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Abstract

This paper investigated the disintegration of waste sludge with different photocatalytic processes. For this objective, the
effects of initial pH, reaction time, TiO, amount with Fe**, Fe® and H,0, doses on the disintegration degree (DD) were
determined. Soluble chemical oxygen demand (SCOD) was used as the main parameter in the study. Process optimizations,
kinetic study and Disintegration degree calculation were performed based on the SCOD parameter. In order to observe the
effect of UV light, UV-A, UV-B, UV-C lights were used, and the best DD was determined. In addition, SEM analyzes were
performed to determine Particle Size Distribution, toxicity and sludge characterization in raw sludge and disintegrated sludge.
As a result of optimization studies, optimum pH 3, reaction time 60 min, 6 g/kg TS Fe*, 4 g/kg TS Fe', 40 g/kg TS/20 g/
kg TS H,0, and 0.8 g/l TiO, doses were obtained. The highest DD was obtained in the TiO,/Fe’/H,0,/UVB process with
69.49%, while the lowest DD value was obtained in the TiO,/Fe**/UVC and TiO,/Fe’/UVC processes with 15.25%. Results
suggest that the amount of sludge was reduced between 19.2% and 34.6% by photocatalytic disintegration. As a result, it was
concluded that the Photocatalysis process is a feasible and efficient process for disintegration of sludge.
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Statement of Novelty

This work contributed to the disintegration of waste sludge
with different photocatalytic processes. Considering the ini-
tial pH, reaction time, TiO,, amount with Fe>*, Fe and H,0,
doses and different UV, a holistic approach was proposed for
the disintegration of waste sludge. In order to observe the
effect of UV light, different wavelengths; UV-A (365 nm),
UV-B (302 nm), UV-C (256 nm) were applied and the most
suitable wavelength was determined. In addition to the toxic-
ity analysis, Particle Size Distribution, SEM analyzes were
also performed to determine sludge characterization.

Introduction
In recent years, attention has been paid to minimize the

amount of sludge in the waste water treatment process.
The treatment and disposal of waste sludge is about half
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the entire operating cost for municipal wastewater treat-
ment plants. Therefore, researches on sludge treatment are
increasing and some new sludge reduction techniques are
recommended [1-3]. One of the sludge reduction techniques
is sludge disintegration.

Sludge disintegration can be accomplished by degrada-
tion of sludge flora or microorganism cells in the sludge
depending on the type and the intensity of disintegration
[4]. By means of disintegration, the degree of sludge stabi-
lization increases. In addition, less sludge production and
more biogas production are provided [5]. In recent years,
sludge disintegration has been carried out with some pro-
cesses; Fenton [6], electrocoagulation [7], ultrasound energy
[8], high pressure [9], thermal energy [10], enzymes [11],
Hydrocyclone pretreatment [12], Ultrasonic disintegration
[13]. Different chemical techniques are often applied for
WAS disintegration [14]. Current results reveal the great
potential of chemical technology in reducing excess sludge
production [1]. The application of AOP often leads to the
by-products formation and to an increase the toxicity of the
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treated water [15]. The Photo-Fenton reaction, one of the
advanced oxidation processes (AOP), can offer a promising
technology to minimize excess sludge [16].

AOP includes heterogeneous photocatalysis processes
using semiconductors such as TiO, and ZnO, and homoge-
neous processes such as Fenton process, H,O, and ozone.
Among these processes, Fenton process and TiO, attract
more attention, especially when applied with ultraviolet
(UV) radiation [17, 18]. Up to 80% of catalytic processes
are involved in heterogeneous catalysis, making this process
a vibrant branch of chemistry [19].

TiO, is a semiconductor with high photocatalytic activity,
is relatively inexpensive and has good stability in the aque-
ous solution [20]. The advantages of using a degradation
process using photocatalytic phenomena have been indicated
in several studies. These advantages include: fast reaction,
less sludge production, high repeatability and relatively low
cost [21, 22].

The photocatalytic properties of TiO, are derived from
the formation of photogenerated charge carriers (gaps and
electrons) that occur upon absorption of ultraviolet (UV)
light corresponding to the band gap [23, 24]. TiO, surfaces
become superhydrophilic with less than 5° contact angle
under UV light irradiation [25]. Superhydrophilicity results
from changes in the chemical structure of a surface. If the
semiconductor is exposed to a certain wavelength of light,
electrons are excited to move from the valence band to the
conduction band and a gap is created in the valence band
[26]. This process takes place in the early stages of a pho-
tocatalyst reaction.

TiO, has a high light absorption ability, characterized by
the band gap energy (Eg) value corresponding to 3.2 eV for
the anatase structure. When light with the hv energy equal
to or greater than the bandgap energy (Eg) is used, the elec-
trons in the valence band have enough energy to be able to
move or be excited to the conduction band and leave the
positive hole (hv +) in the valence band (Eq. 1) [27]:

TiO, + hv — ¢, + W}, 1)

Gaps in the valence band can act with H,O to produce
hydroxyl radicals and other reactive oxygen species (Eq. 2):

hv' + H,0 — OHe +H* )

This reaction is a kind of advanced oxidation technique and
is the beginning of the next photocatalytic reaction [26]. If
other oxidizing agents such as hydrogen peroxide or ozone
are available, additional hydroxyl radicals can be generated
under UV irradiation. Irradiation of hydrogen peroxide with
UV light produces OHe known to react with a large num-
ber of chemicals, but the formed radicals are unstable. The
formation of OHe by photolysis of H,0, with UV light is
given in Eq. 3 below.

H,0, + hv — 20H. 3)

UV/Oxidation Technologies take place either in a homoge-
neous environment with addition of a suitable oxidant sub-
stance (hydrogen peroxide or ozone) or in a heterogeneous
environment containing semiconductor particles (eg tita-
nium dioxide) [28]. In the Fenton process, OHe is produced
by reacting hydrogen peroxide with Fe** and Fe** salts [29].

Yu et al. [30] have examined the treatability of H-acid
(1-amino-8-naphthol-3, 6-disulphonic acid) by photocata-
lytic oxidation method (TiO,/UVA). Noorjahan et al. [31]
have investigated the heterogeneous photocatalytic degrada-
bility of H-acid that is toxic and non-biodegradable. Mohanty
et al. [32] have used the TiO,/UV-A combined photocatalytic
process to achieve an improved biodegradability of H-acid.
Sauer et al. [33] have tried to treat leather wastewater with
AOP (H,0,/UV, TiO,/H,0,/UV and TiO,/UV). Arana et al.
[34] have studied the photocatalytic degradation of organic
substance by applying UV/TiO, method to wastewater in the
presence of some ions such as ozone and some phosphate.
Muruganandham et al. [35] have used three different AOPs
(UV/H,0,/Fe*", UV/TiO, and UV/H,0,) in removal of reac-
tive azo dyestuff. Catalkaya and Kargi [36] have investigated
the TOC and toxicity removal in pulp wastewater by UV, UV/
H,0,, UV/TiO,, UV/H,0,/TiO, methods. Garcia et al. [37]
have studied pollution removal in textile wastewater by UV/
H,0,, UV/TiO,, UV/TiO,/H,0, and UV/Fe**/H,0, methods.

UV/Fenton/TiO, application has been reported extensively
in the literature, but there is a published literature shortage
on sludge disintegration. In this study, the disintegration of
the sludge taken from the wastewater treatment plant was
investigated with different Photo catalytic processes. In this
context, effects of of initial pH, reaction time, TiO,, iron and
H,0, doses under different UV light were determined. Soluble
Chemical Oxygen Demand (SCOD) was selected as the target
parameter. Process optimizations, kinetic study and DD calcu-
lation were performed based on SCOD parameter. In order to
observe the effect of UV light, different wavelengths; UV-A
(365 nm), UV-B (302 nm), UV-C (256 nm) were applied and
the most suitable wavelength was determined. In addition to
the toxicity analysis, Particle Size Distribution, SEM analyzes
were also performed to determine sludge characterization.

Experiments were performed in triplicate and the aver-
age values of samples were presented. Data presented are
the mean values from the experiments, standard deviation
(£4%) and error bars are indicated in figures.

Materials and Methods

Many of suspended solids in the activated sludge are of
organic substance. Since most active sludge microorganisms
will be killed and oxidized to organic substances, the effects
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of sludge reduction can be determined in terms of changes in
SCOD [38, 39]. In this study, separate experiments were car-
ried out to determine the effect of parameters such as TiO,,
Fe?*/Fe® and H,0, concentrations, pH, contact time and UV
light at different wavelengths on the DD and the amount of
SCOD. The three different UV light sources used are UV-A
(365 nm), UV-B (302 nm), UV-C (256 nm). In addition, in
order to observe the effect of photocatalytic disintegration
on particle degradation of the sludge, SEM and toxicity ana-
lyzes were performed.

Waste Activated Sludge (WAS)

The WAS sample used in the experimental studies was sup-
plied from the return line of Sivas domestic wastewater
treatment plant in Turkey. Samples were stored in refrig-
erator at +4 °C. The WAS has features such as pH 6.5,
SCOD 48 mg/L, total COD 9800 mg/L, total solids (TS)
8285 mg/L, suspended solid (SS) 5950 mg/L, electrical con-
ductivity (EC) 1040 pS/cm, and a TS content of 1%.

Synthesis of Zero-Valent Iron Nanoparticle (Fe%)

5.34 g FeCl,-4H,0 was mixed in a 30 ml solution (24 ml eth-
anol + 6 ml distilled water) in a magnetic stirrer. Elsewhere,
1 M NaBH, (3.05 g NaBH, in 100 mL distilled water) was
prepared. The prepared NaBH, solution was added dropwise
to the Fe solution mixed in the magnetic stirrer. As soon as
NaBH, was added, black mud has begun to form. After add-
ing NaBH, completely, mixing was continued in the mixer
for another 10 min. The black mud formed was separated by
centrifuge. It was centrifuged repeatedly by washing with
25 mL ethanol. It was dried at 500 °C until it was completely
dry. It was kept in a desiccator in order to prevent the mate-
rial from getting moisture and stored in a closed box [40].

Optimization Studies
Iron Dose Optimization

Oxidation was performed by applying different amounts
of iron to each reactor, keeping other parameters (pH =3,
time =60 min, H,0, =40 g/kg TS) constant. After the sam-
ple was passed through 0.45 micron filter paper, SCOD ana-
lyzes were performed and DD was calculated. An optimum
dose was determined by evaluating the results obtained for
each iron dose.

H,0, Dose Optimization
By keeping the optimum iron dose -determined in the pre-

vious stage- and other parameters (pH =13, time =60 min),
different amounts of H,0, were dosed in each reactor and
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optimum H,0, dose was determined by following the same
procedure.

pH Optimization

The optimum iron and H,0, dose determined in the pre-
vious stage was kept constant and applied to each reactor
for 60 min at different pHs, thus oxidation was carried out
and the optimum pH was determined by following the same
process sequence.

TiO, Optimization

Oxidation was achieved by applying different amounts of
TiO, using pH 3, time 60 min and UVA light. SCOD analy-
sis was done and DD was calculated in samples. The opti-
mum dose was determined by evaluating the results obtained
for each TiO, amount.

Reaction Time

In this study, oxidation was performed at different times
(0-150 min) by keeping pH 3 and optimum TiO, dose con-
stant. The optimum time was determined according to the
results obtained.

Fenton Oxidation

The experiments with Fe’* were carried out using stock
solution of H,0, and FeSO,.7H,0 salt as fenton reagent.
0.1 and 1 N H,SO, solutions were used to adjust the initial
pH of raw sludge to acidic conditions. After adjusting pH
to desired value, the doses of Fe** (FeSO,.7H,0) and H,0,
(35% H,0, solution) were added respectively. After dosing
the hydrogen peroxide, 1 h reaction time was considered to
have started. Experiments were carried out in 250 ml glass
beakers for raw sludge sample in 250 ml liquid volume. The
same method was used in Fe” experiments. But, instead of
ferro iron, metallic iron powder (Fe®) was used.

Photo-Fenton Oxidation

In order to determine the effect of UV on the sludge disinte-
gration process, experiments were carried out with UV-A,
UV-B, UV-C light. The optimum amounts of iron, H,0, and
TiO, obtained as a result of optimization were used in the
experiments. The reactor in which the study was carried out
is shown in Fig. 1.

Analysis

The COD and SCOD were done according to procedures
given in Standard Methods [41]. The pH and EC of the
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Fig. 1 Photocatalytic oxidation application reactor

sludge were measured by using a pH meter (Thermo Orion
— STARAZ2145). Particle Size Distribution analyses were
conducted with a Malvern Mastersizer 2000QM brand par-
ticle size analyzer.

Disintegration Degree (DD)

To assess the sludge disintegration performance, the degree
of disintegration (DD) was calculated using Eq. 4 [42].

SCODg — SCODy,

DD(%) =
(%) SCODy,on — SCODg,

x 100 4)

here, SCODg Soluble COD value of disintegrated sludge
(mg/L), SCODgyq Soluble COD value of non-disintegrated
sludge (raw sludge) (mg/L), SCODy, o Soluble COD value
of chemically disintegrated sludge at room temperature,
20 + 1 °C, 24 h with 1 mol/L NaOH (mg/L).

Toxicity

Seed Germination Test expressing toxicity was performed
for raw and disintegrated sludge with different applications.
The emergence of radicals in the Petri dish indicates seed
germination [43]. Sludge samples were filtered by vacuum
filtration. Afterwards 10 mL of filtrate was transferred to
Petri dish and ten spinach seeds (Spinacia oleracea) were
placed in each petri dish. It was incubated at 28 °C. The test
was carried out for 10 days. Seeds (germinated) from which
their radicals began to appear were counted. The germina-
tion percentage (GP) was calculated using Eq. 5 below [44]:
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Fig.2 SCOD (a) and DD (b) Changes depending on the reaction time

Number of seeds germinated
GP =

100
Number of seeds planted )

Results and Discussion
Determination of Reaction Time

Ti0,/UV, Fe**/H,0,/UV and Fe’/H,0,/UV processes were
applied in this study. To determine the reaction time of each
process, TiO, 0.8 g/L; Fe** 6 g/kg TS, H,0, 40 g/kg TS;
Fe® 4 g/kg TS, H,0, 20 g/kg TS, UVA and pH 3 were kept
constant. In these conditions, the change of SCOD and DD
depending on time was examined at room temperature, and
the results are given in Fig. 2. The reaction time being long
or short is an indicator of the degradability of organic sub-
stances in the structure of sludge. The short time required for
degradation shows that there are organic substances which
deteriorate easily in the structure of sludge, while the long
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time references the presence of hardly deteriorate organic
substances [45].

As seen in Fig. 2, in the first 10 min the oxidation reac-
tion occurred rapidly in Fe* usage since there was sufficient
amount of catalyst ferro iron and H,O,, while it took place
more slowly in Fe” usage because it depends on the dissolu-
tion of metallic iron. A similar status is acceptable for the
use of TiO,. In all three processes, the speed of the rise of
SCOD slows down as a result of the decrease of reaction
components in the environment over time. It is seen that the
disintegration of the sludge is carried out in two phases. In
Fe>" usage, it was determined that the fast oxidation phase
in the first 5 min and the remaining 55 min were the slow
oxidation phase. In Fe? usage, it was observed that the reac-
tion took place later due to the dissolution of iron, and rapid
oxidation in the first 10 min, while the reaction slowed down
in the next 40 min.

In the reaction with TiO,, it can be seen that the chemical
oxidation is roughly divided into two phases. After adding
TiO, to the solution in the photoreactor, the SCOD increased
and reached a maximum after about 60 min (phase I). At
this phase, some activated sludge microorganisms were
killed and oxidized to organic substances dissolved by pho-
tocatalytic reaction. As a result of the oxidation, organic
substances were leached into the supernatant and the SCOD
increased [46, 47]. Later, there was a decrease in SCOD
(phase II). Mineralization of dissolved organic substances
by photocatalytic reaction may be dominant in phase II [46].
In phase I, in the beginning, the amount of COD solubilized
by the photocataliysis reaction was superior to that of dis-
solved organic substances mineralized by the photocataliy-
sis reaction. On the other hand, the solubilization rate in
phase II is slower than the mineralization rate. This change
in SCOD shows similarity to those in Déléris et al. [48],
Egemen et al. [46], Vlyssides and Karlis [49] studies. In
this study, the optimum time was determined as 60 min for
all three processes.

Effect of Catalyst (Fe?*, Fe®) Concentration

A specific or average iron concentration is not recommended
for Fenton process studies. Because both the wastewater
characteristics and the ambient temperature at which the
reaction takes place are important factors in determining
the concentration of Fe?* to be applied [50]. The optimiza-
tion of Fe*™ and Fe” was studied at a time of 60 min, pH 3 at
40 g/kg TS H,0, concentration and in the range of 2, 4, 6,
10, 30 g/kg TS iron concentration. DD changes depending
on the iron dose are given in Fig. 3.

As will be seen in the fenton reaction given in Eq. 6,
Fe”" ion reacts with H,0, to form OHe. When the con-
centration of Fe2* ion increases according to the reaction,
the resulting OHe will increase, and accordingly the AOP
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performance will improve [51]. However, the positive effect
of this increase in Fe?* ion concentration is not linear. Fe?*
ion concentration above a certain level decreases the reac-
tion rate. At the same time, excess Fe?* in the medium may
increase the amount of SS, leading to excessive sludge for-
mation at the process exit [52].

Fe’* + H,0, —» Fe’* + OH+ + OH™ (6)

It is seen in Fig. 3 that the rate of degradation of organic
substance increases in parallel with the increase of Fe?* ion
concentration in the reaction medium. However, the increase
continued until a certain concentration. Above this concen-
tration, it was found that the rate of disintegration of organic
substances in the Fenton process decreases. This event has
been observed in similar studies [53-55].

As seen in Fig. 3, the maximum DD 28.81% at 10 g/kg
TS Fe>* concentration was obtained when using Fe**. In
Fe’, with the increase in the applied Fe® dose, up to 10 g/
kg TS Fe concentration, there was a steady increase in DD.
This increase was remarkable up to 4 g/kg TS Fe? dose, but
at negligible levels at higher doses. The radical scavenging
effect of excess iron in Fe?* process was not observed in
Fe® process, since metallic iron powder takes time to dis-
solve in the sludge and ferro iron is not given suddenly, as
in Fe?* process. As a result, considering the economic con-
ditions, while the dose of 6 g/kg TS Fe*, where 27.12%
DD has been provided, was determined as optimum dose
in Fe>™ process; The dose of 4 g/kg TS Fe®, where 25.42%
DD has been obtained, was determined as optimum dose in
Fe’ process.

Effect of H,0, Dose

In Fenton process, process performance improves when the
amount of H,0, is increased up to a certain value, similar



Waste and Biomass Valorization (2021) 12:4419-4431

4425

to Fe*" ion. Because H,0, is the source of OHe radicals
formed by the fenton reaction. Increasing the amount of
H,0, and getting away from its optimum level increases the
process cost, and excess H,0O, reacts with OHe, leading to
formation of HO,e (Eq. 7), which has much lower oxidation
power [52].

H,0, + OHe — H,0 + HO,. )

In H,0O, optimization study, duration of 60 min, pH 3, 6 g/
kg TS for Fe* and 4 g/kg TS for Fe’ and 5, 20, 40, 50 g/
kg TS H,0, concentrations were applied. The results are
shown in Fig. 4.

Determination and application of effective H,O, concen-
tration in Fenton process is very important in terms of treat-
ment efficiency. Because a certain increase in the amount of
H,0, increases COD and color removal. However, at higher
concentrations excessive H,O, remaining in the medium
without reacting causes COD interference [56].

As seen in Fig. 4, DD continuously increased up to 40 g/
kg TS H,0, concentration in Fe>* process. Between 40 and
50 g/kg TS H,0, concentration, DD remained constant.
Whereas, in Fe° process, up to 20 g/kg TS H,0, dose, DD
increased significantly, there was a slight increase with
increasing dose to 40 g/kg TS. At higher dose, an increase
in DD was not detected. Thus, optimum H,O, concentrations
were determined as 40 g/kg TS H,0, for Fe?™ and 20 g/kg
for Fe. The results obtained in the study are similar to those
in previous studies [57, 58].

Photo Fenton Process

The process performed by applying UV light and fenton
reactions in the same reactor is called photo-fenton pro-
cess [59-61]. Equation 8 shows the photo-fenton reaction
mechanism. Fe** ions formed during the Fenton reaction
are reduced to Fe>* ions by UV effect, but the concentration

30
e | ;—c
25 A 1 e
L
20 2
g
a 15
)
10
5 * Fe2+ (DD) FeO (DD)
0
0 10 20 30 40 50 60
H,0, dosage (g/kg TS)

Fig.4 DD changes depending on H,0, dose (5-50 g/kg TS)

of Fe** ions formed is lower than the initial Fe?" concentra-
tion. Fe?*, which is formed as a result of the photo-fenton
reaction, enters the fenton reaction again. Reactions 6 and
8, which enter into a cycle in this way, also increase the
effectiveness of the fenton process due to the OHe they form
at each step [62, 63].

Fe’* + H,0, + hv — Fe’* + OH™ + OHe ®)

Effect of TiO, Dose

TiO, widely studied and used in many applications due to
its strong oxidizing abilities [64], super hydrophilicity [25],
chemical stability, long durableness, toxicity and low cost.
In this study, the initial conditions were determined as pH
3, UVA lamp and duration 60 min to determine the effect
of consentration of TiO,. TiO, consentration was changed
between 0.05 and 1 g/1 (Fig. 5), and the optimum TiO, dos-
age for disintegration with photocatalyst was determined.

As seen in Fig. 5, DD amount started to increase with
increasing TiO, consentration, and this increase continued
until the use of 0.8 g/l TiO,. After that value, DD started to
decrease. For this reason, the optimum consentration of TiO,
was determined as 0.8 g/l.

Effect of pH

The pH values of solutions directly or indirectly affect the
oxidation of organic substances [65]. The pH of solution
controls the speed of hydroxyl radical production. Therefore,
pH is an important parameter for the PhotoFenton-Photocat-
alytic process. In order to determine the pH effect on photo-
catalytic disintegration, the time was 60 min, TiO, 0.8 g/l,
UV source was UVA lamp, and the pH was changed between
2 and 9. DD changes due to pH change are given in Fig. 6.

i
L

0 0.2 0.4 0.6 0.8 1
Tio, (/1)

Fig.5 DD changes depending on TiO, dose (0.05-1 g/l)
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DD values decrease as the pH value increases. At pH 3,
DD was determined as 33.90%, while at pH 9, DD was deter-
mined as 25.42%. In similar studies, it has been reported that
the appropriate value for pH in the fenton process is in the
2-4 range [51, 54, 57, 60]. In this study, the optimum pH
was determined as 3.

Effect of TiO,/Iron Catalyst

In this study, the effects of use of TiO,/Fe** and TiO,/Fe"
combinations on disintegration with different UV lamps
were investigated by using the previously specified optimum
conditions. In this context, TiO, 0.8 g/l, Fe** 6 g/kg TS, Fe’
4 ¢/kg TS, pH 3 and t 60 min were applied. Different UV
lamp efficiencies are shown in Fig. 7.

As seen in Fig. 7, the highest efficiency for DD was
achieved in the use of UVB lamp in the TiO,/Fe’* pro-
cess, while in the TiOZ/Fe0 process was obtained in the use
of UVA lamp. The highest DD for TiO,/Fe** were deter-
mined as 25.42%, respectively. Whilst for TiO,/Fe® was
23.73%. Under the same conditions, when TiO, was used
alone (TiO,/UV) DD was 33.90%, in Fe* process DD was
27.12%, and in Fe® process DD was 25.42%. When used
together (TiOZ/Fe2+), DD decreased to 20.34% (in UVA). In
this case, It was found that the use of TiO, and iron catalyst
(Fe** or Fe) together reduces the disintegration of waste
sludge.

When Fe or other metals are added to TiO,, their surficial
complexing properties may change [34].

Effect of Using TiO/Fe**/H,0, and TiO/Fe’/H,0,

In the investigation of the effect of using TiO,, iron catalyst
and H,0, together under different UV sources on sludge
disintegration, TiO, 0.8 g/l; Fe?* 6 g/kg TS, H,0, 40 g/kg
TS; Fe® 4 g/kg TS, H,0, 20 g/kg TS; pH 3 and t 60 min were
applied. The results are given in Fig. 8.

pH

Fig.6 DD changes depending on pH 2-9
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As seen in Fig. 8, the highest efficiency in both pro-
cesses was achieved by using UVB lamps. The highest DD
for TiO,/Fe**/H,0, was determined as 61.02% while for
TiO,/Fe’/H,02 was 69.49%. The H,0, added to the iron
catalyst with TiO, has increased the efficiency considerably.
Considering the DD degrees obtained in treatment sludge
disintegration, it turns out that the use of these processes is
very efficient in sludge disintegration. In addition, UV light
flux is one of the important parameters affecting process
efficiency in AOP such as Photo-Fenton and Photocatalytic.
In literature, it has been reported that light flux affects the
removal efficiency in studies with photoreactors with differ-
ent light fluxes [66, 67].

Kinetic Study

Zero- (Eq. 9), first- (Eq. 10), and second-order (Eq. 11) mod-
els were applied to the change data of SCOD concentrations

80

70 B TiO2/Fe2+/H202

TiO2/Fe0/H202
60

DD %
N
o

UV-A UV-B uv-C

Fig.8 The effect of TiO,/Fe**/H,0, and TiO,/Fe’’H,0, on DD in
different UV Lamps (A/B/C)
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Table 1 Kinetic constants uv Zero-order model First-order model Second-order model
ko (mg/L.min) R? k, (1/min) R? k, (L/mg.min) R?
UVA 6.0798 0.89 0.0416 0.86 0.0003 0.69
UVB 5.7089 0.90 0.0426 0.90 0.0003 0.79
uvC 5.3564 0.93 0.0416 0.86 0.0003 0.80
Table 2 Toxicity analysis results
Raw sludge TiO,/UV TiO,/Fe**/UV TiO,/Fe’/UV TiO,/Fe**/H,0,/UV TiO,/Fe’/H,0,/UV
Toxicity GP % 70 70 90 80 80 100
depending on time in optimum conditions for UVA, UVB  Table3 Changes in the particle size of sludge
a'nd U'VC.. The klIlletIC Parameters calculated for each reac- Volume weighted d (0.1) d(05) d(0.9)
tion kinetics are given in Table 1. average D (4.3)
C = Cy—k.t (9)  Raw sludge 130 183 663 198
TiO,/UV 86.5 17.4 57.2 152
InC = In Cy—k,.t (10)  TiOyFe*/UV 85.0 195 627 159
TiOszeO/UV 95.5 18.7 61.4 164
1 | TiO,/Fe>*/H,0,/UV 105 174 593 172
cct kyt (11)  TiO,/Fe%/H,0,/UV  99.6 171 588 162
o

In these equations, C, initial SCOD concentration
(mg/L); C SCOD concentration at any time (mg/L); k, k;
and k, are kinetic constants of reaction kinetics of zero-,
first-, and second-order models respectively; and t reaction
time (minutes).

As can be seen in Table 1, it was determined that all three
lamp applications comply with zero-order and first- order
kinetics as a function of the SCOD concentration. Besides,
R? values were similar for both zero degree and 1st degree
kinetics. R? values varied between 0.89 and 0.93 in the zero-
order model, and 0.86-0.90 in the first-order model. When
UV-A, UV-B and UV-C were used the value of k, constant
was calculated as 6.0798, 5.7089 and 5.3564, respectively.

Toxicity

The application of the toxicity test has steadily increased
in recent years and has been a useful tool in environmental
risk assessment [68]. In this study, toxicity analyzes of raw
sludge and disintegrated sludge were performed (Table 2).
As shown in Table 2, for raw mud, the germination per-
centage was 70%, which means that sprout germination was
inhibited. This may be due to harmful organic compound
or microorganism in the sludge [69]. After the TiO,/Fe**/
H,0,/UV process, the germination percentage increased
up to 100%. This proves that toxicity deteriorates signifi-
cantly after disintegration of the sludge. The reason for
this increase is that stubborn or complex organic/inorganic

compounds become less toxic [44]. Photocatalytic treatment
can disrupt the high organic load in the sludge, ultimately
reducing the toxicity of this sludge [70].

Sludge Characterization

Particle Size Distribution Particle Size Distribution was
determined at Sivas Cumhuriyet University Advanced
Technology Research and Application Center (CUTAM).
In order to observe the effect of disintegration, a particle
size analysis was performed under optimum conditions for
WAS. Analysis results are given in Table 3. d (0.1), d (0.5),
and d (0.9) demonstrate 10, 50, and 90% of particles (in vol-
ume) having a diameter lower or equal to d (0.1), d (0.5),
and d (0.9), respectively.

During the disintegration, a significant decrease occurs
in the particle size in sludge due to the forces applied to the
sludge. The disruption of the flock structure in sludge is the
main reason for this change. The decrease in the particle size
generally provides easier hydrolysis of solids in the sludge
due to the increased surface area related with the decrease
in the particle voliime [71]. In this study, the particle size
decreased in all processes (Table 3). As a result of disinte-
gration (according to volume-weighted average D [4.3]) the
volume of sludge decreased by 19.2% to 34.6%. Considering
the sludge amounts coming out and disposal expenses of the
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Fig.9 SEM images; a Before disintegration b After TiO,/UV ¢ After TiO,/Fe?*/UV d After TiO,/Fe®/UV e After TiO,/Fe**/H,0,/UV f After
TiO,/Fe%/H,0,/UV
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treatment plants, these reduction rates provide an important
advantage.

SEM Analysis SEM analysis was used to analyze the mor-
phology of sludge particles before and after disintegration
(Fig. 9). Breaking flocs and microbial cells to remove intra-
cellular liquid is the main purpose of the disintegration pro-
cess [72]. In this study, it is seen in Fig. 9 that the sludge
particle size before and after disintegration has decreased
significantly. While the raw sludge particle size (d: 0.9) was
198 pm, the particle size after disintegration varied between
152 and 172 pm (Table 3).

The particle appearance of raw sludge was relatively
smooth and larger in size (Fig. 9a). An increase in fragmen-
tation was observed with all processes in consistent with
DD. It was also observed that the shape of the particles is
irregular and not homogeneous. These particles appear in
layered forms. In accordance with the study of Castro et al.
[73], large particles with flat edges and sharp corners were
observed. The sludge disintegrated by photo fenton shows
the highest degree of cell disintegration which confirms a
large increase in the DD [74].

Conclusion

Within the scope of the study, photocatalytic disintegra-
tion of waste sludge has been investigated under various
experimental conditions. In this context, parameters affect-
ing the disintegration degree for different processes have
been examined with different UV light fluxes. In addition,
kinetic study has been carried out under optimum condi-
tions. The efficiency of TiO, used as a catalyst has been
investigated in different UV lamps. Besides, the best dis-
integration process has been tried to be determined with
different processes of iron and H,0, added to TiO,. In this
context, TiO,/UV, TiO,/Fe**/UV, TiO,/Fe’/UV, TiO,/Fe**/
H,0,/UV, TiO,/Fe’/H,0,/UV processes have been applied.
In TiO,/UV application, DD for UVA, UVB and UVC has
been 33.9%, 30.51% and 28.81%, respectively. Disintegra-
tion efficiency decreases when TiO, and iron catalyst are
used together. When iron (especially Fe®) and TiO, were
used together, DD has decreased significantly. Otherwise,
when H,0, was added to this process, it has been found
that DD increased dramatically. The highest DD for TiO,/
Fe?*/H,0, was determined as 61.02% while for TiO,/Fe’
H,02 was 69.49%. In photocatalytic disintegration process,
it has been demonstrated that high levels of disintegration
were achieved with H,0, added to the TiO, catalyst. Future
work should focus on the determination of the influences
of photo-Fenton processes on the methaneproduction. Also,
comprehensive economical analysis should be investigated.
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