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Synergistic effect of sono-photocatalytic processes on sludge disintegration
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Abstract—The synergistic effect of the combination of sono-photocatalytic oxidation and Fenton reagents was investi-
gated on sewage sludge disintegration. In this context, the simultaneous effect of ultrasound (US) and UV irradiation
was studied with variable parameters such as the duration of photocatalysis, catalyst amount and different UV light.
The optimum amount of TiO, and Fenton reagent determined in the sono-photocatalytic process was kept constant.
Different combinations of advanced oxidation processes (AOPs) showed different degree of disintegration (DD). While
H,0, added to sono-photocatalytic application with TiO, contributed to the increase of DD, iron addition caused a
decrease in DD. This decrease was more in Fe’* use than Fe’. DD was determined as 18.35%, 20.60% and 32.58% in
TiO,/UVA, TiO,/H,0,/UVA, and TiO,/H,0,/UVA/US processes, respectively. In TiO,/UVB process DD was found to
be 17.60%, while it reached 30.34% in TiO,/UVB/US, 43.82% in TiO,/CFP/UVB/US and 52.81% in TiO,/MFP/UVB/
US. In the kinetic study, it was determined that all processes comply with zeroth order kinetics. The use of ultrasound
in all processes increased the germination percentage, which expresses the toxicity of the sludge, up to 100%. After
sono-photocatalytic disintegration, the sludge volume decreased by 19.2% to 60% according to values of volume-
weighted average. It was concluded that the sono-photocatalytic process has an important effect on sludge disintegra-
tion, which is an effective method for sludge minimization. In addition, it was determined that the synergistic effect of
fenton reagents added to the process was strong and the combined use of these two processes increased the DD value
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from 17.60% to 52.81%.
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INTRODUCTION

Increasing attention has been paid to minimizing the amount
of sewage sludge in the waste water treatment process. Research
on sludge treatment is increasing daily and some new sludge reduc-
tion techniques are being suggested [1-3]. One such reduction tech-
nique is sludge disintegration. Sludge disintegration can be achieved
by degradation of the bacterial flora or microorganism cells in the
sludge depending on the type and the intensity of disintegration
[4].

Advanced oxidation processes (AOPs) are one of the best meth-
ods for the degradation and mineralization of organic matter as
well as increasing biodegradability [5]. The use of AOPs for the
disintegration of sewage sludge, which has the advantage of rapid
oxidation of pollutants to harmless end products, has increased.
Many AOPs and innovative disintegration processes have been
investigated for the disintegration and reduction of sludge. The appli-
cation of heterogeneous photo-catalysis processes using semicon-
ductors, such as TiO, and ZnO, and UV in sludge treatment is
drawing attention [6-8]. TiO, nanoparticles are efficient photocata-
lysts due to their favorable bandwidth, large surface area and non-
toxicity [9]. The photocatalytic properties are derived from the for-
mation of photogenerated charge carriers (gaps and electron) which
takes place upon absorption of UV light conformable to the band-
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gap. The photogenerated gaps in the valence band form hydroxyl
radicals («OH) due to diffusion to the TiO, surface and reaction
with adsorbed water molecules [10,11].

Fenton reagent is a mixture of hydrogen peroxide and iron salts,
an effective oxidant for a wide variety of organic compounds. During
the decomposition of hydrogen peroxide catalyzed by iron salts,
«OH radicals are formed [12].

Fe’*+H,0,—>Fe’* ++OH+OH" 1)

A disadvantage of this method is that when divalent iron becomes
trivalent, the oxidative activity of the Fe**/H,0, system is signifi-
cantly reduced. The result of this situation is that significant amounts
of the above reagents are consumed, as well as large amounts of
sludge being formed from iron sedimentation. If trivalent iron is
converted back into bivalent by light radiation (UV), the efficiency
and yield of the method can be significantly increased. The amount
of «OH that increases with the UV effect enhances the yield [13].

@

This method contributes to the regeneration of radicals in several
basic steps of the reaction mechanism. Moreover, hydrogen perox-
ide can generate two hydroxyl radicals initiated by UV light, accord-
ing to the following reaction [14]:

Fe’*+H,O+hv (1<450 nm)—>Fe’* +«OH+H"

H,0,+hv—2.0H 3

The Sono-Photo Fenton process requires a low amount of iron salt
compared to the Fenton. This is of great economic importance.
Sono-Photo Fenton can be explained by Egs. (4)-(8) [15].
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Fe**+H,0+hv—>Fe’* ++OH+H+ @)

«OH+HO.,—H,0+0, (6]

HOs,+HOs,—H,0,+0, 6)
By US,

He+H,0,—+«OH+H,0 )

Fe* +He>Fe* +H' ®)

Alternative processes include the use of photocatalysts as ultrasound
or nano-sized TiO, with UV radiation in the oxidation of organic
matter due to non-toxicity, stability of the chemical structure, elec-
trical and optical properties [16]. Photocatalysis efficiency can be
improved using high or low frequency due to the effects of the
chemical and physical properties of ultrasound on the regenera-
tion of the catalyst surface and the formation of free radicals [17].
When TiO, photocatalysts are irradiated by the US, organic mole-
cules are oxidized both by excitation of electrons in the TiO, band
gap [18] and by ultrasonic separation of water molecules accord-
ing to the following equations (Eqs. (9)-(12)) [19].

TiO,+hv—TiO,(e )+ TO, (h*) )
h*+OH,;,—+OH (10)
e +0,—0;,—>«0OH (11)
H,0+)))—>He+.OH (12)
«OH+.OH—H,0, (13)

Combinations of Fenton reaction and photocatalysis have been
reported by many groups [20-22]. In addition, the combination of
photocatalytic and ultrasounds [23,24], ultrasound and Fenton reac-
tion, and three techniques [25] has been used in different studies.
Also, the hydrodynamic cavitation method has been used in WAS
applications recently [26-28].

Ultrasonic frequencies range from 20 kHz to 100 MHz. US fre-
quently used in sludge disintegration is at a frequency of 20-50 kHz
[29,30]. US can be used with other methods as a combined pro-
cess. Lu et al. [31] have shown that the combined alkaline-ultra-
sound process increased solubility in the sludge by producing low
molecular weight substances. Kim et al. [32] applied ultrasonic treat-
ment to sludge pre-treated with alkali. The increase in SCOD/TCOD
was limited to 50% in individual pre-treatment, while it reached
70% in combined pre-treatment. Wang et al. [33] investigated a
photosynthetic bioelectrochemical system combined with ultra-
sonic treatment to mineralize sludge. Man et al. [34] examined the
removal of polycyclic aromatic hydrocarbons (PAH) from textile
dyeing sludge with a combined US and zero-valence iron/EDTA/
Air (ZEA) system. Gong et al. [35] focused on the effects of com-
bined US and Fenton oxidation (US+F) on disintegration of treat-
ment sludge in pre-treatment processes.

There is no published study investigating the synergistic effects
of sono-photocatalytic process and Fenton reagents on sludge dis-
integration. In this study, unlike other sludge disintegration meth-
ods, disintegration of the sludge under different UV lights was in-
vestigated in a reactor where both the photocatalytic oxidation pro-
cess (FOP) (UV+TiO,) and combined processes (TiO,/iron, TiO,/

H,0, and TiO,/iron/H,0,) were used together with ultrasonic pro-
cess. In addition to DD calculation, toxicity, particle size distribu-
tion and kinetic studies were carried out for each process. Especially,
this study is an important and first in terms of revealing the syner-
gistic effect of these processes in an integrated reactor. Experiments
were performed three times and the mean values of the samples
presented. The data presented are mean values from experiments,
standard deviation (3%) and error bars are indicated in the figures.

MATERIALS AND METHODS

In the study, SCOD was chosen as the target parameter. Thus,
process optimizations, kinetic study and disintegration degree (DD)
calculation were performed based on the SCOD parameter. UV-A
(365 nm), UV-B (302 nm), and UV-C (256 nm) lights were used
as UV source. The study was carried out in three experiment sets.
The first set is the determination of optimum reagent doses in sludge
disintegration by applying different doses of fenton reagents and
TiO, semiconductor (I). While determining the reactive amount
ranges, the amounts used in previous studies on sludge disintegra-
tion with Fenton were taken into account [36,37]. The next experi-
ments involved the optimum Fenton reagents with the simultaneous
use of UV irradiation (II). Finally, more simultaneous disintegra-
tion effect was achieved with three methods by applying ultrasound
at 40 kHz frequency and 180 watt power (III). Sono photocatalytic
experiments were carried out in a custom-built reactor (Fig. 1).
Moreover, toxicity analyzes and particle size analysis were performed
for raw sludge and disintegrated sludge to observe the effect of dis-
integration on particle degradation of the sludge.

Waste activated sludge used in this study (WAS) was taken from
the recycle line of sewage treatment plant (activated sludge pro-
cess) at Sivas/Turkey. The samples were promptly brought to the
laboratory and stored into a refrigerator at +4 °C. Raw sludge has
characteristics such as pH 6.5, SCOD 40 mg/L, total COD 9,800
mg/L, total solids (TS) 8,285 mg/L, suspended solid (SS) 5,950 mg/
L, electrical conductivity (EC) 1,040 uS/cm, and a TS content of
1%.

+—— UV lamp

Sewage Sludge

Magnetic Stirrer

—4— Cooling Water

Generator

Fig. 1. Schematic view of sono-photo-Fenton application reactor.
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COD, SCOD and SS analyses were performed according to stan-
dard methods (Standard Methods Committee, 1997). A multi-
parameter device (Thermo Orion - STARA2145) was used for pH
and EC measurements. Particle size distribution analyses were
conducted with a Malvern Mastersizer 2000QM brand particle
size analyzer.

The zero-valent iron (Fe”) used for the modified Fenton process
(MFP) in the study was prepared in the laboratory. Therefore, a
solution of 1 M NaBH, (3.05 g NaBH, soluble in 100 mL of distilled
water) was added dropwise, while 5.34 g FeCl,-4H,O was stirred
in 30 mL solution (24 mL ethanol+6 mL distilled water) on mag-

Table 1. Experimental conditions

netic stirrer. After the NaBH, was added completely; it was mixed
in the mixer for another 10 minutes. The resulting black mud was
separated by centrifugation, washed with 25 mL ethanol, then cen-
trifuged again and dried at 50 °C until completely dry [38].

Classical Fenton process (CFP) experiments were carried out
using a stock solution of FeSO,-7H,O and 35% H,0O, as Fenton
reagent. The experiments were cconducted in 250 ml glass bea-
kers for raw sludge sample in 250 ml liquid volume. MFP experi-
ments were carried out in the procedure followed in CFP. But,
instead of ferrous iron, metallic iron powder (Fe”) was used. Exper-
imental conditions are given in Table 1.

Experiment code

Description

Fe’* and Fe’ optimization; The reaction time was 60 min, pH 3, H,0, 35 g/kg TS was kept constant and
the iron concentration was examined in the range of 1-50 g/kg TS. The optimum dose was 7 g/kg TS for

CFP and MFP

Fe’* and 5 g/kg TS for Fe’ (Fig. 2(a)).

H,O, optimization; By keeping the optimum iron doses constant, H,O, was examined in the range of 1-
100 g/kg TS, and optimum H,0, concentrations were determined as 35 g/kg TS for Fe** and 25 g/kg TS

for Fe’ (Fig. 2(b)).

Photocatalytic oxidation

Oxidation was performed by applying different amounts of TiO, (0.05-1.4 g/1) using pH 3, time 60 minutes
and UV-A light. The optimum TiO, amount was determined to be 0.7 g/I (Fig. 2(c)).

To determine the pH effect, the pH was changed in the range of 2-9 with constant parameters: TiO, 0.7 g/l,

pH effect time 60 min, and in the presence of UV-A. The optimum pH was determined as 3 (Fig. 2(d)).
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Fig. 2. DD changes depending on the Fe (a), H,0, (b), TiO, (c) dose and pH (d).
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To evaluate the sludge disintegration performance, DD was cal-
culated using Eq. (14) [39];

oD, _(8COD-SCOD,)
€OP™ SCOD 05— SCOD,

Here, SCOD soluble COD value (mg/L) of the disintegrated sludge
(mg/L), SCOD, soluble COD value (mg/L) of the non-disintegrated
sludge (raw sludge), SCODy;0y soluble COD value (mg/L) of sludge
disintegrated chemically with 1 mol/L. NaOH at room temperature,
20+1 °C over 24 hours.

The toxicity effects of different disintegration applications were
also determined. In this context, the seed germination test, which
indicates toxicity, was performed for raw and disintegrated sludge.
The appearance of radicals in the petri dish indicates seed germi-
nation [40]. Sludge samples were filtered by vacuum filtration. 10
mL of filtrate was transported to Petri dish and incubated at 28 °C
after placing ten spinach seeds (Spinacia oleracea) in each Petri dish.
The experiment was conducted for ten days. The seeds from which
radicals began to emerge (germinated) were counted. The percent-
age of germination (GP) was calculated using Eq. (15) [41].

* 100 (14)

GP= Number of seeds germinated
" Number of seeds planted

* 100 (15)

RESULTS AND DISCUSSION

1. Determination of Reaction Time

The study was carried out using the optimum doses (Table 1)
to determine the reaction time for each of TIO,/UV (FOP), Fe*'/
H,0,/UV (CFP) and Fe’/H,0,/UV (MFP) processes. The change
of SCOD and DD depending on time in the 0-120 min interval was
determined at room temperature (Fig. 3). The long or short reac-
tion time is related to the degradation ability of organic substances
in the sludge structure. The short time required for decomposi-
tion references that the sludge contains easily degradable organic
substances. The long time indicates the presence of hardly degrad-
able organic substances [42].

As can be seen in Fig. 3, the oxidation reaction occurred rapidly
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Fig. 4. DD changes depending on the reaction time for photocata-
Iytic and sono photocatalytic reactions (Experimental condi-
tions: pH 3, 0.7 g/1 TiO,).

in the use of Fe** because the catalyst iron and H,O, were present
in adequate amount in the reaction medium in the first 5 minutes,
while it was more slowly in the use of Fe” because it relies on the
dissolution of metallic iron. A similar situation is valid for the use
of TiO,. In all three processes, as a result of the decrease of reaction
components in the medium over time, the rate of the increase in
SCOD slows. Accordingly; it was determined that the disintegra-
tion of the sewage sludge was realized in two stages: the fast oxida-
tion stage in the first 30 minutes and the slow oxidation stage in the
remaining 30 minutes. There was no significant change after 60
minutes. The optimum time in this study was determined as 60
minutes.
2. Sono-photocatalytic Effect

Using the TiO, amount obtained in the optimization study, photo-
catalytic and sono-photocatalytic processes were carried out under
different UV lights for 0-150 minutes. The results obtained are given
in Fig. 4.

As seen in Fig. 4, DD increased rapidly in the first 30 minutes
in all processes. Then the increase slowed and became constant after

(b)
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Fig. 3. SCOD (a) and DD (b) changes depending on the reaction time for different applications (Experimental conditions: pH 3, 7 g/kg TS

Fe”*/35 g/kg TS H,0, and 5 g/kg TS Fe'/25 g/kg TS H,0,).
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Table 2. Kinetic constants

Zero-order model

First-order model Second-order model

ky (mg/L-min) R’ k; (1/min) R’ k, (L/mg-min) R’
TiO,/UV-A 6.8688 0.87 0.033 0.7 —0.0002 0.44
TiO,/UV-B 6.6361 091 0.0337 0.77 —0.0002 0.49
TiO,/UV-C 6.2353 091 0.0334 0.76 —0.0003 0.51
TiO,/UV-A/US 12.011 0.93 0.0418 0.77 —0.0002 0.45
TiO,/UV-B/US 12.214 0.95 0.0432 0.8 —0.0003 0.49
TiO,/UV-C/US 10.981 0.95 0.0421 0.78 —0.0003 0.5

50 minutes. After the 90th minute, DD showed a decreasing trend.
The highest DD values of 30.34% were obtained in TiO,/UV-A/
US and TiO,/UV-B/US sono-photocatalytic processes. In the pho-
tocatalytic process, DD was 18.35% and 17.6% when TiO,/UV-A
and TiO,/UV-B were applied, respectively. Mineralization of dis-
solved organic substances by photocatalytic reaction may be dom-
inant after the 90th minute. In the first 50 minutes, the amount of
COD solubilized by the photocatalysis reaction was superior to
that of dissolved organic substances mineralized by the photocatal-
ysis reaction. Also, the mineralization rate after 90th minutes is
faster than the solubilization rate. In this study, the optimum time
was determined as 60 minutes. Since ultrasound in the sono-pho-
tocatalytic process causes the solid phase to dissolve [43], the sludge
disintegration efficiency increased.
3. Kinetic Study

Zero (Eq. (16)), first (Eq. (17)) and second-order (Eq. (18)) kinetic
models were applied to the changing SCOD concentrations depend-
ing on time of sono-photocatalytic and photocatalytic oxidation
processes [44]. Kinetic parameters calculated for reaction kinetics
are given in Table 2.

C=Cy—ky-t (16)
InC=InCy-k;-t (17)
1 1

C_C0+k2»t (18)

Here, C, initial SCOD concentration (mg/L); C SCOD concentra-
tion at any time (mg/L); k, k;, and k, kinetic constants of zeroth,
first and second order reaction kinetics, respectively; and t represents
the reaction time (minutes).

As seen in Table 2, each application of FOP conforms to the
zeroth order kinetics as a function of the SCOD concentration. Sim-
ilar results have been found in different studies [44,45]. It was ob-
served that the k, value increases when US is used; the k, value
increased from 6.6361 to 12.214 in the TiO,/UV-B/US process.
This increase can be explained by the relative increase in tempera-
ture due to energy released from ultrasound [46].

4. Effect of Iron Catalyst on Sono-photocatalytic Process

The effect of the combination of TiO, and iron on sono-photo-
catalytic disintegration in different UV lamps was investigated under
the optimum conditions previously determined (Table 1). DD val-
ues calculated for each process are given in Fig, 5.

As seen in Fig. 5, the highest DD occurred in sono-photocata-
lytic processes without iron addition. While the DD was 30.34%
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for UVA and UVB, it was calculated as 28.09% for UVC. The iron
catalyst added to the process reduced the disintegration efficiency.
This decrease was slightly higher in Fe** usage than in Fe” usage.
When Fe or other metals are added to TiO,, the superficial com-
plexing properties may change. The formation of superficial com-
plexes in photochemical reactions can exhibit charge transfer ab-

mTiO2 mTiO2/Fe2+ mTiO2/Fe0 TiO2/US TiO2/Fe2/US TiO2/Fe0/US
3 2 3
Q b 3
30 4 I I kS
n o~ I
25 s
B -~
0 =] =] N N 0 2
0 a 2 3 I I o o B
204 = ~ = -
d I - S 1 gk
-~

DD %

UV-A Uv-B Uv-C

Fig. 5. DD values for sono-photocatalytic and iron combined pro-
cesses (Experimental conditions: pH 3, 7 g/kg TS Fe*, 5 g/kg
TS Fe’, 0.7 g/l TiO, and time 60 mimutes).

mTio2 mTi02/H202 Tio2/us Ti02/H202/US
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< 20,60
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16.10
15 |
10 -
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o0 |
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Fig. 6. DD values for sono-photocatalytic and H,0, combined pro-
cesses (Experimental conditions: pH 3, 0.7 g/l TiO,, 35 g/kg
TS H,0, and time 60 mimutes).
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Table 3. Operation cost for considered processes

Iron catalyst H,0, TiO, UV energy US energy Total operation
cost ($) cost ($) cost ($) cost ($) cost ($) cost ($)
CFP/TiO,/UV 2.6x10°* 1.0x10°° 26x10°° 7.2x107* - 4.58x107°
MFP/TiO,/UV 3.6x10°° 7.0x107* 26x10°° 72x107* - 7.62x10°°
CFP/TiO,/UV/US 2.6x10°* 1.0x10°° 2.6%x10°° 72x107* 8.7x10°° 13.28x10°°
MEFP/TiO,/UV/US 3.6x10°° 7.0x107* 2.6%x10°° 72x107* 8.7x10°° 16.32x10°°

sorption bands at intervals similar to those corresponding to homo-
geneous complexes and similar photolytic behavior [47]. Fe reduces
the gap band of TiO, and leads to increased active sites on its sur-
face [48].

5. Effect of H,0, on Sono-photocatalytic Process

The effect of H,0, added to the sono-photocatalytic process on
disintegration under different UV lamps was investigated by using
optimum TiO, and H,0O, (Table 1). DD values obtained are shown
in Fig, 6.

Unlike iron catalyst, the addition of H,O, to the sono-photocat-
alytic process had an efficiency enhancing effect. While the DD was
30.34% in the sono-photocatalytic process conducted with UVA
and UVB light, it increased to 32.58% and 32.96%, respectively,
with the addition of H,O,. As a result of photolysis of H,O, by UV
light, additional «OH was produced and thus contributed to the
increase of disintegration efficiency [49]. The catalytic activity is sig-
nificantly increased in the presence of UV light, US irradiation and
H,0, [50].

6. Synergistic Effect of Sono-photocatalytic Process and Fen-
ton Process (Fe/H,0,)

The synergistic effects on sludge disintegration were investigated
by using the sono-photocatalytic process and fenton reagents to-
gether. The amount of reagents used are the optimum values given
in Table 1. DD values obtained are given in Fig. 7.

As shown in Fig. 7, the combined use of Fenton and sono-pho-
tocatalytic process significantly increased disintegration. The high-

- mCFP/TIO2  mMFP/TiO2 CFP/Ti02/US MFP/TiO2/US
52,81
50 -
43.82 43.82
40.82 41.57 s 43'%7 I
40 - Ll
33.33
®
a 30 1 2857 J6.50 27:34
a 24.34 24.34 :
20 -
10
0 -
UV-A Uv-B Uv-C

Fig. 7. DD values for sono-photocatalytic and Fenton combined pro-
cesses (Experimental conditions: pH 3, 7 g/kg TS Fe*'/35 g/
kg TS H,0,, 5 g/kg TS Fe'/25 g/kg TS H,0,, 0.7 g/l TiO, and
time 60 mimutes).

est DD value occurred under UVB light. In addition, the synergistic
effect realized with MFP is higher than other processes. The DD
obtained by the combination of the sono-photocatalytic process
and MFP was 52.81%, while it was calculated as 43.82% in the
sono-photocatalytic-CFP combined process. The DD values obtained
by using the MFP or CFP together with the photocatalytic process
performed without ultrasound were determined as 33.33% and
28.84%, respectively. In the study; it was revealed that Fenton reagents
used with the sono-photocatalytic process have a highly effective
synergistic effect on sludge disintegration.

7. Economic Evaluation

In the study, economic evaluations of the synergistic effects on
sludge disintegration were made (Table 3). The operating costs of
the processes were calculated by considering the amount of reagents
(FeSO,-7H,0, Fe’, H,0, and, Ti0,) as well as UV and US energy
costs. In the calculation, optimum conditions were taken into account.
It was assumed that the cost of H,O, was 5.5 $/kg, the cost of
FeSO,-7H,0 was 3.65 $/kg, the cost of Fe” was 0.35$/g and the
cost of TiO, 14.9 $/kg. Fe” cost was obtained by calculating. Elec-
tricity price (kWh) was 0.048 $. Reaction time is 60 minutes for
UV and US. Also, Fig. 8 displays the overall costs as a percentage
of the most expensive disintegration.

When carrying out the disintegration without US, the estimated
relative cost decreased in a 53 and 72%, respectively, being the
MFP/TiO,/UV and CFP/TiO,/UV the cheaper option. However, the
highest DD values belong to synergistic processes using US.

8. Toxicity Analysis

The seed germination test expressing toxicity was carried out for

raw and disintegrated sludge with the highest DD obtained from

100

90
80
70
60
50

% Cost

40
30
20
10

MFP/TiO2/UV/US CFP/TiO2/UV/US MFP/TiO2/UV CFP/TiO2/UV

Fig. 8. Relative economic cost per functional unit for considered
processes.
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Fig. 9. Percentage of germination within the scope of toxicity analysis after processes.

Tablo 4. Changes in particle size of sludge

Particle size (um)

Surface-weighted

Volume-weighted

average D [3.2] average D (4.3) d 0. d(05) d (0.9
Raw sludge 39 130 18.3 66.3 198
TiO,/UV-A 30.1 76.5 174 57.2 152
TiO,/UV-A/US 21.5 63.1 14.7 54.7 123.5
TiO,/UV-B/Fe* 38.8 85.0 19.5 62.7 159
TiO,/UV-B/ Fe’ 37.7 95.5 18.7 614 164
TiO,/UV-A/H,0, 20.1 732 138 63.8 1454
TiO,/UV-B/CFP 35.6 105 174 59.3 172
TiO,/UV-B/ Fe’/US 28.5 82.2 14.2 75.8 160.4
TiO,/UV-B/MFP 354 99.6 17.1 58.8 162
TiO,/UV-B/MFP/US 17.9 52 10.5 41.3 105.5
TiO,/UV-B/CFP/US 20 57.9 11.6 50.5 114.3
TiO,/UV-A/H,0,/US 18.7 70.1 12 64.1 126.9
TiO,/UV-B/ Fe**/US 32.5 88.9 25 84.1 166.9

different oxidation processes. The results are shown in Fig. 9.

As shown in Fig. 9, after all the processes applied with ultrasound,
the GP increased to 100%. This demonstrates that toxicity was sig-
nificantly degraded after sludge disintegration by sono-photocata-
lytic processes. The cause of this increase is that persistent or complex
organic/inorganic compounds become less toxic [41]. Ultrasonic
treatment can deactivate the high organic load in the sludge, hence
reducing the toxicity of this sludge [51,52].

9. Sludge Characterization
9-1. Particle Size Distribution

Particle size distribution analyses were performed for the sludge
in the processes with the highest DD made. Thus, the effect of dis-
integration processes on sludge disintegration was determined. Par-
ticle size analysis was conducted in Sivas Cumhuriyet University
Advanced Technology Research and Application Center (CUTAM).
Results are shown in Table 4. d (0.1), d (0.5), and d (0.9) describe
10, 50, and 90% of particles (in volume) having a diameter lower

August, 2021

or equal to d (0.1), d (0.5), and d (0.9), respectively.

During the disintegration process, a considerable decrease takes
place in the particle size in sludge due to deterioration of the floc
structure caused by the forces applied to the sludge. The decrease
in particle size enables the solids in the sludge to be hydrolyzed
more easily due to the increased surface area generally associated
with the reduction in particle volume [53]. In this study, particle
size was reduced in all processes (Table 4) and the best result was
obtained with TiO,/UV-B/MFP/US. After disintegration, sludge
amount decreased between 19.2% and 60% according to the vol-
ume-weighted average D [4.3]. Considering the amount of sludge
coming out of treatment plants and disposal costs, these reduction
rates provide a substantial advantage.

CONCLUSION

Sono-photocatalytic disintegration of sludge under various exper-
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imental conditions was investigated. Synergistic effects under dif-
ferent UV lights were examined by using the sono-photocatalytic
process and fenton reagents together. When TiO, and H,O, were
used together, as a result of photolysis of H,O, by UV light, addi-
tional sOH was produced and this contributed to the increase of
disintegration efficiency. When TiO, was used together with iron,
DD values d ecreased due to the changes in surficial complexing
properties. This situation was evident even in the presence of US.
After disintegration, the sludge amount decreased between 19.2%
and 60% according to the volume-weighted average D [4.3]. Sludge
disintegration with sono-photocatalytic and sono-photocatalytic/
Fenton processes will be an important alternative in the near future,
where the importance of sludge minimization is increasing day by
day. As a result of this study; it was determined that the Fenton
reagents used with the sono-photocatalytic process have a highly
effective synergistic effect on sludge disintegration. The results ob-
tained from this study, which has not been done before, will be an
important reference in the further disintegration studies as well as
in the treatment studies.
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