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a b s t r a c t 
Sludge generation is a drawback of the application of activated sludge (AS) technology in sewage 
treatment. The reduction of sludge production by the ozonation of an AS system’s mixed liquor is an 
approach to reduce excess sludge in the process. The aim of this study is to evaluate the application of 
four ozone doses to mixed liquor fractions from a laboratory-scale AS sewage treatment system. The 
effect of ozonation in the mixed liquor supernatant was also evaluated. The doses ranged from 0.35 to 
0.80 gO3/gVSS. The results show that the applied ozone doses reduced the volatile suspended solids 
(VSS) concentrations by 25.5%–70.5%, which demonstrates the effectiveness of ozone in reducing the 
sludge concentration. In the supernatant of the ozonized mixed liquor, the chemical oxygen demand 
(COD) concentrations increased by 237%, 327%, 597% and 701% after the four doses. Moreover, the 
total nitrogen and total phosphorus concentrations in the supernatant increased by 9.4%–47% and 
9.7%–8.2%, respectively, with respect to a mixed liquor without ozone application. The COD concen-
tration in the effluent is affected by the ozonation. Thus, the COD removal efficiency of the AS system 
decreased by 6%–63%, whereas the nutrient removal efficiency was constant. In contrast, the specific 
oxygen uptake rate index was greatly inhibited (maximum inhibition of 31%) after the application of 
0.50 gO3/gVSS.
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1. Introduction

Activated sludge (AS) wastewater treatment systems 
produce large amounts of sludge. The mass ratios indicate 
sludge production of 30–45 g total suspended solids (TSS)/
inhabitant·d [1], and the treatment and final disposal costs of 
this sludge can reach 25%–60% of the total operational cost 
of a wastewater treatment plant (WWTP) [2–4]. In response, 
technologies have been developed to reduce sludge produc-
tion in the water line (influent treatment) or in the sludge 
line (post-sludge production). Mechanical, chemical, thermal 
and biological disintegration technologies can be applied in 
the water line [5–7], and ozonation is one of the most effec-
tive chemical technologies due to the oxidation potential of 

ozone (2.07 V) [7]. This technology can be coupled to the 
biological system, in which a fraction of the mixed liquor of 
the AS system is oxidized to solubilize the cellular content of 
the biomass [3,6,8]. Results of previous studies have demon-
strated that ozonation decreases the generation of sludge by 
17%–100%, and the applied doses have varied over a wide 
range [8,9]. Doses have been reported as functions of the total 
solids (TS) in the mixed liquor between 0.0008 and 0.08 gO3/
gTS [3,4,9], TSS between 0.05 and 0.27 gO3/gTS [8,10,11] or a 
net ozonation rate of 0.012–0.13 gO3/gTS·h [7].

The effects of ozonation can be observed in several 
phases of the treatment operation. The sludge’s TSS concen-
tration has been observed to decrease by a maximum of 77% 
with 0.05 gO3/gTS [4,12] and by 88% after the application of 
0.13 gO3/gTSS·h [7]. Moreover, effects have been identified in 
the supernatant of the ozonated sludge, such as increase of 
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the chemical oxygen demand (COD), total nitrogen (TN) and 
total phosphorus (TP) of 699%, 169%, and 2,379%, respec-
tively, when 0.05 gO3/gTS was applied for 105 min [3].

Yan et al. [10] determined that the COD removal efficiency 
remained constant at approximately 91% when 0.15 gO3/gTSS 
was applied. Similarly, Gardoni et al. [9] determined that the 
efficiency remained between 84% and 82% when between 0.8 
and 2.5 gO3/kgTS of ozone was applied to sludge recircula-
tion. Takdastan [13] observed a decrease from 92% to 42% 
after 0.025 gO3/gTS was applied to the sludge recirculation of 
a sequencing batch reactor (SBR). 

Ozonation may also alter the AS system activity, which 
is evaluated by the specific oxygen uptake rate (SOUR). The 
SOUR has been reported to decrease by 87% after the appli-
cation of 0.02 gO3/gTSS [13]. Moreover, the sludge’s settling 
properties, which are measured by the sludge volume index 
(SVI), were enhanced by ozonation because it decreased from 
120 to 75 mL/gTS [9]. Similarly, Takdastan [13] found that the 
addition of ozone was associated with decreased SVI; the SVI 
decreased by approximately 20 mL/gTS with 20 mgO3/gTSS.

Based on these results, this study evaluates the effects of 
the application of ozone doses on the fraction of mixed liquor 
and the effluent characteristics during biological treatment.

2. Materials and methods

2.1. Raw sewage

Raw sewage (that was later used as the influent for an AS 
system) samples were obtained from a WWTP in southern 
Chile. The WWTP treats sewage from a community of 20,000 
inhabitants. The samples were obtained after pretreatment 
that consisted of solids removal by thin grids, and they were 
stored in the dark at 4°C ± 1°C [14].

2.2. Inoculum 

The AS system was inoculated with 2.5 gVSS/L of return 
activated sludge from the same WWTP. The volatile sus-
pended solids (VSS) to TSS ratio (VSS/TSS) of the inoculum 
was 0.75. 

2.3. Experimental setup

2.3.1. AS system

A continuous laboratory-scale AS system was operated. 
Fig. 1 shows the configuration of the AS system and the ozo-
nation system. Fig. 1(a) shows a schematic of the experimental 
setup. The AS system consists of an aeration tank and a settler, 
which are both made of glass and have volumes of 0.81 and 
0.45 L, respectively. The system was operated for 84 d, includ-
ing 36 d to reach steady-state conditions (reference operation), 
and four ozone doses were applied from days 37 to 84. 

The operational temperature was 14°C ± 2.8°C. The dis-
solved oxygen (DO) concentration was maintained above 
2 mgO2/L. The sludge was periodically recycled from the set-
tler between the aerobic reactors to maintain approximately 
2.5 gVSS/L. There was no excess sludge wastage during the 
operational period.

During the operational period, the hydraulic retention 
time (HRT) ranged between 9 and 10.3 h, and the organic 

loading rate (OLR) ranged between 0.5 and 0.9 kgCOD/m3·d. 
Table 1 shows the operational parameters, where D0 corre-
sponds to the reference operation (i.e., no ozone application). 

The monitored control parameters for the mixed liquor 
in the aeration tank were the temperature, pH, DO and elec-
trical conductivity (EC), which were measured daily. TN and 
TP were estimated to evaluate the AS system’s efficiency and 
the removal of COD.

The TSS and VSS concentrations were used to evaluate the 
mixed liquor, and the SOUR was evaluated by respirometry. 

2.3.2. Ozonation

Between 16% and 30% of the mixed liquor in the aeration 
tank was ozonated in four trials from 15 to 45 min and subse-
quently returned to the aeration tank. The ozone doses were 
0.35, 0.45, 0.50 and 0.80 gO3/gVSS, which corresponded to D1, 
D2, D3 and D4, respectively. Table 1 shows the correspond-
ing ozone doses and operational parameters for the sludge 
ozonation. 

Fig. 1. Schematic diagram of the (a) experimental setup of the 
activated sludge system: (1) feed sewage influent, (2) influent 
pump, (3) aeration tank, (4) settler, (5) recirculation pump and 
(6) effluent; (b) experimental setup of the ozonation system: (1) 
oxygen cylinder, (2) ozone generator, (3) ozone contactor, (4) 
magnetic stirring, (5) off-gas line, (6) gas analyzer (spectropho-
tometer) and (7) ozone destructor (cellulose trap).
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Fig. 1(b) describes the ozonation system. Ozone was gen-
erated by corona discharge in an OZOCAV ozone generator 
with a maximum capacity of 0.5 gO3/h using pure oxygen 
as the feed gas. Ozone was bubbled through a porous dif-
fuser in a glass ozone contactor with an effective volume of 
1 L and mixed with a magnetic stirrer. The ozone concen-
trations at the inlet and outlet of the ozone contactor were 
measured with a UV spectrophotometer (Spectronic Genesys 
5). The applied dose of ozone was determined as a function 
of the ozonation effect on the VSS of the sludge following 
He et al. [15]. 

After ozonation, the TSS and VSS concentrations of the 
mixed liquor were measured to evaluate the solid reduc-
tion promoted by ozone. A sample of the ozonated mixed 
liquor was centrifuged by a Megafuge Heraeus Model 1 at 
2,000 rpm for 5 min to separate the particulates from the sol-
uble fraction (supernatant) and evaluate the contributions of 
COD, TN and TP in the mixed liquor supernatant. The effect 
of the mixed liquor on the solubilization is represented by the 
disintegration degree (DDCOD) as defined by Zhang et al. [3] 
according to Eq. (1):

DD
COD COD
COD CODCOD

ozone 0

T 0

=
−
−

 (1)

where DDCOD is the disintegration degree, CODozone is the 
supernatant COD of the ozonated mixed liquor (mg/L), COD0 
is the supernatant COD of the untreated mixed liquor (mg/L) 
and CODT is the total COD of the untreated mixed liquor.

The COD removal kinetics after ozonation was also 
evaluated. The ratio between COD removal and time was 
calculated to identify the decline and recovery periods with 
respect to COD removal.

2.4. Analytical methods

The COD, NH4
+–N, TSS and VSS analyses were per-

formed according to the Standard Methods [16]. TN was 
measured by the Koroleff method using Merck kit num-
ber 1.14763.0001, and TP was determined by the phospho-
rus–molybdenum blue method using Merck kit number 

1.14729.0001. Both analyses were performed using the same 
Merck Spectroquant NOVA 60 photometer. 

The samples of COD, NH4
+–N, TN and TP were filtered 

through Whatman membranes with a pore size of 0.45 µm. 
The mixed liquor SOUR was determined using a biological 
oxygen monitor (YSI 5300 system). The system was operated 
with an air-tight respiration vessel fitted with a DO probe YSI 
5231; the vessel was continuously stirred and thermally con-
trolled, and the biomass was washed twice previously with a 
phosphate buffer according to Mosquera et al. [17] modified 
at 25°C. Measurements were taken 1 hour after ozonation.

The pH, temperature and EC were measured by an 
OAKTON multiparameter portable meter (PC650–480485), 
and DO was measured with an Oxical Oxi330 WTW oxygen 
meter.

3. Results and discussion

3.1. Influent sewage characterization

Table 2 shows the characterization of the influent sewage. 
The pH remained near neutral in the range of 7.1–8.8. Organic 

Table 1
Operational parameters of the activated sludge system during the reference operation and ozonation periods

Operational parameters D0a D1 D2 D3 D4

Operation day (d) 1–36 37 62 68 84
OLR (kgCOD/m3 d) 0.9 ± 0.4 0.7 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 0.5 ± 0.1
HRT (h) 9 ± 1.7 10.2 ± 2.0 10.3 ± 2.0 8.1 ±0.3 9 ± 0.5
pH 8.3 ± 0.3 7.7 ± 0.1 7.7 ± 0.1 7.1 ± 0.1 7.7 ± 0.1
MLVSS (g/L) 2.1 ± 0.5 1.8 ± 0.1 1.9 ± 0.2 2.5 ± 0.2 2.1 ± 0.3
Ozonation parameters
Ozone concentration (mgO3/L) 0 20.9 22.4 22.4 23.3
Ozonation time (min) 0 15 30 45 30
Ozonated fraction (%) 0 16 25 30 25
Doses (gO3/gVSS) 0 0.35 0.45 0.50 0.80

OLR: organic loading rate, HRT: hydraulic retention time and MLVSS: mixed liquor volatile suspended solids.
aD0 corresponds to the reference operation and D1–D4 corresponds to ozone doses.

Table 2
Physicochemical characterization of the influent sewage

Parameter Average value Range n

COD (mg/L) 310.3 ± 95 206.5–504.7 12
TSS (g/L) 0.7 ± 0.3 0.4–1.2 8
VSS (g/L) 0.6 ± 0.3 0.3–1.1 8
TN (mg/L) 111 ± 13 95–139 10
TP (mg/L) 15.4 ± 1.4 12.8–16.7 10
NH4

+–N (mg/L) 85 ± 3.3 82.6–87.2 5
pH 7.7 ± 0.7 6.5–8.9 24
Temperature (°C) 13.7 ± 2.6 9.7–17.7 24
EC (µS/cm) 1.6 ± 0.2 1.1–1.9 24

COD: chemical oxygen demand, TSS: total suspended solids, VSS: 
volatile suspended solids, TN: total nitrogen, TP: total phosphorus, 
NH4

+–N: ammonium, EC: electrical conductivity and n: number of 
samples.
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matter, which was measured as COD, had a mean value of 
310.3 ± 95 mg/L. Similar COD values of 279.5–398.1 mg/L 
were obtained by Vera et al. [14] on the primary influents of 
the same WWTP.

VSS represented 80%–90% of the TSS, the TP concentra-
tions ranged from 12.8 to 16.7 mg/L (variation <10%), and 
NH4

+–N corresponded to 77% of the TN.

3.2. Effects of ozone on the reduction of solids concentration

Fig. 2 shows the solid concentrations in the mixed liquor 
in the AS system. Fig. 2(a) shows the solid concentrations of 
the mixed liquor before and after the application of ozone. 
Before ozonation, the TSS and VSS concentrations ranged 
from 2.0 to 2.9 gTSS/L and 1.8 to 2.4 gVSS/L, respectively. 
Demir and Filibeli [4] reported similar values of 2.1 ± 
0.35 gTSS/L and 1.8 ± 0.04 gVSS/L, respectively. After ozone 
application, the VSS concentrations decreased by 25.5%–
70.5% (Fig. 2(b)). The maximum reduction of the VSS con-
centration occurred with the highest dose (0.8 gO3/gVSS). 
A similar study reported that the TS and volatile solids of 
an SBR sludge decreased by 49.1% and 45.7%, respectively 
[3]. Similarly, Demir and Filibeli [4] determined that the TSS 

and VSS of mixed liquor decreased by 77.8% and 71.6%, 
respectively, whereas Richardson et al. [7] found a maximum 
reduction of 88% of the TSS of waste secondary sludge.

3.3. Effects on the mixed liquor supernatant

Fig. 3 shows the COD, TN and TP concentrations of the 
mixed liquor supernatant before and after ozonation. Fig. 3(a) 
shows that the COD concentration increased by 237%, 327%, 
597% and 701% after D1, D2, D3 and D4, respectively. A 
direct relationship is observed between the increases in the 
ozone dose with the COD concentrations after ozonation. 
Demir and Filibeli [4] and Isazadeh et al. [18] attributed this 
behavior to the increased amount of intracellular organic 
substances released as a result of ozonation. Figs. 3(b) and (c) 
show the concentrations and the increases of the TN and TP in 
the ozonized mixed liquor supernatant, respectively. The TN 
increased by 9.4%–47%, and the TP increased by 9.7%–68.2%. 
Similarly, Demir and Filibeli [4] found that the TN and TP 
concentrations increased by 2,057% and 375%, respectively. 
The greatest contributors to the nutrient concentration in the 
supernatant were nitrogen and organic phosphorus [6].

The increase in the COD concentration is also confirmed 
by the COD/TN ratio of the ozonated mixed liquor superna-
tant. The ratio in the mixed liquor remained in the range of 
1–2 before being ozonized, whereas it ranged between 3.7 and 
5.7 after ozonation. In addition, the COD/TP ratio increased 

Fig. 2. (a) Evolutions of the TSS (■) and VSS (●) mixed liquor 
concentrations before ozonation and the TSS (□) and VSS (○) 
mixed liquor concentrations after ozonation; (b) VSS reduction 
efficiency (■) after ozonation.

Fig. 3. (a) COD, (b) TN and (c) TP concentrations in the mixed 
liquor supernatant before ( ) and after ozonation (□, bars) and 
percentage increases in concentration (□, box-plots).
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from 7–8 to 20–53. These results indicate that the COD con-
centration is the most variable parameter. The COD/TN ratio 
that was obtained in this study is similar to that obtained 
by Zhang et al. [3], which had an initial value of 4.6 and 
increased to 11.5. In the same study, the initial COD/TP ratio 
was 75, which was10 times higher than the value obtained by 
this study. In this sense, the TP in the supernatant increased 
by 2,379% after ozonation, which reduced the COD/TP ratio 
from 75 to 22 [3]. This may be attributed to different sludge 
compositions.

The solubilization of the mixed liquor after being 
ozonized was evaluated by the degree of disintegration 
(DDCOD). The DDCOD values obtained in this study were 22%, 
17%, 42% and 40% for D1, D2, D3 and D4, respectively. The 
highest DDCOD values were obtained for the highest doses of 
0.50 and 0.80 gO3/gVSS. However, DDCOD decreased after D3, 
which can be explained by the increased bubbling during 
ozonation with increasing ozone dose, which decreased the 
ozone mass transfer [19]. Zhang et al. [3] observed similar 
behavior when sludge was ozonized with lower ozone doses 
than in this study. Their results showed that when 0.025 and 
0.05 gO3/gTS were applied, the DDCOD values were 10.3% and 
40.3%, respectively. When the dose increased to 0.08 gO3/gTS, 
DDCOD remained at 40%. Thus, nonlinear behavior is observed 
between the increase in DDCOD and the applied dose, as was 
confirmed by recent studies [4,12].

3.4. System removal efficiencies 

Fig. 4 shows the COD removal efficiency during the ref-
erence operation (D0) and the applications of D1–D4. During 
D0, the average COD effluent concentration was 96 mg/L. 
The average COD removal efficiency was 68.2% at an OLR of 
0.9 ± 0.4 kgCOD/m3·d and an HRT of 9 ± 1.7 h and reached a 
maximum of 82%. These results are similar to those obtained 
by Colmenarejo et al. [20], who achieved a COD removal effi-
ciency of 80.3% ± 7.3% and an HRT of 6–8 h. 

The removal efficiency decreased by 10%, 15%, 6% and 
63% after applications D1, D2, D3 and D4, respectively, and 
the COD concentrations in the effluent reached 110–131 mg/L. 
This is because, in these cases, the different ozone doses 
application is just for the cell hydrolysis, where COD is not 

removed, but carbon changes the oxidation state, depending 
on the cases.

This result is attributed to the release of dissolved, col-
loidal and inert COD after ozonation, which negatively 
impacts the effluent characteristics [8,18,21]. Demir and 
Filibeli [12] also observed a decrease of approximately 7% 
in COD removal efficiency, which is similar to the results 
of this study for D1, D2 and D3. Gardoni et al. [9] indicated 
that the removal efficiency decreased by 2%, and Takdastan 
[13] determined that the COD removal efficiency decreased 
by 54%. This behavior is consistent with the values that 
were observed after the application of the highest dose 
(0.80 gO3/gVSS), where the removal efficiency decreased by 
63%. This reduction in removal efficiency was produced by 
the retention of organic material released by D4 ozonation, 
which contributed to the effluent COD concentration.

Fig. 5 shows the COD removal, in which two periods 
are identified; the first 4 h correspond to a period of decline, 
which is followed by a recovery period. During the decline 
period, the maximum decrease (25%/h) occurred in the sec-
ond hour after D2 and is possibly attributed to the lower VSS 
mixed liquor concentration (1.9 ± 0.2 g/L) than in D3 and D4 
(2.5 ± 0.2 and 2.1 ± 0.3 g/L, respectively). In the case of D4, the 
rate of decrease in the third hour (24%/h) was similar to that 
of D2, but it occurred 1 h later. 

The maximum recovery rate was observed for D2 from 4 
to 6 h (27%/h). The removal efficiency recovered 20 h after the 
application of the ozone doses.

Fig. 6 shows the TN and TP removal efficiencies, which 
remained constant at 15% ± 9% and 4% ± 2%, respectively, 
during the entire period of operation. 

Yan et al. [10] obtained similar results; the TN concen-
tration in the effluent of an AS system with ozonated excess 
sludge was 19.8 mg/L, while the concentration in a control 
was 20.2 mg/L, which indicates that there were no significant 
negative effects. The authors observed an increase in TP of 
30% in the effluent concentration with respect to the control. 
However, those results were obtained after 122 days of ozona-
tion. Furthermore, Gardoni et al. [9] found that phosphorus 

Fig. 4. Evolutions of the COD influent concentration ( , bars), 
COD effluent concentration (□, bars) and COD removal (□, box-
plots) during the entire operation of the activated sludge system. Fig. 5. COD removal after ozonation with D2 (●), D3 (■) and D4 (▲).
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removal decreased from 70% to 28% due to the reduction in 
biomass production, which is the main mechanism of phos-
phorus removal.

The increases in the TN and TP concentrations in the 
mixed liquor supernatant after ozonation (Figs. 3(a) and (c)) 
did not impact the nutrient removal efficiency, which indi-
cates that the system was able to resist the load.

Decrease in pH of 0.57–1.23 was observed after appli-
cation of the ozone doses (ozone doses: 0.35, 0.45, 0.50 and 
0.80 gO3/gVSS). Chu et al. [22] and Zhang et al. [3] found 
similar values in the range of 0.5–0.7 after applying doses of 
0.025–0.050 mgO3/gTS, and they were principally attributed 
to cell lysis. Zhang et al. [3] suggested that the decrease in 
pH is caused by lysis and the release of intracellular sub-
stances that contain deoxyribonucleic acids or possibly by 
the oxidization of some organics into low-molecular-weight 
acids by ozone.

3.5. Effects on mixed liquor SOUR

Fig. 7 shows the evolution of the SOUR in relation to the 
OLR for the AS system during the 84 d of operation. During 
the control operation, the SOUR was 0.45 ± 0.01 gO2/gVSS·d 
and decreased by 29%, 31% and 13% with D2, D3 and D4, 
respectively (the SOUR results after D1 are not presented). 
The minimum observed value was 0.31 ± 0.02 gO2/gVSS·d 
after D3. The reduction of the SOUR by applying increasing 
ozone doses has been attributed to the death of some of the 
microorganisms in the mixed liquor [13,23]. Microorganism 
death also contributes to the organic content of the 
medium, which increases the OLR of the AS system to 
1.7–2.9 kgCOD/m3·d.

Takdastan [13] found that the SOUR decreased from 0.43 
to 0.07 gO2/gVSS·d (83% decrease) after applying incremen-
tal doses of 0–0.025 gO3/gTSS. Likewise, Torregrossa et al. 
[24] indicated that the SOUR was almost 40% lower after the 
application of 0.015 gO3/gTSS to the sludge recirculation. The 
variability of the results shows that the behavior of SOUR 

depends on complex reactions of ozone with the mixed 
liquor because it is a mixture of mineral and organic material 
as well as various microorganisms [25], and the level of the 
toxic compounds generates ammonia and other substances 
[26]. However, adaptation is a key factor to increasing the 
removal efficiency [27,28].

In contrast, the SOUR increased from 0.31 ± 0.03 gO2/gVSS·d 
after D3 to 0.39 ± 0.01 gO2/gVSS·d after D4. This result can be 
attributed to a possible adaptation of microorganisms to the 
imposed conditions. In this case, the COD concentration of 
the supernatant indicates that the OLR increased in D4 to 2.9 
kgCOD/m3·d, which could be sufficient to enhance the use of 
oxygen by microorganisms. Isazadeh et al. [18] determined 
that the SOUR increased when the ozone application was 
equivalent or less than 0.006 gO3/gTSS, which indicates that 
floc disruption allowed better substrate uptake by the bio-
mass. Finally, the observed trend in the SOUR after D0–D3 
is directly related to the decrease in COD removal efficiency 
from 68.2% (in the reference operation) to 58% and 64% after 
D2 and D3, respectively.

4. Conclusions

The application of ozone to mixed liquor during 
biological treatment decreased the VSS concentrations 
by 25.5%–70.5% and had a maximum reduction with 
0.8 gO3/gVSS. 

The COD, TN and TP concentrations in the supernatant 
of the ozonized mixed liquor increased depending on the 
ozone doses applied, regarding the mixed liquor without 
ozone application. 

The SOUR was 0.45 ± 0.01 gO2/gVSS·d during the refer-
ence operation, and after the application of D3 the SOUR val-
ues was 0.31 ± 0.02 gO2/gVSS·d.
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Fig. 6. Evolutions of TN (●) and TP (▲) removal during the entire 
operation of the activated sludge system.

Fig. 7. SOUR of the mixed liquor (■) vs. OLR in the activated 
sludge system (●) after ozonation.
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