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ABSTRACT

A novel dual-step ozone induced flotation (DOIF) process was developed for the application in
wastewater reclamation, where ozonation, coagulation and separation occurred simultaneously.
Compared with the dissolved-ozone flotation (DOF) process, an ozonation zone was added to further
oxidize refractory contaminants by residual ozone gas. In this study, a pilot-scale DOIF system fed by
secondary effluent from a municipal wastewater treatment plant in Xi’an, China, was used to evaluate
its performance in tertiary wastewater treatment. The effect of main operating parameters (saturator
pressure: 0.3, 0.4, 0.5 MPa; recycle ratio: 30%, 40% and 50%) involved were studied. The results showed
that the favorable bubbles and aerated flocs were generated at 0.4 MPa and 30% recycle ratio. At
the optimal operational condition, the DOIF process exhibited good performance of color, turbidity,
UV,,,, TP removal and disinfection in general. Moreover, extra ozonation can further improve the
color, UV,,, removal and disinfection performance. To interpret the mechanism of the DOIF process,
para-chlorobenzoic acid (CBA) removal, a hydroxyl radical (*OH) probe compound, was monitored.
It was observed that the DOIF process generated more *OH in the presence of polyaluminium chloride.
This indicates that the *OH oxidation reaction was involved in DOIF process to enhance the dissolved
organic matter removal. The application of DOIF system in tertiary wastewater treatment can reduce

the waste of ozone and improve the treatment efficiency.
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1. Introduction

Dissolved air flotation (DAF) has been widely applied
in water and wastewater treatment and reuse [1-3]. In addi-
tion, residual organic compounds in effluent wastewater
have been identified as a major source of micropollutants,
for instance, complex mixtures of natural organic matter

* Corresponding author.

from drinking water, soluble microbial products originating
from the activated sludge (related to the sludge metabolism
or decay) and refractory organics from industrial and resi-
dential origin [4]. Although the DAF process had a certain
removal of COD, BOD, and TSS, the removal of dissolved
organic matter needs further improvement [5-7].

Because of the powerful oxidation, ozone has been widely
used in water and wastewater treatment as a disinfectant and
oxidant [8-10]. Usually, ozone is used for various purposes
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such as removal of color [11,12] and natural refractory
organic compounds [13]. Therefore, ozone can be applied
as a substitute for air in the DAF system, thereby becoming
dissolved-ozone flotation (DOF), an innovative wastewater
reclamation process, which combines ozonation and flotation
together.

Compared with the conventional tertiary wastewater
treatment process, which comprises coagulation, sedi-
mentation and filtration, the DOF process is superior in
decolorization, odor and organic matter removal. Also, the
hydraulic retention time of the DOF process is three times
shorter than the conventional tertiary wastewater treatment
process, which results in much less space requirements [14].
This is because coagulation, separation, decolorization, odor
removal and disinfection could occur simultaneously in a
DOF reactor [5,6,14]. At the same time, the previous study
by Jin et al. [15] proposed a hybrid ozonation—coagulation
process in which Al-based coagulants and hydrolyzed prod-
ucts could act as catalysts to enhance ozone decomposition
into *OH when ozonation and coagulation occurred simulta-
neously within a single unit, thereby improving the organics
removal efficiency. Thus, metal coagulants may function as
the catalyst to facilitate *OH generation in the DOF process
and to improve dissolved organic matter removal efficiency.
Moreover, the ozonation-coagulation process still remained
in laboratory study [15] and has never been investigated in
pilot-scale unit or a full-scale plant. Although Zhang et al.
[16] conducted a pilot study on removal efficiency of indi-
cator compounds representative of pharmaceuticals and
personal care products, coagulation and ozonation do not
occur at the same time in a single reactor.

The previous study by Lee et al. [17] reported that ozone
enhanced the separation capability of the DAF system not
only by assisting the coagulation of dissolved contaminants
but also by increasing the microbubble volume of the DOF
system because ozone has a higher solubility in water than
air. However, although application of ozone facilitates the
conventional flotation removal efficiency, the solubility of
ozone in the water is still limited. The solubility of ozone
in water at 20°C, 0.45 MPa is 10% at pH 6.9-7.4. This means
there was always a waste of ozone from the ozone genera-
tor. Therefore, on the basis of the DOF process, an ozonation
zone was added to further oxidize refractory contaminants
by residual ozone gas. Therefore, a dual-step ozone induced
flotation (DOIF) process was first put forward to reduce the
waste of ozone and further improve the treatment efficiency.

In this study, a pilot-scale DOIF system fed by secondary
effluent from a wastewater treatment plant (WWTP) in Xi'an,
China, was used to evaluate the tertiary wastewater treat-
ment efficiency. First, to investigate the optimal operational
condition in DOIF process, the effect of saturator pressure
and recycle ratio on the bubbles and aerated flocs size dis-
tribution was investigated. Second, removal performance of
color, turbidity, UV,,,, TP and disinfection effect was inves-
tigated in DOIF process at optimal operational condition.
Finally, in order to interpret removal performance of DOIF,
the mechanism of DOIF process was revealed as well.

2. Materials and methods
2.1. Raw water

The water used in this study was effluent wastewa-
ter with pH of 6.9-7.4 collected before the disinfection step

at the effluent of the sedimentation tank in a municipal
WWTP in Xian, China. The WWTP consists of a biolog-
ical anaerobic-anoxic-oxic (AAO) treatment process that
mainly treats domestic wastewater. The capacity of the
WWTP is 500,000 m*> d with hydraulic retention time of
20 h and sludge retention time of 19 d. The effluent of the
WWTP typically has the following characteristics: color
2.6-3.1 c.u,, turbidity 2.0-5.0 NTU, UV, 0.12-0.13 cm™, TOC
5.0~8.0 mg L7, total phosphorus 0.1-0.3 mg L™ and Escherichia
coli 300-600 cfu mL™.

2.2. Experimental setup

The experimental setup of DOIF system is shown in
Fig. 1. The major part of the DOIF separator is a closed cylin-
drical compartment with an inner column at the centre and
a baffle, thus, dividing the cylindrical space into a contact
zone, a separation zone and an ozonation reactor. On top of
the compartment, there is an inversely placed circular cone
forming a scum chamber. There are two inlets at the bottom
of the separator. One serves as the entrance for the raw water,
that is, the secondary effluent, after coagulant (polyalumin-
ium chloride, PAC) dosing and mixing through the raw
water pump and online hydraulic mixer. Another serves as
the entrance for the return flow mixed with dissolved ozone.
Next to the ozone dissolving pump and following the satu-
rator, gaseous ozone from an ozone generator is dissolved
in the water (return flow from the treated water) as micro
bubbles. The two flows are well mixed under hydraulic
conditions as they enter the contact zone from its bottom.
Therefore, a contact reaction of ozone with pollutants and
attachment of pollutants onto micro ozone bubbles occurs
at the same time in the contact zone. In the separation zone,
floated scum accumulates on the top and treated water is col-
lected through the perforated annular pipe at the bottom and
flow into ozonation reactor beneath the baffle. In the ozona-
tion reactor, the effluent from the separation zone was fur-
ther oxidized by using ozone which was not dissolved in the
ozone dissolving pump. A magnetic valve is installed on the
“inverted U-shaped tube”, which is automatically controlled
by a time controller so that it can be switched “open” and
“closed” at pre-set time intervals. As the valve opens, treated
water flows out of the DOIF separator at a regular rate and the
water level decreases in the separator. As the valve closes, the
treated water flow is shut down, and the water level begins to
rise in the DOIF separator. In this way, scum accumulated on
the top can get discharged. In addition, standard operational
condition for the DOIF reactor is shown in Table 1.

2.3. Analytical methods
2.3.1. Aerated flocs characterization

Aerated flocs characterization technique was used to
characterize multiphase system in flocculation—flotation
processes, which takes into account the principle of atmo-
spheric pressure balance. The main component of the aerated
flocs characterization technique is the rising tube that con-
sists of an acrylic circular tube with a total length of 45 cm
and an inner diameter of 5 cm. Over the tube, there is a top
rectangular acrylic box (10 cm x 10 cm x 15 cm) that has four
glass windows on the lateral walls (15 cm x 7 cm each) and
one on top (7 cm x 7 cm). Also, this box has an opening system
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Fig. 1. Experimental setup for DOIF system. (1) Raw water tank; (2) PAC dissolving tank; (3) online mixing; (4) contact zone;
(5) separation zone; (6) ozonation reactor; (7) ozone generator; (8) multiphase flow pump; (9) effluent; (10) saturator.

Table 1
Standard operational condition for the DOIF reactor

Parameters Value

Raw water flow rate, m® h™! 1.5

Air and gaseous ozone flow rate 0.2m®h™ (at 1 atm)
DOIF separator height?, m 3.6

Diameter, m 0.8

Surface overflow rate, m h 3.0

Online mixing time, s 60

PAC dosage, mg L™ 160

HRT in the DOIF separator, min 50

HRT in the extra ozonation reactor, min 10

aWithout sludge chamber.

for cleaning. The optical microscope (Nikon SMZ1270i) was
positioned at the surface of the system to view the micro-
bubbles and aerated flocs. Qualitative data such as flocs and
bubble size distribution can be obtained using image analy-
sis software (NIS-Elements D 3.2). A schematic of the aerated
flocs characterization system is shown in Fig. 2.

2.3.2. Water quality analysis

Turbidity was measured by using a Hanna (Shanghai,
China) turbidity meter [18] whereas color was measured by
the platinum-cobalt method using a UNIC TU-1901 spectro-
photometer at 350 nm. TOC and UV,,, were measured by the

m

Fig. 2. Schematic of the aerated flocs characterization technique:
(1) raw water; (2) ozone generator; (3) recycle water; (4) optical
microscope; (5) illumination sources; (6) screen; (7) tube of the
aerated flocs characterization technique; (8) flotation cell.

catalytic combustion method using a Shimadzu TOC-VCPH
analyzer and a UNIC TU-1901 spectrophotometer at 254 nm
(cell length 1 cm), respectively. Total phosphorus was mea-
sured using potassium persulfate method. Total coliforms
were analyzed by membrane filter technique, and the results
were recorded in terms of colony forming unit (cfu) [19].

2.3.3. Fluorescence excitation—emission matrix analysis

Fluorescence measurements were conducted using a
spectrofluorometer (FP-6500, JASCO, Japan) equipped with
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a 150 W xenon lamp at ambient temperature. A 1 cm quartz
cuvette with four optical windows was used for the analy-
ses. Emission scans were performed from 280 to 550 nm at
5 nm steps, with excitation wavelengths from 220 to 480 nm
at 2 nm intervals. The slit widths for excitation and emission
were 5 nm. The detector was set to high sensitivity and the
scanning speed was maintained at 2,000 nm min™ in this
study. Under the same conditions, fluorescence spectra for
distilled water were subtracted from all the spectra to elimi-
nate water Raman scattering and to reduce other background
noise throughout the experimental period.

2.3.4. Molecular weight distribution and para-chlorobenzoic
(pCBA) acid analysis

Molecular weight distribution in DOIF system and the
concentration of pCBA were conducted by high performance
liquid chromatography using a LC-2010AHF liquid chromato-
graphic analyzer (Shimadzu, Japan). The characterization of
the molecular weight distribution used Zenix SEC-100 gel
column and a UV detector at 254 nm. In addition, the mobile
phase was 150 mM phosphate buffer solution with a pH of
7.0 0.1 and the velocity was 0.8 mL min™.

The concentration of hydroxyl radicals in the solu-
tion was indirectly monitored by the *OH-probe method.
In this study, pCBA was selected as °*OH-probe not
only because it displays slow reactions with ozone
(Kos, pcpa < 015 Ms™) [20] and rapid oxidation kinetics with
the "OH radical (k},,, pcpa =D X 10° M1s™) [21] but also because
it was hardly removed by coagulation process [15]. In addi-
tion, sodium thiosulfate (0.025 M) was added to quench *OH
in the sampling bottle, preventing its further oxidation. The
concentration of pCBA was measured using C-18 column
and a UV detector at 234 nm. The mobile phase was aceto-
nitrile: H,O (adjusted to pH 2 with phosphoric acid) = 50:50
and flow rate was kept at 1 mL min™.

3. Results and discussion

3.1. Effect of saturator pressure and of recycle ratio on the bubbles
and aerated flocs size distribution

3.1.1. Effect of saturator pressure and of recycle ratio on the
bubbles size distribution

Fig. 3(a) shows the effect of saturator pressure on the
bubbles size distribution at 30% recycle ratio. At 0.3 MPa, the
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bigger bubbles 100-230 pm accounted for 38.63% of the pop-
ulation. Also, at 0.4 MPa, the majority of bubbles (>80%) were
smaller than 100 pm while the bigger bubbles 100-140 um,
accounted for just 15.84% of the population. Similarly, at
0.5 MPa, the majority of bubbles (>70%) were smaller than
100 um while the bigger bubbles 100-220 pm accounted
for 24.04% of the population. The average bubble size was
87,70 and 75 um at the saturator pressure of 0.3, 0.4 and
0.5 MPa, respectively. The results showed that the smallest
bubbles diameter was at 0.4 MPa. In addition, the average
size remained steady when the saturation pressure is equal to
or higher than 0.4 MPa. According to the previous study by
Azevedo et al. [22], this condition guaranteed a small size of
microbubbles and high bubble surface area flux, while min-
imizing energy consumption compared with 0.5 MPa. And
this result was similar to that of previous studies [23-25],
which implied the limitation of microbubble generation with
the control of operational pressure.

Fig. 3(b) shows the effect of recycle ratio on the bub-
ble size distribution at 0.4 MPa. At recycle ratio of 30%, the
majority of bubbles (>80%) were smaller than 100 pm while
the bigger bubbles 100-140 pum, accounted for just 15.84%
of the population. Moreover, the bigger bubbles 100-180 pm
accounted for 55.90% and 52.24% of the population at recycle
ratio of 30% and 40%, respectively. The average bubble size
was 70, 96 and 92 um at recycle ratio of 30%, 40% and 50%,
respectively. The results showed that smallest bubbles diam-
eter was at recycle ratio of 30%. The average microbubbles
size at recycle ratio of 40% was larger than that at recycle
ratio of 30%, which appeared to be due to the increase of tur-
bulence flow that caused coalescence and growth between
bubbles. Moreover, the average size was hardly changed
when the recycle ratio was equal or higher than 0.4 MPa. The
results showed that the average bubbles size increased with
the increase of recycle ratio, likely due to the increase of tur-
bulence flow, which caused coalescence and growth between
bubbles. According to the previous study [26], flotation rate
was related to bubble size, which should be as small as pos-
sible in order to facilitate solid-liquid separation. Therefore,
the optimal recycle ratio was 30%, which concurred with
recent result [27].

In general, the previous studies [28-31] reported that the
size distribution of microbubbles is 30-100 um. At 0.4 MPa,
30% recycle ratio, the majority of bubbles (>80%) were
smaller than 100 pm while the bigger bubbles 100-140 um,
accounted for just 15.84% of the population. As shown in
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o 0 100 150 2m 251 o 0 100 13 20

Buhhle size, pm

Bubhle size, pm

Fig. 3. Bubbles size distribution and their microphotographs. Experimental conditions: (a) at a fixed recycle ratio (30%); (b) at a fixed

pressure condition (0.4 MPa); (c) at 0.4 MPa, 30% recycle ratio.
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Fig. 3(c), microphotographs of bubbles contained a small
amount of large bubbles, which was agreed with the previ-
ous studies [32,33] that gave evidence to the presence of these
large bubbles. This effect appears to be due to turbulent flow.
Overall, the favorable bubbles were generated at 0.4 MPa and
30% recycle ratio.

3.1.2. Effect of saturator pressure and recycle ratio on the
aerated floc size distribution

Fig. 4(a) shows the effect of saturator pressure on
the aerated flocs size distribution at 30% recycle ratio.
The average aerated floc size was 0.50, 0.63 and 0.58 mm
at the saturator pressure of 0.3, 0.4 and 0.5 MPa, respec-
tively. The results showed that there were larger aerated
flocs at 0.4 MPa compared with other operational con-
ditions. According to the previous study [34], bubbles
were entrapped in floc structures, which are favorable to
improve rising velocity of the aerated floc, thereby improv-
ing solid-liquid separation. Therefore, aerated flocs at
0.4 MPa may contain more number of bubbles, which can
be effectively removed.

Fig. 4(b) shows the effect of recycle ratio on the aerated
flocs size distribution at 0.4 MPa. The average aerated flocs
size generated was 0.63, 0.54 and 0.48 mm at recycle ratio
of 30%, 40% and 50%, respectively. These data showed that
the number of small flocs increased with the increasing
of the recycle rate, which was due to the rupture of large
flocs which attributed to the excessive mixture or difficulty
growing at rapid flocculation. According to the previous
study [35], this fact is especially true when the turbulence
causes the aggregates to break due to shear forces gener-
ated in the liquid. In addition, the surface area of a floc
limits the number of bubbles that can be attached [29,36].
Thus, as the recycle ratio increases, aerated flocs contain
less bubbles, which is difficult for solid-liquid separation.
The optimal recycle ratio was 30%, which was similar to
the recent result [37], and much higher recycle ratios can-
not further improve the performance, but just increase the
running cost.

Fig. 4(c) shows microphotographs of aerated flocs at
0.4 MPa, 30% recycle ratio, which contained a large num-
ber of microbubbles. Like this, aerated flocs were formed
at this operation condition, which facilitated solid-liquid
separation. To sum up, the favorable aerated flocs were
generated at 0.4 MPa and 30% recycle ratio.

3.2. Removal performance by the DOIF at optimal operational
condition

3.2.1. Color and turbidity removal performance

DOIF system had good performance for color removal
and the extra ozonation can further remove color (Fig. 5(a)).
The color in water treatment can be divided into two parts.
One is the apparent color, which is caused by suspended
solids, and the other is the real color, which is caused by
unsaturated carbon bonds and aromatic organic matter.
The conventional tertiary wastewater treatment process
can work for the removal of apparent color [38], but for
real color, the removal performance is often poor [39]. The
mechanism of decolorization in the DOIF process is mainly
the result of ozonation both in flotation part and extra
ozone oxidation, which essentially oxidizes the organic
matter to achieve real color removal. Also, the flotation in
the DOIF process can remove the apparent color in water.
There was relatively good turbidity removal in the flotation
part although the turbidity in the raw water was not stable
(Fig. 5(b)). However, there was very poor turbidity removal
during extra ozonation because ozone oxidation cannot
remove suspended particles.

3.2.2. Organic matter removal performance

Figs. 6(a) and (b) show the UV,,, and TOC removal per-
formance, respectively. The meaning of UV, can reflect the
amount of the organic matter that can absorb the UV light at
254 nm such as unsaturated and aromatic organic matter. It
was reported that ozone oxidation could achieve a remark-
able removal performance of this part of the organic matter.
Fig. 6(a) shows that the UV, had stable removal performance
throughout the treatment process. As shown in Fig. 6(b), the
TOC removal was stable in ozone flotation part and poor in
extra ozonation reactor. It could be expected that ozone flo-
tation was mainly responsible for organic matter removal as
well as organic matter structure changing. Whereas, extra
ozonation can just change the structure because of the very
poor TOC removal.

According to Fig. 7, the EEM spectra show that the raw
water mainly contained humic-like substances [40]. The flu-
orescence intensity decreased along the treatment process. It
indicated that the aromaticity reduced during the treatment,
that is, the organic matter structure was changed. Molecular
weight distribution variation in DOIF system is shown in
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Fig. 4. Aerated floc size distribution and their microphotographs. Experimental conditions: (a) at a fixed recycle ratio (30%); (b) at a

fixed pressure condition (0.4 MPa); (c) at 0.4 MPa, 30% recycle ratio.
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Fig. 8. The molecular weight distribution was not changed
in ozone flotation section. However, the amount of small
molecular weight organic matter increased in extra ozona-
tion section indicating a transformation of high molecular
weight organics into small molecular weight organics.

3.2.3. Total phosphorus removal and disinfection performance

Coagulation can remove total phosphorus. Therefore,
the DOIF system had high removal efficiency for total phos-
phorus (Fig. 9(a)), whereas, the extra ozonation section had
poor total phosphorus removal. After the tertiary wastewater
treatment, the treated water can have several reuse purposes.

300 350 400 450

Whatever the purpose is, the disinfection process is needed
to guarantee the safety of the reclaimed water. In the DOIF
process, the ozone serves not only as an oxidizer but also
as a disinfectant. As shown in Fig. 9(b), the DOIF had very
good disinfection performance. Additionally, the extra ozo-
nation reactor can further improve the disinfection effect of
the DOIF system.

3.3. Mechanism of DOIF process

Ozone reacts with organic contaminants via the direct
oxidation of ozone molecules or the indirect oxidation via
hydroxyl radical reaction. In addition, when ozonation and
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coagulation occurred simultaneously within a single unit,
hydrolyzed products of metal salt coagulants can be used as
catalyst to promote the *OH generation, thereby improving
the removal efficiency of organic matters [15]. Accordingly,
there may be catalytic effects of Al-based coagulant on ozo-
nation in the DOIF process.

In order to investigate the mechanism within the DOIF
process, the “OH was indirectly measured via the probe com-
pound pCBA. According to the previous study [15], pCBA
was hardly removed by coagulation. pCBA concentration
was examined during the DOIF process either with or with-
out PAC. The results were shown in Fig. 10. The DOIF pro-
cess with PAC promoted the pCBA removal, which implied
more *OH generation. At the same time, significant decrease
in pCBA removal was obtained in the presence of tert-buta-
nol, a well-known *OH scavenger, regardless of the presence
of PAC. The results above proved the generation of *OH and
the involvement of *OH oxidation in the DOIF process. In
addition, the previous studies [41,42] confirmed that the
surface hydroxyl groups of aluminum oxides as catalysts
were favorable for the decomposition of ozone into hydroxyl
radical. Ozone can react with hydroxyl groups in the aque-
ous solution through the basic attractive forces of electro-
static forces or/and hydrogen bonding [43], leading to the
decomposition of ozone, then generating *OH through chain
reaction. Therefore, in this case, ozone not only reacted with
OH-~in aqueous phase to initiate the chain reactions but also
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Fig. 8. Molecular weight distribution in DOIF system.
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with the surface hydroxyl groups of Al-based coagulant to
generate *OH.

4. Conclusions

A novel DOIF process was developed for application in
wastewater reclamation, where ozonation, coagulation and
separation occurred simultaneously. Compared with the
DOF process, an ozonation zone was added to further oxi-
dize refractory contaminants by residual ozone gas. In this
study, a pilot-scale DOIF system fed by secondary efflu-
ent from a WWTP in Xi’an, China, was used to evaluate its
performance in tertiary wastewater treatment. The results
showed that the favorable bubbles and aerated flocs were
generated at 0.4 MPa and 30% recycle ratio. At the optimal
operational condition, the DOIF process exhibited favorable
performance of color, turbidity, UV,,,, TP removal and dis-
infection in general. Moreover, DOIF system can use extra
ozone which cannot be dissolved to further remove color,
UV,,, total coliform and therefore reduce the waste of ozone
from the ozone generator. The DOIF process generated more
*‘OH in the presence of PAC. At the same time, significant
decrease in pCBA removal was obtained in the presence of
tert-butanol, a well-known ‘OH scavenger, regardless of
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Fig. 9. (a) Total phosphorus removal and (b) disinfection performance.
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the presence of PAC. This indicates that the *OH oxidation
reaction was involved in the DOIF process and enhanced the
removal performance of dissolved organic matter.
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