiencies than the single ozonation process at different
pH values. In situ formed Al species from AlCl3$6H2O and
of the HOC process.
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preformed Al13 could act as catalysts to promote the generation of
�OH. Because of the exchange of surface hydroxyl groups of
hydrolysed Al species by phosphate, the catalytic activity of in situ
formed Al species from AlCl3$6H2O and preformed Al13 decreased.
Further FT-IR analysis indicated that the surface hydroxyl groups
could be the active reaction sites for catalytic ozonation. Because of
the higher proportion of surface hydroxyl groups for preformed
Al13 revealed by XPS analysis, the Al13-HOC process exhibited better
removal performance than the AlCl3-HOC process. As an important
intermediate during the �OH chain reaction, the generation of �O2

�

further confirmed the involvement of �OH oxidation in the HOC
process. In addition, most of the generated �O2

� in the Al13-HOC was
adsorbed on the surface of preformed Al13 at different pH values.
However, considerably lower proportion of adsorbed �O2

� was
observed on the surface of in situ formed Al species from
AlCl3$6H2O compared with that of preformed Al13. Nevertheless,
based on the pCBA removal performance, low proportions of
adsorbed �OHwere observed on the surfaces of both preformed Al13
and in situ formed Al species from AlCl3$6H2O, which revealed that
for the removal of organic pollutants, �OH oxidation occurred pri-
marily in the aqueous phase.
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