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ABSTRACT

The residual sludge in the secondary sedimentation tank of the municipal sewage treatment plant
was taken as the treatment object, the synergistic effect of swirl cutting and ozone oxidation was
used to investigate the sludge reduction effect and the effect of the process on sludge lysis cells. The
results showed that the mixed decomposition of sludge (swirl cutter and ozone treatment) was bet-
ter than ozone alone. The removal rates of mixed liquor suspended solids and mixed liquor volatile
suspended solids were 85.6% and 91%, respectively, when the ozone dosage rate was 15 mg-O,-g™
suspended solids (SS). A better sludge reduction effect could be achieved with a lower ozone dosage
rate. By examining microscope images with different magnifications before and after sludge treat-
ment, it can be established that the swirl cutting process can disintegrate the sludge floc, thereby
making the sludge floc into smaller particles and allowing ozone to be in full contact with the sludge
floc. The carbon release effect of the sludge was characterized by chemical oxygen demand disso-
lution rate, which continued to increase with increasing ozone dosage. Total nitrogen (TN), total
phosphorus (TP), PO,*-P, and polysaccharide leaching continued to grow with increasing ozone
dosage, with the concentration of TN increasing from 2.83 to 33.27 mg-L7, 11.76 times the initial con-
centration. The concentration of TP increased from 5.2 to 13.14 mg-L™ at 15 mg-O,-g™ SS, the con-
centration of PO,*—P increased from 3.75 to 12.8 mg-L™ and the concentration of polysaccharides
increased from 7 to 37 mg-L™. Three-dimensional fluorescence was used to look at the changes in
dissolved organic matter in the liquid phase of sludge both before and after treatment. The syner-
gistic effects of swirl cutting and ozone oxidation resulted in the oxidation and decomposition of
fulvic acid and aromatic protein I into small molecules without fluorescent characteristics.
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1. Introduction

Sewage sludge (wastewater treatment solids) is a rich
source of nutrients and organic material [1]. The generation
of excess sludge has increased recently as a result of the adop-
tion of activated sludge techniques in numerous wastewater
treatment plants. If this excess sludge is not properly treated
and disposed of, it will seriously harm the environment
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and natural resources [2]. However, traditional methods of
sludge disposal and treatment are often constrained by their
adverse environmental impacts, large footprints, and high
costs. Therefore, treating sludge at the source is considered
the most direct and effective strategy to solve these problems
[3]. Under the current circumstances of excessive sludge
production, limited alternatives of disposal, and high treat-
ment and disposal costs, the development of sludge reduc-
tion technologies has emerged as one of the most important
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approach to address the sludge problem. The three types of
such sludge reduction technologies include predation, met-
abolic decoupling, and stealth growth. One of these technol-
ogies has good potential based on cryptic growth, which is
the anabolic use of cell lysis products by microorganisms.
The sludge cells dissolve and release intracellular material
after being treated with lysis cells, and the treated sludge
is then added back to the biochemical tank as a secondary
substrate to encourage the cryptic growth of other microbes,
thereby lowering sludge formation. Lysis-cryptic growth
can further be improved by several techniques including
alkaline [4], Fenton [5], ultrasonic, ozone, etc. Ozonation is
a promising method of reducing excess sludge in wastewa-
ter treatment plants [6], and ozone oxidation technology has
been applied for the sludge reduction in municipal waste-
water treatment plants. Ozone reacts with sludge mainly
by breaking the sludge cells through its strong oxidizing
properties. It causes the sludge cells to lyse and release the
intracellular substances by oxidizing and decomposing the
leached intracellular macromolecular organic matter into
smaller molecules. However, practically ozone and sludge
reactions are ineffective in terms of mass transfer. As sludge
problems have become more severe, further research is being
conducted to enhance ozone sludge reduction technology
and its integration with other technologies. Yasui et al. [7,8]
attained zero sludge discharge in the 1990s via the use of
ozone to reduce residual sludge. Qiang et al. [9] achieved
a maximum sludge reduction efficiency of 85% for 141 d of
continuous operation of a pilot-scale treatment system com-
bining sludge ozonation with the A?/O process. Huang et
al. [10] proposed an in-situ sludge reduction process based
on Mn* catalyzed ozone conditioning. This study offers
a synergistic effect of swirl cutting and ozone oxidation to
investigate the effect on sludge reduction, carbon source
release, and sludge lysis cells based on the current trends of
ozone oxidation sludge reduction technology.

2. Material and methods
2.1. Experimental sludge

Sludge from a secondary settling tank in the A%/O process
of a sewage treatment facility was obtained for the experi-
mentations, transported back to the lab, and mixed with tap
water to bring the sludge concentration to around 4 g-L7.
Specific sludge indicators are shown in Table 1. In the exper-
iment, the sludge reduction effect was characterized by the

Table 1
Initial index of sludge in the test group

Indicators Test sludge
MLSS (mg-L™) 3,950
MLVSS (mg-L™) 1,230
MLVSS/MLSS 0.31
Supernatant COD (mg-L™) 47.62
Supernatant TP (mg-L™) 52
Supernatant ammonia nitrogen (mg-L™") 1.232

pH 9

removal rates of mixed liquor suspended solids (MLSS) and
mixed liquor volatile suspended solids (MLVSS) instead of
suspended solids (SS) and volatile suspended solids. MLSS
is generally used in biological ponds and characterizes the
sludge concentration of the biological system. SS refer to
the suspended solids contained in the inlet and outlet, with
many pollutants, including chemical oxygen demand (COD),
P, etc, which is a kind of influent water quality parame-
ter. MLVSS indicates the concentration of organic solids in
activated sludge, which better reflects sludge activity.

Other meanings of indicators: (supernatant COD refers to
the concentration of chemical oxygen demand in the super-
natant. Supernatant TP denotes the concentration of total
phosphorus in the supernatant. Supernatant ammonia nitro-
gen is the concentration of ammonia nitrogen in the super-
natant. (Supernatant is defined as the cleaner liquid that is
above the sludge after changing the sludge to water ratio
and letting it sit for a while).

2.2. Swirl cutter

The swirl cutter is shown in Fig. 1. Parameters: internal
diameter: 48 mm, ozone inlet diameter: 6 mm, pipe outlet
diameter: 10 mm.

2.3. Experimental setup and methods

Sludge from the sludge reactor is pumped through
the pipe into the swirl cutter and then flows back into the
sludge reactor. In this process, firstly sludge enters the swirl
chamber where swirl cutter rotates at high-speed forming a
swirl conditions resulting in a reduction in pressure at the
center of the swirl. When this pressure is below the satura-
tion vapor pressure of the liquid, swirl cutting occurs, and
the cutting bubbles are ejected from the outlet of the swirl
cutter with the sludge. When normal pressure is restored
in the sludge reactor, the cutting bubbles are collapsed. The
collapse of the cutting bubbles generates strong shear and
penetration forces in the fluid, hence destroying sludge flocs
and cell walls. While the cutting cleaves hydroxyl radicals
formed by the water molecules, which can trigger a strong
redox reaction, destroying sludge flocs, dissolving cells
and releasing intracellular substances [11], oxidizing the
dissolved organic matter to carbon dioxide and water for
sludge minimization [12]. On the other hand, the ozone gen-
erated by ozone generator through industrial oxygen, enters
the swirl cutter. The swirl shears it into ozone microbub-
bles, which flow out and react with the sludge in the sludge
reactor to improve the mass transfer of ozone. During
the sludge treatment process, the sludge is continuously
pumped through the swirl cutter, allowing it to be recycled
into the sludge reactor.

The sludge was dosed at a volume of 30 L and the pH
was adjusted to 9. The ozone concentration used was
60 mg-L™, the ozone gas flow rate was 1 L-min™, and the total
ozone dose was 15 mg-O,g™' SS. The sludge flow rate was
14 L-min™, and the sludge line pressure was 0.4 MPa.

2.4. Analysis methods

The concentrations of COD, TP, ammonia nitrogen
(NH;-N), total nitrogen (TN), nitrate nitrogen (NO;-N), and
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Fig. 1. Physical picture and CAD picture of swirl cutter.

nitrite nitrogen (NO,-N) were determined by using Lianhua
Technology’s 5B-3B multi-parameter water quality analyzer.
Concentrations of biochemical oxygen demand (BOD), and
orthophosphate (PO}—P) were determined by using stan-
dard analytical methods. The concentration of organic nitro-
gen (ON) was the difference between the concentrations of
TN, NH;-N, NO;-N, and NO;-N. Protein was determined
by using the Komas Brilliant Blue method and polysaccha-
rides were determined by using the phenol-sulphuric acid
method. The chemical oxygen demand dissolution rate
(DD¢,) [13] provides a more intuitive characterization of
the degree and rate of release of carbon sources from the
sludge and was calculated as follows.

_ SCOD, -SCOD,

DD, =
P TCOD-SCOD,

x100% 1)

TCOD is the COD concentration of sludge mixture
before treatment, mg-L™; SCOD, is the COD concentration
of sludge supernatant before treatment, mg-L™; SCOD, is
the COD concentration of sludge supernatant at time t after
treatment. The sludge reduction effect was characterized
by the removal rates of MLSS and MLVSS.

MLSS, - ML
MLSS Removal Rate = MLSS, -MLSS, x100% (2)
MLSS,
MLVSS, -MLV!
MLVSS Removal Rate = Sy 55, x100% 3)

MLVSS,

The 3D fluorescence spectra of the sludge supernatant
were measured using a Hitachi F-7000 3D fluorescence spec-
trophotometer. Test conditions: excitation wavelength (Ex)
200-500 nm at 5 nm intervals; emission wavelength (Em)
250-600 nm at 5 nm intervals; scanning speed 1,000 nm-min-,
excitation/emission slit 5 nm.

3. Results and discussion
3.1. Sludge reduction effect

To illustrate the benefit of the synergistic effect of swirl
cutting and ozone oxidation, the effect of ozone action alone
was compared with the effect of sludge reduction using
the variations of MLSS and MLVSS. Figs. 3 and 4 display
the MLSS and MLVSS sludge removal rates, respectively.
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Fig. 2. Experimental apparatus (1) oxygen bottle; (2) ozone generator; (3) swirl cutter; (4) sludge reactor; (5) flowmeter; (6) pressure

gauge; (7) water pump.

100
80
60
40

20

Removal rate of MLSS

=]
[
(=]
N
=)

60 80 100

=@ sir| cutting and ozone
oxidation

Time (min) «=@=0z0ne oxidation

Fig. 3. Changes of MLSS removal rate under different treatment
methods.
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Fig. 4. Changes of MLVSS removal rate under different treat-
ment methods.

From Fig. 3 it can be seen that the MLSS decreases rap-
idly and the MLSS removal rate is high due to the syner-
gistic effect of swirl cutting and ozone oxidation; at 60 min,
the MLSS removal rate reaches 93.6%, and by 80 min, it

approaches 98%. The rate of MLSS reduction in the ozone
oxidation method was slightly slower than that in the
synergistic effect of swirl cutting and the ozone oxidation
method, and the MLSS removal rate reached 90.9% at 80 min,
and then the MLSS remained basically unchanged, and the
MLSS removal rate was 93.1% at 100 min. The variations of
MLVSS and MLVSS removal rate are comparable to those of
MLSS and MLSS removal rate, as shown in Fig. 4. The MLVSS
decreases more quickly owing to the synergistic effect of
swirl cutting and ozone oxidation than the ozone-oxidized
sludge method. Due to the synergistic effects of swirl cut-
ting and the ozone oxidation approach, the MLVSS removal
rate increased to 96.7% at 40 min and then gradually reaches
to 99.4% at 100 min. The MLVSS removal rate using the
ozone oxidation approach was 92.6% at 80 min, and then it
stayed essentially stable until it reached 94.5% at 100 min.

The sludge has a high rate of MLSS and MLVSS removal
due to the synergistic impact of swirl cutting and ozone
oxidation; the required reaction time is short; and the treat-
ment efficiency is high. This demonstrates how the com-
bined effects of swirl cutting and ozone oxidation can
increase the effectiveness of reducing sludge.

To further investigate the reduction effect, we set the
optimal ozone concentration. Fig. 5 illustrates the fluc-
tuation in MLSS and MLVSS removal rates as well as the
MLVSS and MLSS values of the sludge with ozone dosage
under optimal process conditions.

The trends of the MLSS and MLVSS removal rates
under different ozone dosages were compared. The MLVSS
removal rates were greater than MLSS removal rates, it was
noticed that the removal rates are faster prior to the ozone
dose of 10 mg-O,-g™ SS and they slightly slowdown after
the ozone dosage of 10 mg-O,-g™" SS. The removal rates of
MLSS and MLVSS were 85.6% and 91%, respectively, at an
ozone dose of 15 mg-O,-g™ SS, and the MLVSS/MLSS value
decreased from the initial 0.32 to 0.18. It can be seen that
with the synergistic effect of swirl cutting and ozone oxi-
dation, a better sludge reduction can be achieved with a
lower ozone dosage. This is because the large specific sur-
face area of ozone microbubbles improves the gas-liquid
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mass transfer efficiency of ozone, which is conducive to the
adequate reaction between ozone and sludge. MLVSS is a
part of MLSS, and MLVSS/MLSS decreases mainly because
sludge lysis is the most important factor. MLSS decreases
mainly because organic matter in sludge particles dissolves
into the liquid phase with the rupture of cell walls and cell
membranes after sludge lysis, resulting in a rapid decrease
in organic matter in the solid phase of sludge. The sludge
MLVSS/MLSS values decreased significantly faster after
the ozone dosage of 10 mg-O,-g" SS, while the removal
rate of MLSS and MLVSS increased faster before the ozone
dosage of 10 mg-O,-g™ SS. This indicates that the reaction
between swirl cutting and synergistic ozone oxidation was
dominated by lysis in the early stage and mineralization in
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Fig. 5. Changes in MLSS and MLVSS removal rate and MLVSS/
MLSS with ozone dosage.

the later stage. In the later stage of the reaction, the min-
eralization of organic matter was greatly enhanced by the
synergistic effect of ozone and swirl cutting.

3.2. Sludge floc structure

The sludge floc may be destroyed during the swirl cut-
ting operation, breaking it up into smaller pieces. Fig. 6 dis-
plays microscopic images of treated and untreated sludge
at different magnifications. The cracking mechanism of
sludge can be further analyzed using these images.

Before treatment, the sludge structure was seen to be
tight, bulky, and clumped together, and the sludge cells
were found to contain a significant amount of chemicals
(40 x 16 times). The sludge grew thinner after treatment,
and the sludge flocs were broken and no longer in obvi-
ous clumps. It is evident that swirl cutting has the ability
to break up and disperse sludge flocs into smaller particles.
Ozone can fully interact with the sludge floc in this manner.

3.3. Carbon source release effect

The residual sludge contains a large amount of carbon
material, which is released into the sludge supernatant
after sludge lysis cells and can be used as a carbon source
back to be decomposed and utilized by other microorgan-
isms. The variation of SCOD and BOD with ozone dosage
during the sludge reduction process is shown in Fig. 7.

The supernatant’s SCOD and BOD revealed an overall
tendency to rise with increasing ozone dosage. With an ozone
dose of 15 mg-O,-g™" SS, the SCOD increased from 47.62 to
360.5 mg-L~, which is 7.57 times greater than the initial con-
centration, while BOD increased from 8.7 to 113.2 mg-L7,
which is 13.01 times higher than the initial concentration.

.
) e W I :
10x16 times (Prior to processing)

40x16 times (Prior to processing)

40x16 times (After processing)

Fig. 6. Microscope images at different magnifications before and after sludge treatment.
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Prior to the ozone dose of 5 mg-O,-g™' SS and after the ozone
dose of 5 mg-O,-g" SS, the added value of SCOD and BOD
in the supernatant were higher. The reason being that at the
onset of the reaction, the process of the synergistic effect of
swirl cutting and ozone oxidation was mainly to break the
wall lysis cell, and a large amount of organic matter from
the cell entered the liquid phase, and SCOD and BOD in the
supernatant increased rapidly. With the increase of organic
matter in the liquid phase, the ozone synergistic swirl cut-
ting effect reacts with sludge cells and also with organic
matter dissolved in the liquid phase. Cell lysis is reduced
on the one hand, and some of the organic matter dispersed
in the liquid phase is oxidized and degraded into tiny mol-
ecules or directly mineralized on the other hand, resulting
in a decrease in the increment of SCOD and BOD.

The biochemical properties of the supernatant were
characterized by B/C, which varied as shown in Fig. 8. With
increasing ozone dosage, B/C showed a trend of increas-
ing and decreasing simultaneously. At an ozone dosage
of 5 mg-O,-g™ SS, B/C increased from 0.18 to 0.35, and bio-
chemical properties were significantly improved. At ozone
dosages of 10 mg-O,-.g" SS and 15 mg-O,g" SS, B/C was
decreased to 0.3 and 0.31, respectively. This is due to the BOD
being partially oxidized and degraded by the synergistic
effect of swirl cutting and ozone.
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Fig. 7. Changes of SCOD and BOD in sludge supernatant with
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DD, is a measure of the effect of carbon release from
sludge. The fluctuation of TCOD and DD_,, with ozone
dosage is shown in Fig. 9. As ozone exposure increases,
TCOD falls and DD_, rises. When the ozone dosage was
15 mg-O,g"' SS, DD, was 13.7%. DD_,, was not high
primarily due to the fact that the (-OH) reaction predomi-
nated the ozone reaction under weak alkaline circumstances,
whereas swirl cutting improved the oxidation efficiency of
the ozone and synergistically produced a large amount of
(-OH) with a strong mineralizing effect. It can be seen that
the TCOD decreased continuously with increasing ozone
dosage, from 2,323 to 630 mg-L™, indicating that a large
amount of organic matter was reacted and mineralized.

3.4. Release of elemental nitrogen

The variation of the content of each form of nitrogen in
the sludge supernatant with the amount of ozone dosage
is shown in Fig. 10.

With increasing ozone dosage, total nitrogen (TN) leach-
ing continued to increase, with TN increasing from 2.83
to 33.27 mg-L™' at an ozone dosage rate of 15 mg-O,g™ SS,
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Fig. 9. Sludge TCOD, DD, variation with ozone dosage.
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11.76 times higher than the initial concentration. The signif-
icant increase in TN concentration in the liquid phase was
mainly due to the rupture of sludge cells under the syner-
gistic effect of ozone and swirl cutting, resulting in leaching
of intracellular material and the transfer of large amounts
of nitrogenous organic and inorganic substances from the
solid phase to the liquid phase. As the reaction progresses,
the rate of increase in TN slows down, indicating that sludge
concentration and cellular leachable are decreasing, while
the synergistic effect of swirl cutting and ozone oxidation
begin to shift towards mineralization of the leached mate-
rial. Ammoniacal nitrogen (NH;-N) was increased from
1.232 to 11.85 mg-L™, which represent 35.62% of the leached
TN. Organic nitrogen (ON) was increased from 0.271 to
16.725 mg L, representing 50.27% of the leached TN. It can
be seen that the leached TN from the sludge was dominated
by NH;-N and ON, with most present in the form of ON.
This is primarily because, following the sludge lysis cell, a
significant amount of nitrogenous organic matter, including
proteins, nucleic acids, and humic acids, was released into
the supernatant, leading to a rise in ON concentration. The
spin-cutting effect produced ozone and —-OH, which could
further mineralize organic nitrogen into inorganic nitrogen
and cause structural damage to proteins, nucleic acids, and
humic acids. This slowed the rate of ON rise in the later
stages of the reaction. NH;-N continued to increase as a
result of the release of intracellular components and the con-
version of ON. NO;-N increased from 1.303 to 4.651 mg-L™,
accounting for 13.95% of the dissolved TN, which was a rel-
atively small increase and was essentially stable after the
ozone dose of 5 mg-O,g" SS, with a small increase. This is
probably due to the fact that NO;—N originated mainly from
the sludge floc, which initially adhered to the sludge surface
and inside, and the sludge floc was broken up and NO;-N
was released in the liquid phase without further change.
The NO;-N concentration always remained at a lower level
(<0.05 mg-L™) and did not change much. This is mainly due
to the low initial content of NO;-N and the ozone oxidation
reaction degrades ammonia nitrogen in the water, so it is
easily oxidized to NO;-N by the action of ozone [14].

3.5. Release of elemental phosphorus

The variation of TP and orthophosphate (PO?-P) leach-
ing in the sludge supernatant with ozone dosage is shown
in Fig. 11.

With increasing ozone dosage, the concentrations of TP
and POj‘—P in the supernatant continued to increase, with
TP increasing from 5.2 to 13.14 mg-L™" and PO} -P increas-
ing from 3.75 to 12.8 mg-L" at an ozone dosage rate of
15 mg-O,-g™ SS. The phosphorus in the sludge was mainly
present in the sludge cell membranes and cytoplasm and was
released from the sludge cells into the supernatant during
the lysis process. The phosphorus was released from the
sludge cells and into the supernatant. This shows that the
combined action of swirl cutting and ozone oxidation dam-
aged the sludge cell membranes. It can be seen that the TP
in the supernatant is dominated by PO;—P, which can be
recovered by adding guano stones first when the sludge is
returned to the water to avoid an accumulation of phospho-
rus in the wastewater treatment system.
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3.6. Polysaccharide release

The variation of polysaccharide concentration in the
sludge supernatant is shown in Fig. 12.

Polysaccharides continued to increase as the ozone
concentration rose, initially increasing more quickly and
then gradually slowing down as time went on. The poly-
saccharide content increased from 7 to 37 mg-L7, or 5.29
times the starting concentration, when the ozone dosage
was 15 mg-O,g™ SS. Polysaccharides are a significant com-
ponent of the extracellular polymer of sludge, as evidenced
by their distribution and structural features. The extracellu-
lar sludge polymer was oxidized and destroyed in the lig-
uid phase under the synergistic effect of swirl cutting and
ozone oxidation, and the sludge lysis result was good, as
revealed by the growth of polysaccharides in the sludge’s
liquid phase. Because the sludge substrate was reduced
and some other polysaccharides that were dissolved in the
liquid phase were oxidized and degraded into small mole-
cules, the rate at which polysaccharides grew decreased as
the reaction progressed.

3.7. Protein release

Protein contributes between 40% and 60% of the COD
in the effluent, and Fig. 13 illustrates how the protein con-
centration in the sludge supernatant fluctuated. The protein
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increased rapidly with increasing ozone concentration, and
the rate of increase slowed down significantly after an ozone
dosage rate of 10 mg-O,-g" SS. At an ozone dosage rate of
15 mg-O,.g™ SS, the protein concentration increased from
3.06 to 8.41 mg-L, which was 2.75 times the initial concen-
tration. This indicates that the sludge was well cytolyzed
by the synergistic effect of ozone and swirl cutting, the
intracellular material was dissolved and a large amount of
protein material was released into the liquid phase. As the
reaction progressed, the rate of protein increase slowed
down. On the one hand, sludge concentration continued to
decrease and cell soluble material decreased. On the other
hand, under the weak alkaline conditions, ozone was mainly
oxidized indirectly in the form of -OH, while the swirl cut-
ting could enhance the oxidation efficiency of ozone, caus-
ing the protein structure to be destroyed and oxidized to
small molecules of organic matter and ammonia nitrogen.

3.8. Three-dimensional fluorescence spectroscopy

The experimental mechanism was examined using
three-dimensional fluorescence spectroscopy [15] based
on the properties of the organic materials in the sludge
supernatant. A lot of researchers have looked into the cor-
relation between the dissolved organic matter (DOM’s) flu-
orescence properties and the combined organic pollution
indicators of wastewater. In wastewater, protein-like peaks
predominate. Different DOM fluorescence areas in aquatic
bodies have been categorized in numerous studies. Five
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Fig. 13. Protein changes in sludge supernatant with ozone
dosage.

Table 2

Division of three-dimensional fluorescence spectrum region

sections were separated into the 3D fluorescence spectrum,
as shown in Table 2. The changes of organic compounds
in the sludge supernatant before and after treatment were
analyzed on the basis of fluorescence changes in the fluo-
rescence spectrum region, and the action process of swirl
cutting and ozone oxidation treatment on the sludge was
further analyzed. The three-dimensional fluorescence spec-
trums of the sludge supernatant treatment before, and after
the treatment process, and for the foam generation are
shown in Figs. 14-16, respectively.

It can be seen from the fluorescence spectrums in
Figs. 14-16 that before sludge treatment, the fluorescence
peaks in zones II and IV were the most obvious, and zones
I and III also had strong fluorescence intensity. The DOM
in the sludge supernatant was dominated by aromatic pro-
teins II and dissolved microbial metabolites, as well as some
aromatic proteins I and fulvic acids. After sludge treatment,
the fluorescence intensity of zone II and zone IV was sig-
nificantly enhanced. After sludge treatment, cells were
destroyed, sludge degradation was accelerated, and aro-
matic proteins II and microbial metabolites were the main
organic matter dissolved in the cells. The fluorescence inten-
sity of zone V was enhanced, and there was an obvious fluo-
rescence peak. The sludge cells were destroyed, and a large
number of humic acid substances in the sludge cells entered
the sludge liquid phase. The fluorescence intensity of zone
I and III decreased. Swirl cutting combined with ozone oxi-
dation would not only destroy the sludge floc and lysate but
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Fig. 14. Three-dimensional fluorescence spectrum of the sludge
supernatant before treatment.

Region number Representing substance

Excitation wavelength (Ex)/nm

Emission wavelength (Em) /nm

I Aromatic proteins I 200-250 250-330.
I Aromatic proteins II 200-250 330-380.
I Fulvic acids 200-250 >380
v Dissolved microbial metabolites 250-350 250-380.
\% Humic acids 250-500 >380
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Fig. 15. Three-dimensional fluorescence spectrum of the
sludge supernatant after treatment with ozone dosage of
15mg-O, g™ SS.

500

450

400 1

EX
(nm) 350

300 4

250

200 T

T T T T T 1
250 300 350 400 450 500 550 600
EM (nm)

Fig. 16. Three-dimensional fluorescence spectra of foam gen-
eration with ozone dosage of 15 mg-O,-g™* SS.

also react with most of the aromatic proteins I and fulvic
acids in the supernatant to degrade them into small mole-
cules without fluorescence properties. By comparing the
DOM in the supernatant before and after sludge treatment,
it can be seen that the amount of organic matter in the super-
natant increased. This increased content of organic matter
was primarily composed of aromatic protein substances II
and dissolved microbial metabolites, but it also contained
a small amount of humic acid and fulvic acid substances,
which speed up the decomposition of sludge and encour-
aged its return to the biochemical tank to be used by other
microorganisms. In addition, the three-dimensional fluores-
cence map of the sludge foam shows that the fluorescence
intensity of zone IV and zone V is very high, indicating that
the DOM in the foam is mainly composed of dissolved micro-
bial metabolites and humic acids. The fluorescence intensity
of zone I, zone II and zone III was basically zero, that is,

there were no aromatic proteins I, aromatic proteins II and
fulvic acids in the foam. By comparing the treated sludge
supernatant and sludge foam, it can be seen that there are
big differences in the composition of the two, which can be
considered as being collected separately and used for differ-
ent purposes or treatments.

4. Conclusion

Most sewage treatment plants adopt the activated sludge
process. The treatment and disposal of a large amount of
excess sludge has become a major problem in the water treat-
ment industry. In this text, a process for sludge reduction
by swirl cutting synergistic ozone oxidation treatment was
proposed, and the sludge reduction effects of swirl cutting
synergistic ozone oxidation treatment and ozone treatment
alone were compared. The sludge characteristics and cell
dissolution process of swirl cutting synergistic ozone oxida-
tion sludge reduction were further investigated under opti-
mal process conditions, and the mechanism of swirl cutting
with ozone oxidation sludge reduction was briefly analyzed.

Under the swirl cutting synergistic ozone oxidation
treatment, the sludge was treated with less ozone dose to
achieve a better sludge reduction. According to the analy-
sis of the removal rate of MLSS and MLVSS and the trend
of MLVSS/MLSS value of the sludge, the swirl cutting syn-
ergistic ozone oxidation reacted with the sludge, with lysis
dominating in the early stage and mineralization in the later
stage. The carbon source of sludge was released more effec-
tively. The SCOD increased from 47.62 to 360.5 mg-L™!, BOD
increased from 8.7 to 113.2 mg-L™, B/C increased from 0.18
to 0.31 and the supernatant biochemical properties were
significantly improved. This is mainly due to the synergis-
tic effect of swirl cutting and ozone on the sludge, which
resulted in a large amount of intracellular organic matter
entering the liquid phase from the solid phase, resulting in a
rapid increase in SCOD and BOD in the supernatant.

The sludge supernatant continued to accumulate nitro-
gen and phosphorus under the swirl cutting with ozone oxi-
dation treatment, and the total nitrogen (TN) increased from
2.83 to 33.27 mg-L7, with NH;-N and ON predominating.
This shows that intracellular substances were leached out of
the sludge as a result of the synergistic effect of swirl cutting
and ozone, and a significant amount of nitrogenous organic
and inorganic substances were transferred from the solid
phase to the liquid phase, primarily proteins, nucleic acids,
humic acids, and other nitrogenous organic matter. The TP
increased from 5.2 to 13.14 mg-L?, with PO}-P dominat-
ing the TP. The increase in phosphorus in the supernatant
indicates that the phosphorus in the supernatant increased,
indicating that the sludge cell membranes were destroyed
by the synergistic action of swirl cutting and ozone.

Three-dimensional fluorescence spectrum was used
to further explore the changes of dissolved organic matter
(DOM) in the sludge liquid phase before and after swirl cut-
ting and ozone oxidation treatment. It was found that the
DOM in the supernatant before sludge treatment was mainly
composed of aromatic proteins II and dissolved microbial
metabolites, and there were a small amount of aromatic pro-
teins I and fulvic acids .After the swirl-current cutting and
ozone oxidation treatments, the sludge cells were destroyed,
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intracellular organic matter dissolved into the liquid phase,
the aromatic proteins II and dissolved microbial metabo-
lites in the supernatant increased, and a large number of
humic acids appeared, while the aromatic proteins I and
ferric acids in the supernatant reduced. It indicated that aro-
matic proteins I and fulvic acids were oxidized and decom-
posed into small molecules without fluorescence properties
under the synergistic action of swirl cutting and ozone.
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