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e The long titanate NFs (bandgap of 3.16 eV) have
a high VFA removal rate of 72.9%.

e RSM has been used to optimize the VFA, COD,
and color removal rate.

e The quadratic model and the effects of
photocatalytic dosage were significant.
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ABSTRACT
Titanate nanofibers (TNFs) were synthesized using a hydrothermal method and
were employed for the first time in this study to photocatalytically degrade
organic pollutants found in flocculated liquid digestate of poultry litter. The
photocatalytic performance of TNFs, with a bandgap of 3.16 eV, was tested
based on degradation of organic pollutants and removal of color. Five
combinations of pollutant concentration and pH were examined (0.2 to
1.3 g-L™1 at pH 4 to 10). Central composite design (CCD) and response surface
methodology (RSM) were applied in order to optimize the removal rates of
volatile fatty acids (VFA) and chemical oxygen demand (COD), and the
decolorization rate. There were no significant differences between the
regression models generated by the CCD/RSM and the experimental data. It
was found that the optimal values for pH, dosage, VFA removal rate, COD
removal rate and decolorization rate were 6.752, 0.767 g-L™1, 72.9%, 59.1%
and 66.8%, respectively. These findings indicates that photocatalytic TNFs have
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potential for the posttreatment of anaerobic digestion effluent, as well as

other types of wastewater.

© The Author(s) 2023. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

1 INTRODUCTION

Anaerobic digestion has been widely used in industrial and
municipal wastewater treatment facilities to control pollutants
and recover useful energy. This creates substantial financial
returns by producing methane gas and has additional benefits
in reducing environmental pollution!'l. Typically, the digestate
requires extensive posttreatment processes in order to meet
strict discharge standardsl’l. Liquid digestates are usually
treated by different combinations of the following processes:
struvite precipitation, advanced oxidation processes, advanced
These
processes can be hazardous, leave residuals, or have high

biological processes and membrane filtration[*].

capital and recurrent costs. Additionally, valuable nutrients are
rarely recovered because otherwise large quantities of
digestates need to be stored, transported, and marketed
according to regulatory frameworks!‘l. Therefore, it is crucial
to reconsider the current posttreatment techniques for

anaerobic effluents to make it more sustainable.

Photocatalysts like titania (TiO;) can break down pollutants
into harmless end products such as CO,, H, and mineral acids
using light energyl’l. There have been extensive reports on
photocatalysis in the treatment of wastewater in recent years.
The majority of them, however, target synthetic wastewater of
single composition or components that can be easily
decomposed through the photocatalytic process, such as textile
dye wastewater or paper mill wastewater. TiO; is a widely used
semiconductor photocatalysis because of its chemophysical
stability, low cost, and ability to completely degrade complex
pollutants(®l. The titanate nanofibers (TNFs) are remarkably
similar to TiO, but improved in its recyclability. These
advantages of TNFs make the photocatalysis process a feasible
treatment method before or after the nutrient recovery for the
liquid digestate.

The
photodegradation efficiency of environmentally friendly TNFs

objective of this study was to maximize the
on liquid digestate by optimizing its concentration and
photocatalysis pH. TNFs were synthesized as one-dimensional
photocatalysts to improve its recyclability through a simple
hydrothermal method. Digestate from the co-digestion of
poultry litter and wheat straw were selected as the substrate to

assess the photocatalytic activity of TNFs in a complex

wastewater system.

2 MATERIALS AND METHODS

2.1 Digestate samples and regents

The supernatant of the anaerobically digested poultry litter and
wheat straw were obtained from an operating anaerobic
sequencing batch reactorl’. TiO, (as rutile) nanoparticles
(NPs) with purity of 99.5% and a particle size ranging from 10
to 30 nm were purchased from SkySpring Nanomaterials Inc.
(Houston, TX, USA) and used as is. The TNFs were
synthesized in-house. The flocculant, a chitosan acetate
solution, chosen in this study was purchased from Cesco
Solutions Inc. (Bellingham, WA, USA). Flocculation using
5-10 mL chitosan and was conducted with 700 mL digestate
without temperature adjustments. The mixtures were stirred
for 10 min at 50 rmin~! and allowed to settle for 20 min.
Finally, the supernatants were filtered through cheesecloth. The
filtered liquid digestate was stored at 4 °C before use.

2.2 Synthesis of titanate nanofibers

The hydrothermal method used to prepare TNFs was a
modified version of Ozkizilcik et al.l’l. Briefly, 0.875 g TiO,
NPs were added to 70 mL 10 mol-L~! sodium hydroxide. The
mixture was stirred continuously until it became a uniform
milky suspension. Then, the suspension was transferred into a
Teflon liner of a hydrothermal synthesis autoclave reactor, and
the reaction was conducted at 240 °C. Finally, the white TNFs
produced were collected and washed repeatedly with deionized
water until the pH was close to 7.

2.3 Physiochemical analysis

The morphology of TNFs was observed by a scanning electron
microscope (SEM) with a Philips SEM XL30 electron
microscope operated at 200 kV. The crystallinity of the TNFs
was analyzed by XRD on a Philips X'Pert X-ray diffractometer
(Cu Ka, A = 1.542 A) scanning from 5° to 40° (26) at a speed of
2°-min~!. The absorption spectra of the TNFs were measured
using the U-0080D Diode Array Spectrophotometer (Hitachi,
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Ltd., Chiyoda City, Tokyo, Japan) within the wavelength range
of 190-1100 nm and the band gap energy was estimated
according to the plotted graph. Chemical oxygen demand
(COD) and volatile fatty acids (VFA) were measured using
Hach vials (TNT 822 and TNT 872, Hach Company, Loveland,
CO, USA) with a Hach DR 3900 spectrophotometer according
to the
decomposition was measured from 190 nm to 1100 pm using
Shimadzu UV-1280 (Shimadzu
Corporation, Kyoto, Japan) with a 10-mm quartz cuvette. The

manufacturer’s protocol. The rate of color

spectrophotometer

pH of the solution was determined using a PHS-25 digital-
display pH meter (XL 600, Fisher Scientific, Hampton, NH,
USA). The percentage reduction in COD, VFA and color of the
samples were calculated as:

CODremoval=(1—M)x100% (1)
VFA removal = (1 - M) % 100% 2)
Ci—-C
Color removal = (1 - '—]f) x 100% 3)
li

where, Cg is initial COD (mg-L™!), Cs is final COD (mg-L™1),
C,; is initial VFA (mgL™1), Cy is final VFA (mg-L71), G is
initial color (absorbance), and Cy s final color (absorbance).

2.4 Reactor configuration design

illustrated the experimental arrangement for the
photocatalytic reactor, which was developed for processing
flocculated biogas slurry. This laboratory-scale cylinder batch

Peristaltic pump =N
~~ ‘
5} > 14

—_— =

Cooling system

Photocatalytic system

reactor was made of a 250-mm PVC pipe, with a working
volume of 750 mL. The light source was composed of four low-
pressure mercury lamps (11 W), which were arranged in axial
alignment. The reactor was also inserted with a U-shaped glass
tube for cooling to maintain the reaction temperature at
around 35 °C. An electric stirrer and an air bubble stone were
installed at the bottom of the reactor to ensure adequate
oxidation and maintain constant agitation.

2.5 Experimental design

In this study, pH and concentration of TNFs were selected as
independent variables to determine their effects on the
photocatalytic performance of the TNFs. Each independent
variable ranged over five levels between -« and +a, that is, 4 to
10 for pH and 0.2 to 1.3 gL ™! for concentration. These levels
were chosen based on preliminary trials of the reactor.
Experimental design was conducted using the response surface
(RSM)
(CCD)I»'1 in the statistical software Design-Expert (version
13.0.1.0, Stat-Ease Inc, Minneapolis, MN, USA) to generate the
experimental runs and determine the optimal combination of

methodology through central composite design

these two independent variables to maximize the three
response variables, i.e., VFA removal rate, COD removal rate
and decolorization rate according to the experimental results.
A total of 13 (2% + 2k + cp, where k is the number of factors and
cp is the center point) experiments for the two factors with five
conducted. The

experimental runs, and the responses obtained were presented

center points were combinations of

in

After reaction
(18 h) & settling

Aeration system

Fig. 1 Schematic of the photocatalytic reactor system.
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Table 1 Central composite design matrix of the two independent variables with experimental responses for volatile fatty acid (VFA) removal

rate, chemical oxygen demand (COD) removal rate and decolorization rate

Run pH Concentration (mg-L1) VFA removal rate (%) COD removal rate (%) Decolorization rate (%)
1 7.00 0.75 68.0 53.2 59.9
2 7.00 1.30 51.6 10.4 18.7
3 10.0 0.75 33.1 20.7 48.1
4 9.12 0.36 30.5 18.3 54.9
5 7.00 0.75 67.4 57.8 70.8
6 4.00 0.75 38.1 37.4 42.6
7 7.00 0.75 75.6 66.3 74.3
8 4.88 1.14 57.3 39.6 42.6
9 7.00 0.20 20.9 12.8 32.8
10 4.88 0.36 47.8 38.4 49.4
11 9.12 1.14 53.1 32.3 40.2
12 7.00 0.75 74.3 59.7 60.6
13 7.00 0.75 76.4 55.7 71.1

3 RESULTS AND DISCUSSION

3.1 Characterization of titanate nanofibers

XRD patterns of TiO, NPs and the synthesized product after
the hydrothermal method were shown in . XRD patterns
were recorded from 5° to 40° (260) with a step width of 0.02°. All
peaks in the XRD patterns of the sodium titanate formed at
different synthesis time are almost identical to each other, but
the position of peaks shifted slightly. The peak shift might
come from the difference of the length and diameters of the
nanofibers due to change of synthesis time. The two main
diffraction peaks of TiO, NPs at 25.04°, 37.6° could correspond

Titanate NFs

Intensity (a.u.)

TiO, NPs

20 25
20(°)

30 35 40

Fig. 2 X-ray diffraction pattern for TiO, nanoparticles and
Titanate nanofibers (Na,TiOs NFs) at different synthesis time
from 1 day to 5 days (from bottom to top).

with anatase (101), (004) crystal plans, respectively (The Joint
Committee on Powder Diffraction Standards (JCPDS) 83-
2243), which was consistent with the manufacture’s product
information. Sodium titanate nanofibers (NFs) diffraction
peaks at of 20 ~9.46° and 29.23° could be assigned to (200) and
(310) plane of Na,Ti,05-H,0 (JCPDS 47-0124). The results of
this study were consistent with those reported in other
literaturel'>'?]. Based on the X-ray diffraction patterns, it can
be concluded that TNFs were successfully synthesized from
TiO, NPs through the hydrothermal method.

The SEM analysis of the prepared nanomaterial was done to
, the
diameter of TiO, NPs was 10 to 30 nm as received, and those

prove the synthesis of TNFs. As shown in

NPs tended to aggregate together to form a large lump. After

Fig. 3 Scanning electron microscope

image of (a) TiO;
nanoparticles; (b) titanate (as Na,TiOs) nanofiber synthesized
by hydrothermal method from TiO, nanoparticles.
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48 h of hydrothermal treatment at 240 °C, those NPs were
transformed into nanofibers with lengths ranging from tens of
micrometers and width from 100 to 200 nm ( ).

Current reports about the band gap of TiO, in the literature is
around 3.2 eV. Energy band gap of a TNFs can be precisely

calculated using the Tauc plot method!'I:
A(hv-E,)"
a= Alv=EJ) @)
hy
Rearranging Eq. (4) to:

(ah)'" = AV"(hy - E,) 5)

where, a is the absorption coefficient, # = 6.626 x 10734 Js, is
the Planck’s constant, v is the photon frequency, A is a

proportionality constant, E, is bandgap of the material, and n
denotes the nature of the electronic transition with n = 2 for
direct allowed transitions. The transformed reflectance spectra
plot of TNFs and the absorption spectrum is shown in

An estimate of the band gap energy of 3.16 eV could be
obtained from the x-axis intersection point of the linear fit of
the Tauc plot, which was similar but slightly smaller than that
of TiO,. In other words, the synthesize of TNFs from TiO; was
capable of increasing its photocatalytic activity and extending
its absorption edge more toward the visible spectrum[’*l.

3.2 Photodegradation of digestates

3.2.1 Effect of solution pH and concentration in preliminary
experiments

Two single factor experiments were performed during the
preliminary experiment to investigate the optimum operating
levels of pH and concentration in terms of decolorization rate,
COD and VFA removal rate. Figure S1(a) shows the effect of
concentration in the range of 0.1 to 0.9, from which it could be
noted that the maximum decolorization rate, COD and VFA
removal rates were achieved when the concentration were at

Table 2 Comparisons with previous studies

120
= 1.2
100 | &)
g 0.8 F
> g0t 5
= | £ 04f
2 2
2 60 <00k : :
o 200 400 600 800
§ a0k Wavelength (nm)
20
E,=3.16eV
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E, (eV)

Fig. 4 Transformed reflectance spectrum plot of Titanate
nanofibers to determine the band gap energy (E,). x-axis data
(Eg) was extrapolated from linear plots of the plot. Absorption
spectrum of titanate nanofibers is shown in the inset plot.

0.7 mg-L~L. Generally, by increasing TNFs concentration, more
surface area is available for adsorption of contaminants,
thereby increasing degradation efficiency. However, if the
concentration of TNFs continues to increase, they can block
UV light or can lead to an increase in light scattering, which
could decrease UV exposure and photocatalytic efficiency!'*l.

Figure S1(b) illustrates the impact of pH ranging from 2.5 to
10.5 on the treatment of digestate. The highest COD removal
rate and decolorization rate can be acquired at pH 2.5 and the
highest VFA removal rate can be obtained at pH 6.5. These
findings are inconsistent with those of Sujatha et al.l'’], who
reported that the maximum COD reduction and color removal
were achieved at pH 4 for degradation of coffee processing
wastewater. summarized several published articles,
suggesting that different types of wastewater with varying

organic pollutant levels and COD values may have different

. Initial COD" Concentration UV intensity Removal
Pollutant Nanoparticle photocatalyst (mgL) pH (L) W) efficiency (%) Reference
Refinery wastewater TiO, immobilized on white 1200 9 0.05 24 60 [17]
concrete
Coffee processing wastewater TiO; (addition of H,O, 28,800 4 0.5 64 84 [16]
oxidants)
Refinery wastewater TiO, 200-240 4 1.2 88 41 [18]
Metronidazolein aqueous solutions TiO, 126 10 3 125 34 [19]
Petroleum refinery wastewater TiO, 220 4 0.1 400 83 [20]

Note: * Indicate chemical oxygen demand.
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optimal pH and concentration requirements.

Trace levels of iron were detected (~2 mgL7!) in the
flocculated digestate of poultry litter. The iron (III) ions were
confirmed to have the catalytic activity for oxidation of water
on TiO; by Ohno et al.’!] in that the iron (III) ions in acid
solution could reduce the rate of electron-hole recombination.
Consequently, in the preliminary experiments, we assume that
iron ions improved the photocatalysis efficiency of the titanate
nanofiber because they were involved in the Fenton process (to
improve the generation rate of hydroxyl radical) to boost the
degradation efficiency. This was why pH from 4 to 10 was
selected in this study to ensure that Fenton process was not
involved.

3.2.2 Quadratic model developed based on the central
composite design and response surface methodology
The Design-Expert software generated three quadratic models
for the two independent variables (pH and concentration) in
this study using a CCD according to the experimental data in
. According to the results, these models were able to fit
all the three response parameters, i.e., VFA removal rate, COD
removal rate, and decolorization rate fairly well. Analysis of
variance (ANOVA) was also performed on the quadratic
equations fitted in addition to the data fitting results to reveal

significant relationships between the independent and response
variables. The regression equations using actual factors for the
three response parameters were performed by Design-Expert
as:

VFA removal rate = 0.437429 x pH + 1.47543 X Dosage
+0.0398181 x pH x Dosage —0.0345794

x pH? — 1.00765 x Dosage” — 1.39299
(6)

COD removal rate = 0.30814 x pH + 1.8034 x Dosage
+0.038455 x pH x Dosage —0.026215

x pH? — 1.35626 x Dosage’ — 1.0786
(7
Decolorization rate = 0.279085 x pH + 1.82114 x Dosage
—0.0240172 x pH x Dosage —0.018188
x pH? - 1.19061 x Dosage” —0.95902
®)
presents the results of the ANOVA analysis that was
used to test the significance of the developed models. With the
F values ranging from 8.94 to 14.4 and the corresponding P
ranging from 0.0015 to 0.006, those models were considered
significant according to the goodness-of-fit tests and there was
a very low chance (< 1%) that the F values could occur by
chance. The regression model of VFA removal rate (F = 14.4)
was better than those for COD removal rate (F = 12.9) and the
decolorization rate (F = 8.9), since the F values for the former

Table 3 ANOVA analysis for fitting models for volatile fatty acids (VFA) and chemical oxygen demand (COD) removal rate, and Decolorization

rate

ANOVA parameter

Response variable

VFA removal rate

COD removal rate Decolorization rate

Sum of squares 0.378
Mean squares 0.0755
R? 0.911
Adjusted R? 0.848
Mean 0.534
Standard deviations 0.0725
Coefficient of variation (%) 13.6
Adequate precision 9.56
SSE* 0.0368
F 14.4
P 0.0015
(Lack of fit)

F 5.24
P 0.0717

0.390 0.274
0.0780 0.0548
0.902 0.865
0.832 0.768
0.387 0.512
0.0779 0.0783
20.17 15.3
8.19 8.14
0.0424 0.0429
12.9 8.94
0.0020 0.0060
4.36 1.94
0.0943 0.2650

Note: * Indicate sum of squared errors of prediction.
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were larger than the latter two, respectively. In addition, the
insignificant lack of fit analysis results, with the F values
ranging from 1.94 to 5.24 and the corresponding P ranging
from 0.0717 to 0.265 (with all P > 0.05), indicated the adequacy
of those models. Besides, the linear correlations between the
observed and predicted data for the three responses were also
conducted as shown in . The coefficients of determination
(R?) for VFA removal rate,
decolorization rate were 0.911, 0.902, and 0.865, respectively.

COD removal rate, and

This implied that even the model of decolorization rate with
the highest P and lowest R still has a high correction and could
explain 84.5% of the total variation. Coefficients of variation
for VFA removal rate (13.6%), COD removal rate (20.1%) and
decolorization rate (15.3%) indicated clear agreement between
the experimental and model results. Also, all adequate
precision values (measures the signal to noise ratio) for the
three models were larger than 4.0, indicating signals of those
models were all adequate. In conclusion, all these statistical
results showed that those developed models matched the
experimental data and adequately described the relationship
between the variables and responses. To be more specific, these
quadratic models were validated for describing VFA removal
rate, COD removal rate and decolorization rate under different
pH and concentration within the range used in this study.

The effect of the two variables (pH and concentration) and
. P < 0.05 indicated
the model terms were significant. For all three models, pH? and

their interactions was presented in

concentration? are both significant model terms with very
small P, which denoted their noticeable effects. However,
concentration was not a significant term with regard to COD
removal rate and decolorization rate. The results also
demonstrated that neither the single term pH nor the

interaction effect between pH and concentration were

statistically significant, meaning that the null hypothesis
cannot be rejected for all those combinations. The residuals of
regressions fitted using ANOVA are shown in Fig. S2.
Although some terms in the model were not significant, all
graphs had a random distribution of residuals, which was a
characteristic of a strong regression result. Therefore, the data
presented in support the observation made earlier that
the regression models developed could make acceptable
predictions of responses to the experimental conditions used in

this study.

3.2.3 Responses of volatile fatty acid removal rate, chemical
oxygen demand removal rate, and decolorization rate to the
tested variables

Surface response plots for VFA removal rate, COD removal
rate and decolorization rate are shown in for pH and
concentration. Those plots indicate the optimal values of the
response variables (VFA removal rate, COD removal rate and
decolorization rate) when choosing appropriate ranges for
these two variables during experimental design. For VFA
removal rate, the optimal values of pH and concentration were
6.82 and 0.87 mgL!, respectively, which gave the optimal
removal of 73.9% (Table SI). pH and
concentration for COD removal were 6.43 and 0.76 mg-L~1,

The optimal

respectively, which resulted in an optimal removal of 59.4%.
While decolorization rate was optimally achieved at pH 7.22
and concentration of 0.692 mg-L~!, resulting in an optimal
removal of 67.8%. Those results (Table S1) were very close to
the optimal values determined by the center point of surface
response plots. For the maximization of all three responses, the
optimal values for pH and concentration were 6.75 and
0.77 mg-L1, yielding a VFA removal of 72.9%, COD removal
of 59.1% and decolorization of 66.8%.

804 (a) 704 (b)
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Fig. 5 Linear correlations between the observed and predicted data for volatile fatty acids (VFA) removal rate (a), chemical oxygen demand

(COD) removal rate (b) and decolorization rate (c).
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Table 4 ANOVA for model variables and their interactions for volatile fatty acids (VFA) removal rate, chemical oxygen demand (COD) removal
rate, and decolorization rate

Response variables

ANOVA parameters
pH Concentration pH by concentration pH? Concentration?
VFA removal rate
Sum of squares 0.0102 0.0713 0.0043 0.168 0.162
Mean squares 0.0102 0.0713 0.0043 0.168 0.162
F 1.94 13.6 0.821 32.0 30.7
P 0.207 0.00782 0.395 0.00082 0.0009?
COD removal rate
Sum of squares 0.0325 0.0018 0.0040 0.0968 0.292
Mean squares 0.0325 0.0018 0.0040 0.0968 0.292
F 5.35 0.291 0.664 16.0 48.3
P 0.0539 0.606 0.4420 0.00522 0.0002?
Decolorization rate
Sum of squares 0.0015 0.0214 0.0016 0.0466 0.226
Mean squares 0.0015 0.0214 0.0016 0.0466 0.226
F 0.244 3.49 0.256 7. 60 36.8
P 0.637 0.104 0.628 0.02822 0.0005?
Note: * Means that the coefficients are significant.
(a) 1.2 (b) 1.2

0.85 [60] ‘ 0.75

0.675

Concentration (mg-L™")

Fig. 6 Response surface plots of volatile fatty acid (VFA) removal rate (a) chemical oxygen demand (COD) removal rate (b), and decolorization

rate (c) with respect to pH and concentration.

There is limited published reports on optimizing the COD
removal rate and decolorization rate using CCD/RSM. One
study by Nawaz et al.”’l reported that the highest COD
removal was 78.9% when treating palm oil mill effluent
through core-shell structured black TiO, (CS B-TiO,) under
optimal conditions of 1.27 g-.L~1 CS B-TiO,, 0.06 mol-L~! H,0,
(2.04 g-L71), and pH 7.2. For comparison, the optimal values

for the same parameters in this study are presented below,

which were pH 6.75 and 0.767 mgL~L. In their study, the
photocatalysis system required a higher concentration of H,0,,
which was a powerful oxidizer and could degrade organic
pollutants without using photocatalysts to achieve a COD
removal of 78.7%. Costa et al.l”’] also reported a 79.3% color
removal and 50.3% COD removal during the treatment of olive
mill wastewater for a longer time of 24 h using CCD/RSM
methodology.
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3.2.4 Mechanisms

The FTIR analyses of the decomposition of flocculated
digestate are shown in Fig. S3. There is a broad band with very
high intensity at around 3350 cm~! corresponding to the
vibration mode of the hydroxyl group. The major bands at
around 1635 cm™! can be related to the C=C bond!**], while the
broad band with low intensity at around 2160 cm™! can be
related to the C=C bond[’”l. When no photocatalysts were
added into the reactor, as shown in Fig. S3(a), the IR spectra of
the flocculated digestate before and after the UV treatment for
18 h were almost identical to each other. However, the intensity
of these IR absorption peaks weakened or approached
negligible levels if the TNFs were added into the reactor
(Fig. S3(b)). The change of intensity indicated the breakdown
of the aforementioned bonds, which could be attributed to the
effectiveness of photocatalyst.

Figure S4 shows the mechanism of photocatalysis on an
irradiated titanate particle to decompose organic pollutants.
When photocatalyst particles were illuminated with light
containing photons with higher energy than the bandgap of the
photocatalyst, the electrons in the valence band were excited to
the conduction band and formed an electron-hole pairsl’*"]
(Eq. (9)). A hole (H") created in valence band can oxidize H,O
molecule to hydrogen ion and hydroxyl radicals (Eq. (10)),
while the excited electron can reduce oxygen gas into
superoxide radical (Eq. (11)). The superoxide radical can form
the uncharged hydroperoxyl radical by protonation in aqueous
solution["’] (Eq. (12)) and the hydroperoxyl radical can further
be decomposed into oxygen and hydrogen peroxide (Eq. (13)).
Those highly reactive species are capable of participating in
redox reactions with adsorbed organic pollutants on the
titanate surface, resulting in their mineralization into carbon
dioxide and water.

Charge carrier formation:

. o
Titanate — ecp + hyp )

Oxidative species formation:

hyp +H,0 —» -OH+H* (10)
ecg +0, = 03 (11)

O; -+H" —» -OOH (12)
2HOO- — H,0, + 0, (13)

3.3 Feasibility analysis and research challenges

The present study explored the potential of recycling TNFs
through sedimentation for the treatment of anaerobic
digestates of poultry litter. Unlike other studies that employ

evaporation for recycling, this study utilizes sedimentation
without incurring additional costs. However, this method can
result in some remaining digestate along with residual organic
is attached to the surface of the TNFs.
Consequently, after three cycles of recycling, the photocatalytic

matter that

TNFs can experience an efficiency loss of up to 20%. However,
TNFs still exhibit superior recyclability compared to TiO, NPs
due to their larger size, which facilitates easy separation from

the slurry system.

Although the study has successfully synthesized TNFs and
generated three significant quadratic models to describe
response parameters, certain limitations exist. First, some
terms in these models are not significant, which may result
from the unexpected random errors and system errors, for
example, the composition change during the storage of
digestate in the refrigerator, the temperature variations of the
control system, or the system errors of the Hach DR 3900
spectrophotometer. Second, despite TNFs having a lower
than TiO,
sedimentation, TNFs can only efficiently be activated by UV

bandgap and can be recycled easily by
light, which carries more energy than visible light. Also, it
should be noted that this study only evaluated the flocculated
digestate of poultry litter, so the results obtained might not be
applicable to other wastewater or even other digestate with
different compositions. For example, some early studies
concluded that the photocatalysis process would have a better
treatment result under a lower pH, but our results indicated
otherwise because a decrease for all three responses (VFA and
COD removal rates and decolorization rate) was observed
when pH dropped from 6.5 to 4.0. Our inference is that the
high rates of COD removal and decolorization achieved at low
pH in previous work were the result of the Fenton process.

4 CONCLUSIONS

Application of photocatalytic TNFs in treating poultry litter
anaerobic digestate has shown promising results. It was found
that the photocatalysis process effectively decomposed organic
wastes, leading to a reduction in COD and VFA content, as
well as color removal from the digestate. TNFs also
demonstrated better photocatalytic efficiency than TiO, NPs,
as indicated by their slightly smaller bandgap (~3.16 eV). Using
the CCD/RSM methodology, optimal running conditions for
the removal of VFA, COD and color were determined to be pH
6.82 and concentration 0.87 mg-L~!, pH 6.43 and concentration
0.76 mg-L~!, and pH 7.22 and concentration 0.69 mg.L1,
respectively. These conditions led to significant reductions in
VFA, COD and color by 73.9%, 59.4% and 67.8%, respectively.
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Opverall, the use of photocatalytic TNFs for treating poultry  the digestate. These findings indicate that this technique could

litter digestate has proven to be an effective solution for be a feasible solution for managing the liquid anaerobic

reducing the organic waste content and removing color from  digestate and/or wastewater of similar type.
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