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� HOC process has a wider ozone
dosage range than pre-ozonation-
coagulation process.

� Ozone can react with hydrolysed Al
species besides HA in the HOC
process.

� Ozone homogenizes the protonated
groups of HA and hydrolysed coagu-
lant species.

� Simultaneous homogenization facili-
tates the binding between HA and
coagulants.
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In this study, we compared dissolved organic carbon (DOC) and UV254 removal efficiencies of the hybrid
ozonation-coagulation (HOC) and pre-ozonation-coagulation (POC) processes for humic acid (HA) at pH
5 with AlCl3�6H2O as the coagulant. The DOC and UV254 removal efficiencies of the HOC process were
higher than those of the POC process at ozone dosages less than 2.0 mg O3 (mg DOC)�1. The ozone dosage
was optimized at 0.3 and 0.1 mg O3 (mg DOC)�1 for the HOC and POC processes, respectively, implying a
more rigorous ozone dosage for the POC process. During the POC process, pre-ozonation was observed to
increase the binding sites of HA (e.g., hydroxyl and carboxyl groups), improving the complexation of
dissolved organic matter. For the HOC process, in addition to its role in the oxidation of organic matter,
ozone also reacted with coagulants. The reaction between ozone and coagulants can facilitate the for-
mation of Al13. Moreover, the oxidation of �OH and ozone can increase the charge density of the HA
binding sites, homogenizing the binding sites of HA and enhancing the complexation with Al13.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Coagulation can effectively remove particulate matter and
colloid inwater (Luo et al., 2014), yet effectively removing dissolved
district, Xi’an, China.
organic matter proves to be a complicated task (Stephenson and
Duff, 1996; Jin et al., 2013). In order to improve the removal effi-
ciency of dissolved organic matter in water, previous research has
combined ozonation and coagulation to form the pre-ozonation-
coagulation (POC) process (Yan et al., 2007; Li et al., 2009). Pre-
ozonation can alter the structure of organic matter, increase the
content of organic matter oxygen-containing functional groups
(e.g., hydroxyl and carboxyl), and promote the complexation of
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organic matter and metal ions (Reckhow et al., 1986; Pei et al.,
2007). During the pre-ozonation process, the oxidation of organic
matter is achieved by molecular ozone oxidation.

However, ozone molecules can be selective in the oxidation of
organic matter (Meunier et al., 2006). In particular, they favor re-
actions with electron-rich compounds (e.g., phenols, olefins,
deprotonated amines and reduced sulfur groups) as a strategy to
increase the number of oxygen-containing functional groups (Von
Sonntag and Von Gunten, 2012; Hübner et al., 2015). The reaction
rate of ozone molecules can be extremely slow for organic acids,
aldehydes, ketones and several aromatic organic substances with
low activity (Iglesias et al., 2003). In addition, the ozone dosage can
affect thewater quality of the effluent in the POC process (Farvardin
and Collins, 1989). For small ozone dosages, ozone can strengthen
the coagulation effect, while for more excessive dosages, ozone
oxidation can affect the flocculating speed and stability of flocs
during the subsequent coagulation process, increasing the effluent
turbidity (Sam et al., 2010). Therefore, the ozone dosage must be
strictly controlled during the POC process.

In order to overcome the limitations of the POC process, our
previous studies proposed the hybrid ozonation-coagulation (HOC)
process, involving the simultaneous occurrence of the ozonation
and coagulation processes (Jin et al., 2017). During the HOC process,
there aremultiple reactions including coagulation, direct molecular
ozone oxidation (MO reactions) and advanced oxidation processes
(AOPs). AOPs include peroxone reactions (O3/H2O2), �OH oxidation
that from chain reactions during ozone decomposition (HO re-
actions) and the synergistic effects between ozone and the metal
coagulants (SOC) (Jin et al., 2020a, 2020b). Similar to the POC
process, the chain reaction during ozone decomposition in the HOC
process is a result of the ozone reactionwith OH� inwater, whereby
the pH is lowered due to the consumption of OH� in water.
Moreover, organic matter is ozonated to produce a large number of
intermediates that contain carboxyl groups (Xie et al., 2016). These
carboxyl groups can also change the pH of the process through
protonation, which consequently influences the coagulation per-
formance. Ozone can also react with hydrolysed metal coagulants
to produce �OH in the HOC process (Jin et al., 2017, 2019a).

�OH is a non-selective oxidant with a stronger oxidation ability
compared to ozone (Nawrocki and Kasprzyk-Hordern, 2010). The
�OH oxidation of organic matter typically occurs through H-
abstraction, electron transfer and addition reactions, with the latter
being the most common and fastest option (Von Sonntag and Von
Gunten, 2012). �OH initially attacks the organic side chain to
destroy its stable structure, and subsequently disconnects the
bridge ring structure to form a single-ring product (Qi et al., 2009).
Following this, �OH breaks the single-ring structure to form small
molecules of aldehyde, ketone and acid products, and finally min-
eralizes to form CO2 and H2O (Qi et al., 2009; Fotiou et al., 2014).
Furthermore, aromatic carbon is the preferred reaction site of �OH
(Haag and Yao, 1992; Westerhoff et al., 1999). The production of
�OH in Fenton oxidation has been reported to affect the coagulation
removal of organic matter (Wu et al., 2010, 2011;Wang et al., 2021).
More specifically, the coagulation removal of organic matter in
Fenton reactions was observed to improve by increasing the
hydrogen peroxide dosagewithin the range of 5e40 mM (Wu et al.,
2010). Under these conditions, the organic matter oxidized by the
Fenton process produces a large number of COO-containing in-
termediates, and the coagulation is able to effectively remove these
contaminants (Han et al., 2020). In addition, the flocs produced in
the Fenton process exhibit a larger specific surface area and a
greater number of active sites compared to coagulation, thus sup-
plying additional adsorption sites for the removal of organic mat-
ters (Italiano et al., 2018; Han et al., 2020). In contrast, the
coagulation removal of organic matter was observed to decline
2

rapidly as the hydrogen peroxide dosage increased continuously
from 40 to 320 mM (Wu et al., 2010). This may be because the low
molecular organics produced during the oxidation stage are less
prone to coagulation, as Fenton oxidation and coagulation both
have a preference for the removal of high molecular weight or-
ganics (Deng and Englehardt, 2006; Wu et al., 2010, 2011). There-
fore, the effect of ozone and generated �OH on the coagulation
during the HOC process requires further research.

The metal salt coagulants are hydrolyzed to form a variety of
polyhydroxy polymerization hydrolysates in water, some of which
can catalyze the decomposition of ozone to produce hydroxyl
radicals (Ikhlaq et al., 2012). The surface charge, hydroxyl content
and density, degree of polymerization, and ozone catalytic activity
vary with the hydrolysis product type (Zhao et al., 2009). Ozone in
aqueous solutions has been reported to interact with the surface
hydroxyl groups on the catalysts via two basic attractive forces,
namely electrostatic force or/and hydrogen bonding, forming
MeOHeO3 with an oxygen bridge connection (Beltran, 2003;
Zhang et al., 2008). Moreover, a single O2 molecule is released
during this process through electron transfer and HO2

� is generated
on the surface of the coagulant (Zhang and Ma, 2008). The gener-
ation of �HO3

� and the adsorbed state of �O2
� attributed to the re-

action between molecular ozone and HO2
� can be converted into

�OH through a chain reaction (Jin et al., 2017, 2019a, 2019b). The
hydrolysis of the metal coagulant is a result of the deprotonation
and hydroxyl bridging, and thus the complexation between the
ozone and hydroxyl groups may influence the hydrolysis of the
metal coagulant in the HOC process. However, studies on the effect
of ozone on Al-based coagulant hydrolysis are lacking.

In the current study, we compared the removal efficiency of
organic matter for commercial humic acid solutions via the HOC
and the POC processes and AlCl3�6H2O as the coagulant. Further-
more, in order to further clarify the organic matter removal
mechanism of the HOC process, we analyzed the morphology and
structure of the organic matter, as well as the coagulant hydrolysis
form and the complexation characteristics between the organic
matter and coagulant hydrolytic products under several processes.

2. Materials and methods

2.1. Materials and reagents

The stock HA solution was prepared by adding 1 g HA obtained
from Sigma-Aldrich to 1 L 0.1M NaOH solution, stirring for 12 h, the
samples were filtered using a 0.45-mm membrane to remove par-
ticles. The stock HA solution was diluted with ionized water to
reach the designated concentration (DOC ¼ 5.5 mg L�1).

2.2. Preparation of ozone stock solution

The ozone from a Sankang ozone generator (Model: SK-CFQ-5P,
oxygen source, China) passed into deionized water adjusted to
pH ¼ 3 with phosphoric acid and aerated for 2 h at -1-4 �C. The
prepared ozone water concentration was approximately
200 mg L�1 by Indigo Disulphonate Spectrophotometry (Yan et al.,
2020).

2.3. Coagulation experiments

Coagulation tests were performed using jar-tests in six 500-mL
beakers. Coagulation conditions involved rapid mix at 300 rpm
(G ¼ 670.4 s�1) for 1 min, slow stirring at 60 rpm (G ¼ 59.9 s�1) for
30 min and a 30 min settling period. In the study, aluminum
chloride (AlCl3�6H2O) was employed as coagulant,1 mMPhosphate
buffer was added into the solution to ensure the stability of pH and



Fig. 1. DOC and UV254 removal performance of the HOC and POC processes at pH ¼ 5
and 2.75 mg Al L�1. a: UV254, b: DOC.
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0.1 M HNO3 solutions were to adjust the pH of the solution.

2.4. POC experiments

The POC experiment required adding ozone stock solution to
achieve the required dosage for oxidation, which slow stirring at
60 rpm (G ¼ 59.9 s�1) for 15 min before coagulation. The following
process was the same as coagulation experiments.

2.5. HOC experiments

The ozone stock solution was added at the beginning of the
slow-mix step during coagulation. This allowed for the simulta-
neous occurrence of ozonation and coagulation.

2.6. Analytical methods

2.6.1. Dissolved organic carbon (DOC) analysis
DOC was measured using a Shimadzu TOCV-CPH analyzer. All

samples were filtered through a 0.45-mm filter.

2.6.2. 1H nuclear magnetic resonance (1H NMR) spectroscopy
analysis

Each sample used for 1H NMR analysis was pre-treated via solid
phase extraction (SPE) and then dissolved into D2O (Jin et al., 2018).
1H NMR spectra were obtained with a Bruker Advance 400 MHz
NMR spectrometer equipped with a 5-mm resonance broadband
observe probe.

2.6.3. X-ray photoelectron spectroscopy (XPS) analysis
Following treatment, the flocs were separated from the solution

by centrifugation and lyophilized in order to perform the XPS
analysis. In addition, after adjusting the stock HA solution to pH 5,
the lyophilized HA samples were analyzed as pre-treatment sam-
ples. The XPS spectra were obtained using a K-Alpha X-ray photo-
electron spectrometer (Thermo Fisher Scientific, UK). The binding
energy within 100e1000 eV and the core-level characteristic peaks
for C 1s and Al 2p.

2.6.4. 27Al nuclear magnetic resonance (27Al-NMR) analysis
Solid 27Al-NMR was tested on the Advance 400 Bruker pulsed

Fourier nuclear magnetic resonance instrument. The lyophilized
samples were loaded into 4 mm NMR tubes and measured at
78.2 MHz and 328 K, with pulse and spectrumwidths of 0.3 ms and
60 Hz, respectively (Song et al., 2019b).

2.6.5. Solid-state 13C nuclear magnetic resonance (13C NMR)
spectroscopy analysis

Solid 13C NMR was collected following the method of 27Al-NMR,
with measurements at 100.63 MHz and 6.0 kHZ, and sample cycle
time and the sampling time of 1.2 s and 42 ms, respectively.

2.6.6. Fourier transform infrared spectroscopy (FT-IR) analysis
The samples were obtained via a mixture of 1 mg flocs and

99 mg KBr. Spectra we collected using an FT-IR spectrometer
(Nicolet 6700, Thermo Fisher Scientific,UK) with the range of 3950
to 450 cm�1 (Jin et al., 2020b).

2.6.7. Excitation-emission matrix (EEM) analysis
Three-dimensional fluorescence spectra in the form of EEM

plots were recorded using an F-7000 fluorescence spectropho-
tometer (Hitachi, Japan). The EEM spectra of the samples were
scanned over an excitation range of 220e480 nm with 5 nm in-
tervals and an emission range of 280e550 nmwith 2 nm intervals,
the excitation and emission slit widths were 5 nm (Jin et al., 2016).
3

The scan rate was set to 12,000 nm min�1.
3. Results and discussions

3.1. Removal performance

Fig. 1 presents the DOC and UV254 removal efficiencies of the
HOC and POC processes for HA at pH 5 and 2.75 mg Al L�1. For
ozone dosages less than 0.7 mg O3 (mg DOC)�1, the UV254 and DOC
removal efficiencies of the POC process exceeded those of the
coagulation process (ozone dosage ¼ 0 mg O3 (mg DOC)�1). How-
ever, the UV254 and DOC removal efficiencies of the POC process
were lower than those in the coagulation process when the ozone
dosages was more than 0.7 mg O3 (mg DOC)�1. This can be attrib-
uted to the HA over-oxidation, which transforms organic matter
with high molecular weight into low molecular weight organic
matter that cannot be effectively removed by the subsequent
coagulation (Chandrakanth and Amy, 1998; Bose and Reckhow,
2007).

The ozone dosage exhibited a wider range in the HOC process
compared to the POC process. For ozone dosages less than 2.0 mg
O3 (mg DOC)�1, the UV254 and DOC removal efficiencies of the HOC
process were higher than those of the coagulation process. At the
same ozone dosages, the HOC process also exhibited superior DOC
and UV254 removal efficiencies compared to the POC process. This
indicates the mutual promotion of ozonation and coagulation
during the HOC process. Our previous study also implied the ability
of the Al-based coagulant to catalyze the decomposition of ozone,
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resulting in the generation of hydroxyl radicals in the AleHOC
process and subsequently improving the dissolved organic matter
removal performance (Jin et al., 2017). The DOC and UV254 removal
efficiencies peaked at the ozone dosage was 0.3 and 0.1 mg O3 (mg
DOC)�1 for the HOC and POC processes, respectively.

For ozone dosages exceeding 0.1 mg O3 (mg DOC)�1 during the
POC process, the humic acid solution was over-oxidized and the
organic matter removal efficiency was reduced. Moreover, during
the HOC process, the organic matter removal efficiency began to
deteriorate for ozone dosages greater than 0.3 mg O3 (mg DOC)�1.
This indicates the absence of the over-oxidation of organic matter
at this ozone dosage levels in the HOC process, with a portion of the
ozone reacting with the coagulant to produce �OH, thus increasing
the ozone consumption (Jin et al., 2017, 2019b). Moreover, �OH also
demonstrates the ability to mineralize small organic matter mole-
cules in water.
Fig. 2. The structures of organic matters of HA during different processes. a: residual
organic matters during different processes by 1H NMR, b: removed organic matters
during different processes by 13C NMR, c: removed organic matters during different
processes by C 1s XPS.
3.2. Homogenization of organic protonation in the HOC and POC
processes

3.2.1. 1H NMR analysis
In order to clarify the modification of organic matter protonic

groups resulting from the HOC and POC processes, 1H NMR spectra
were analyzed to reveal the structural characteristics of the organic
matter. Fig. S1 and S2 depict the organic matter 1H NMR spectra
before and after the POC and HOC treatments at the ozone dosages
of 0.1, 0.3, 1.0 mg O3 (mg DOC)�1. The HA 1H NMR spectra can be

divided into five resonance ranges: (1) aliphatic (HCeCeC-):
chemical shift range 0.0e1.9 ppm; (2) acetate analogue and

carboxyl-rich alicyclic material (CRAM) (HeCeCeO): chemical shift

range 1.9e3.1 ppm; (3) carbohydrate-like and methoxy (HCO):
chemical shift range 3.1e4.9 ppm (4.7 ppm resonance corresponds

to a chemical shift of D2O); (4) olefin (HC¼ C, HCO2): chemical shift

range 5.3e7.0 ppm; and (5) aromatic (Har): chemical shift range
7.0e9.0 ppm (Cort�es-Francisco et al., 2014). The Bruker software
was used to calculate the 1H NMR spectrum areas (Jin et al., 2018).
The relative contents of the protonated groups containing the HA
residual organic matter under the different processes was esti-
mated via the Fig. 2a spectrum areas (Jin et al., 2018).

The hydrocarbon environment of the residual organic matter
within the HA solution varied greatly across the processes. The raw
water of the HA solution exhibited the highest aromatic proton
content (53.64%). Following coagulation, the proportion of olefin in
the remaining organic matter from the humic acid solution was
observed to increase. The proportions of carbohydrate-like func-
tional groups and methoxy were maintained constant, with the
proportion of the remaining functional groups decreased. This in-
dicates the selectiveness of the complexation process between
AlCl3�6H2O and the organic compounds during the coagulation
process. Numerous studies have proven the complexation between
organic functional groups and aluminum-salt coagulants to be se-
lective (Kim and Yu, 2005; Zhang et al., 2012; Jin et al., 2018).

Humic acids contain a large number of functional groups,
including carboxyl groups, phenolic hydroxyl groups, carbonyl
groups, amines, amino compounds and esters (Bigalke et al., 2010).
These functional groups exhibit distinct affinities with metal ions
(Provenzano et al., 2004; Tipping, 2005). Functional groups with
the ability to release protons and bind with metal ions are denoted
as binding sites (Tipping et al., 1988; Pinheiro et al., 2000). The
principle binding sites of HA are the hydroxyl and carboxyl groups
(Iglesias et al., 2003; Kostic et al., 2011), and are thus easy to
complex with AlCl3�6H2O (Iglesias et al., 2003). Moreover, Jin et al.,
(2018) demonstrated the selectivity of the binding of aluminum-
4

salt coagulants to organic compounds in humic acid solutions (Jin
et al., 2018).

The total proportion of aromatic and olefin compounds exhibi-
ted a decline in the HOC and POC processes compared with coag-
ulation, while the opposite was true for the proportion of aliphatic
organic matter. This indicates the ability of ozone to alter the
structure of organic matter. The results reveal that the aromatic
substances, olefin and other functional groups with unsaturated
bonds were oxidized into aliphatic compounds by ozone during the
HOC and POC processes, generating hydroxyl radicals. At low ozone
dosages (0.1 mg O3 (mg DOC)�1) during the POC and HOC pro-
cesses, the proportion of olefin was reduced compared to coagu-
lation, while that of aromatic compounds increased. This reveals
that olefin was oxidized preferentially. In addition, the relative
contents of aliphatic increased with the ozone dosage, while the
opposite was observed for the aromatics and olefin ratios. The
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proportion of olefin and oxygen-containing functional groups in
the POC process exceeded that of the HOC process. This is associ-
ated with the less selective and stronger oxidation ability of the
�OH generated in the HOC process.

3.2.2. Solid 13C NMR analysis
Fig. S3 and S4 depict the 13C NMR spectra of HA flocs during the

POC and HOC processes at the ozone dosages of 0, 0.1, 0.3, 1.0 mg O3
(mg DOC)�1. The HA spectra of both processes exhibit a similar
general trend, with distinguishable peaks at approximately 28, 62,
75, 130, 155 and 170 ppm. The peak at 28 ppm corresponds to
methyl and methylene carbons while the peaks at 62 and 75 ppm
are attributed to methoxy and ring-ether functions, respectively
(Monteil-Rivera et al., 2000). The strong intensity within the region
of 100e160 ppm indicates the presence of a large number of aro-
matic carbons, with the peak at 130 ppm corresponding to C- and
H-substituted carbon, while the 155 ppm peak is linked to O- and
N-substituted carbon (K€ogel-Knabner, 1997; K€olbl and K€ogel-
Knabner, 2004; Mao et al., 2008). The peak at 170 ppm is
assigned to carboxyl, amide and ester carbons (Monteil-Rivera
et al., 2000).

The spectra were subsequently divided into four different re-
gions corresponding to the following dominant carbon types:
aliphatic carbons (0e45 ppm); oxygenated aliphatic carbons
(45e110 ppm); aromatic carbons (110e160 ppm); and carboxyl/
carbonyl carbons (160e220 ppm) (Xiaoli et al., 2008). The values
and peak areas of the chemical shift ranges weremaximized within
110e150 ppm. This was attributed to the HA skeleton, which is
composed of aromatic rings across different connections. Fig. 2b
presents the 13C NMR spectral area, determined using the software
provided by Bruker.

The proportion of aromatic carbons in the HA flocs after the POC
and HOC processes surpassed that of coagulation. Previous studies
indicate the formation of the HA skeleton from the aromatic
structure (Schnitzer and Khan, 1972; Schulten and Schnitzer, 1993).
The relative contents of aliphatic carbons in the flocs increasedwith
ozone dosage during both the HOC and POC processes. This is
consistent with the 1H NMR result. Aromatic compounds contain-
ing electron-giving groups (such as phenols and anilines) are prone
to react with ozone molecules to form ortho-hydroxyl or para-
hydroxyl compounds. Such compounds are more likely to be sub-
ject to further ozonation, generating ketones or opening aromatic
rings to form aliphatic compounds with carbonyl and carboxyl
groups (Camel and Bermond, 1998).

The sum of aliphatic and oxygenated aliphatic carbons in the
HOC process surpassed that of the POC process at the same ozone
dosage. This indicates the stronger removal effect of aliphatic car-
bons in the HOC process. The mechanisms underlying this result
are two-fold: i) the non-selective oxidative modification of
aliphatic carbons via the hydroxyl radical improved the cohesive-
ness (Meunier et al., 2006; Hübner et al., 2015); and ii) the inter-
action between ozone and the coagulant enhanced the coagulation
ability of the coagulant (Xie et al., 2016).

3.2.3. C 1s XPS analysis
The high-resolution XPS spectra of the carbon element C 1s in

the treated HA flocs and performed are shown in Fig. S5. Six
overlapping peaks were observed in the C 1s spectra of HA at
289.19, 288.2, 286.8, 285.87, 285.2 and 284.58 eV, attributed to

carboxyl carbons (COO), amide carbons (CON), ether or alcohol

(CeO), a-carbons (CeCO), aliphatic carbons (CeC/CeH) and aro-

matic carbon (CeC/CeH), respectively (Monteil-Rivera et al., 2000;
Jin et al., 2018). However, only four characteristic peaks (attributed
to aromatic carbons, aliphatic carbons, ether or alcohol and
5

carboxyl group) appeared in the C 1s floc spectra treated by
different processes.

Fig. 2c presents the relative concentration of each component
estimated by fitting the C 1s spectra of HA with the simulated C 1s
spectra of the components. Under acidic conditions, the complex-
ation between the hydrolysed species of AlCl3�6H2O and organic
matter was selective (Song et al., 2019b). This reduced the func-
tional group types in the flocs following each process. The post-
HOC and POC aromatic carbon proportion in the flocs was greater
than that of coagulation, indicating the ability of ozone oxidation to
promote the removal of humic acid. The 13C NMR and C 1s XPS
analysis results reveal that at 0.3 mg O3 (mg DOC)�1, the aromatic
carbon content in the HOC process was higher than at 0.1 mg O3
(mg DOC)�1. This is consistent with the TOC removal efficiency,
indicating that at 0.3 mg O3 (mg DOC)�1, the organic matter
modified by ozone can better complex with metal coagulants and
enhance the removal of HA.

3.2.4. FT-IR analysis
Fig. 3 presents the FT-IR spectra of the HA flocs before and after

the different treatments. The raw humic acid solution exhibited
multiple peaks around 800, 1100, 1380, 1630, 2500 and 3450 cm�1,
with the strongest peak intensities observed at 1100, 1380, 1630
and 3450 cm�1. Table S1 reports the attribution of the infrared
spectrum characteristic peaks (Miikki et al., 1997; Francioso et al.,
2002; Amir et al., 2010). The FT-IR spectra of the HA flocs exhibi-
ted similar trends across treatments, indicating the similarity of
organic functional group structures removed by the different
processes.

However, under the same process, the FT-IR spectra varied with
the ozone dosage. Therewere differences in the shape and intensity
of the 3450,1630 and 1100 cm�1 peaks from the HA flocs treated by
coagulation and the rawHAThe increased intensity of the 3450 and
1100 cm�1 peaks can be attributed to the eOH vibration of the
hydroxyl groups, while the 1630 cm�1 peak is linked to by the
water molecules attached to the surface of the coagulants surface
(Li et al., 2004; Huang et al., 2019).

The intensity of the 1100 and 1630 cm�1 peaks in the POC and
HOC processes were stronger than those of coagulation. This in-
dicates that the oxygen-containing functional groups increased on
aromatic rings of the humic acid flocs treated by the POC and HOC
processes. Ozone molecules are selective for the oxidation of
organic matter and also have a limited oxidation capacity. There-
fore, during the POC process, the 1100 and 1630 cm�1 peak in-
tensities did not increase significantly with the ozone dosage.
During the HOC process, the intensities of the 1100, 1630 and
3450 cm�1 peaks initially increased and subsequently decreased
with the increasing ozone dosage. This is consistent with the
removal efficiency of organic matter.

Under the same ozone dosage, the 1100, 1630 and 3450 cm�1

peak intensities of the HOC process exceeded those of the POC
process, indicating that the amount of oxygen-containing func-
tional groups on the aromatic rings of the flocs treated by the
former were higher than those of the latter. This is attributed to the
oxidation of organic matter by ozone and reactive oxygen species
(ROS), which tends to homogenize the functional groups of organic
matter and increases the number of oxygen-containing functional
groups (e.g., hydroxyl and carboxyl groups) in HA.

3.3. Hydrolyzed species and coagulation behavior of AlCl3�6H2O in
the HOC and POC processes

3.3.1. 27Al-NMR analysis
Fig. 4 presents the 27Al-NMR spectra of the flocs produced under

the different processes. Two distinctive resonances can be observed



Fig. 4. 27Al-NMR spectra of HA flocs treated by different processes. a: POC processes, b:
HOC processes.

Fig. 3. FT-IR spectra of HA flocs at different ozone dosages. a: 0.1 mg O3 (mg DOC)�1, b:
0.3 mg O3 (mg DOC)�1, c: 1.0 mg O3 (mg DOC)�1..
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in the 27Al-NMR spectra, with chemical shifts of the two peaks
equal to 2 and 62 ppm, respectively. The strongest asymmetric
resonance peak with the 2 ppm chemical shift corresponds to
octahedral coordinated aluminum, and more specifically, the ‘free’
Al dimers or complexed Al monomers and dimers (Zhao et al.,
2009; Song et al., 2019b). The weaker resonance peaks at 62 ppm
represent the central tetrahedral aluminum morphology of Al13,
where the distinct formation and aging conditions of Al13 typically
result in peaks within the 61e64 ppm range (Liu et al., 2009).

The Al13 contained in the hydrolyzed species of the aluminum
salt coagulant is a polyhydroxy complex composed of 12 six-
coordinate octahedral aluminum atoms surrounding a four-
coordinate tetrahedral aluminum atom with hydroxyl bridges
(Hiradate and Yamaguchi, 2003). The four-coordinated aluminum
atom in the symmetrical center of Al13 produces a resonance peak
at the chemical shift of 62 ppm in the 27Al-NMR spectra (Jin et al.,
2019a). However, the six-coordinated octahedral aluminum atom
in the asymmetric environment is not able to generate resonance
peaks in the NMR spectrum. Therefore, following the quantitative
6

calculations, the actual content of Al13 in the flocs was 13 times that
of the aluminum content corresponding to the 62 ppm resonance
peak (Hiradate and Yamaguchi, 2003). Despite the low peak
response of the 62 ppm chemical shift and the key role of Al13 as the
aluminum form in the flocs, it still exerted the greatest influence on
the removal of humic acid.

Fig. 4 demonstrates Al13 polymer, monomeric and dimeric
aluminum to be the Al species produced by different processes in
the flocs. This indicates that the humic acid contained in the water
was removed by complexation with several hydrolysis products of
AlCl3�6H2O under the different processes.
3.3.2. Al 2p XPS analysis
Fig. S6 presents the Al 2p spectra of the XPS for the different

process. Two overlapping bands are observed in the humic acid
flocs treated by different processes, associatedwith two different Al
2p transitions. The binding energy of the two overlapping bands are
72 and 74 eV, corresponding to tetrahedral aluminum and octa-
hedral aluminum respectively (Ernst et al., 2004; Duong et al.,
2005). Tetrahedral Al and octahedral Al have previously been
associated with the AlO4 unit structure and the AlO6 structure,
respectively (Suresh et al., 2012).

Fig. 5 presents the relative content of various aluminums species
contained in the humic acid flocs under the different treatments.



Fig. 5. The relative contents of various aluminum species in contained in the HA flocs
under the different treatments.
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The Al (III) Tet/Al (III) Oct ratio of the humic acid flocs generated by
coagulationwas determined as 1:10, suggesting the occurrence of a
large amount of tetrahedral aluminum on the floc surface. Theo-
retically, the Al (III) Tet/Al (III) Oct ratio in Al13 molecules should be
approximately equal to 1:12 (Hiradate and Yamaguchi, 2003). This
proves that only a small to medium number of tetrahedral alumi-
nums existed in the form of Al13 in flocs. The relative contents of
tetrahedral aluminum in the flocs formed by the POC and coagu-
lation processes exhibited similar trends, while the tetrahedral
aluminum contents formed by the HOC process was higher than
that of the POC process. Furthermore, the removal efficiency of
organic matter was related to the aluminum form. The central
aluminum form of Al13 was tetrahedral aluminum, while Al13 was
also the dominant hydrolysis form AlCl3�6H2O during coagulation
(Lin et al., 2008, 2014). Therefore, the removal efficiency of organic
matter was superior in the HOC process compared to the POC
process.

3.4. Complexation between AlCl3�6H2O and HA in the HOC and POC
processes

Fig. 6 depicts the EEM spectra of the commercial humic acid
solution before and after the different treatments. The EEM spectra
exhibited a single peak, which corresponds to the humic-like
substances.

The intensity of EEM spectra implied the content of benzene
rings and conjugated unsaturated bonds in organic matter (White
et al., 2003). Following coagulation, the fluorescence intensity in
the solution was slightly stronger than that in the humic acid stock
solution. However, the DOC levels in the HA solutionwere observed
to decrease after coagulation, indicating the impact of the
complexation between the hydrolysed products of the coagulant
and the dissolved organic matters on the fluorescence intensity of
organic matter (Provenzano et al., 2004). The rigid structures in the
molecules have been reported to enhance the fluorescence in-
tensity of organic matter (Oliver et al., 1983; Provenzano et al.,
2004). If HA forms complexes with metal salts, the fluorescence
would be either enhanced or quenched (Sharpless and Mcgown,
1999; Elkins and Nelson, 2002). Moreover, humic acid complexed
with the hydrolysed products of AlCl3�6H2O to form a complex,
which enhanced the rigidity structures of humic acid. This conse-
quently increased the fluorescence intensity of the HA solution
following coagulation.
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During the POC process, the fluorescence intensity decreased
with increasing ozone dosage. This is associated with the conju-
gated unsaturated structures in humic acid being oxidized during
the pre-ozonation process. The conjugated unsaturated structures
in humic acid were oxidized at a greater rate with increasing ozone
dosage, thus weakening the fluorescence intensity.

At the ozone dosages of 0.1 and 0.3 mg O3 (mg DOC)�1, the
fluorescence intensities were not observed to decrease during the
HOC process. In contrast, when the ozone dosage was 1.0 mg O3
(mg DOC)�1, the fluorescence intensity in the treated humic acid
was weakened, with the HOC process resulting in a greater fluo-
rescence intensity compared to the POC process. However, the
removal efficiency of organic matter in the HOC process was
stronger than that in the POC process. This may be attributed to the
enhanced complexing ability of organic matter and hydrolysed
coagulant hydrolysates species, resulting in the enhanced struc-
tural rigidity of organic matter and the subsequent variations in the
fluorescence intensity of organic matter (Sharpless and Mcgown,
1999; Elkins and Nelson, 2002). When the dosage of ozone
increased to 1.0 mg O3 (mg DOC)�1, part of the organic matter was
completely or excessively oxidized, thus affecting the complexation
between the coagulant and organic matter. This reduced the fluo-
rescence intensity and organic matter removal efficiency.
3.5. Proposed mechanism

Based on the comparison between the POC and HOC processes,
we proposed a mechanism for the ozonation effect on the
complexation properties of the protonated groups containing
organic matter as Fig. 7. Under acidic conditions, the removal of
organic matter typically occurs through the complexation between
different in situ hydrolyzed aluminum species and the corre-
sponding binding sites on the humic acid during coagulation (Song
et al., 2019a). During the POC process, ozone only acts on organic
pollutants and is able to change the structure of organic matter and
increase the HA binding sites (e.g., hydroxyl and carboxyl groups)
(Pei et al., 2007; Kostic et al., 2011). This enhances the complexation
between organic matters andthe coagulant, thus improving the
removal rate of organic matters. Moreover, during the HOC process,
ozone molecules increase the HA binding sites and also undergo
multiple catalytic oxidation reactions, for example peroxone re-
actions (O3/H2O2) and the synergistic effects between ozone and
the metal coagulants (SOC), enhancing the �OH content in the
process (Jin et al., 2020b). Note that �OH is a non-selective oxidant,
and can assist in eliminating ozone-refractory pollutants (Nawrocki
and Kasprzyk-Hordern, 2010; Wang and Chen, 2020).

In addition, ozone combines with the surface hydroxyl groups of
the coagulant hydrolysed products in the HOC process, converting
most AlCl3�6H2O hydrolysed species to Al13. Our previous study
demonstrated the coagulation efficiency of HA by Al13 to be worse
than that of AlCl3�6H2O at acidic conditions (Song et al., 2019a).
Homogenized Al13 with high positive charges was not able to
effectively complex the negative binding sites of HA with lower
charge densities in the coagulation process, consequently lowering
the organic matters removal efficiency (Song et al., 2019a). How-
ever, in the current study, the removal efficiency of organic matter
in the HOC process was superior to that of the coagulation and POC
processes, despite the hydrolysed aluminum species present in the
form of Al13 in the HOC process. This may be attributed to the in-
crease in charge density of the HA binding sites due to ozone and



Fig. 6. The EEM spectra of HA solution before and after treated by different processes.
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Fig. 7. The mechanism of organic matter removal during the POC and HOC processes.
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�OH oxidation in the HOC system (€Onnby et al., 2018; Walpen et al.,
2020), thus homogenizing the binding sites and facilitating the
binding with coagulant.

4. Conclusions

Under the same ozone dosage, the organic matter removal ef-
ficiency of the HOC process exceeds that of the POC process for HA
at pH ¼ 5. The optimal ozone dosage was identified as 0.1 and
0.3 mg O3/mg TOC for the POC and HOC processes, respectively. The
HOC process exhibits a wider range of ozone dosage (<2.0 mg O3

(mg DOC)�1) than the POC process (<0.7 mg O3 (mg DOC)�1).
Moreover, the ozone and (ROS) in the HOC process were able to
oxidize organic matter more effectively compared to the POC pro-
cess, resulting in the homogenization of the organic matter struc-
tures. The Al 2p XPS and 27Al NMR analysis revealed a greater
amount of tetrahedron aluminum to be present in the HOC process,
proving that ozone altered the hydrolysed species of AlCl3�6H2O.
Furthermore, the ozone oxidation of organic matter and the
AlCl3�6H2O coagulant during the HOC process enhanced the
complexation between them, increasing the removal efficiency of
organic matter.
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