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Abstract

With population growth and economic development, large amounts of wastewater
plants have been built up, resulting in mass production of waste activated sludge
(WAS) in the wastewater treatment processes. According to Japan Sewage Works
Association, in Japan, about 1.63 Mt sewage sludge was produced in 1994 and
increased to 2.17 Mt (dry basis) in 2004 and was estimated to continuously increase in
the future. Generally, the WAS is viewed as a kind of typical pollution sources, such
as pathogenic microorganisms, eutrophication in water and soil caused by nitrogen,
phosphorus and heavy metals pollution. Therefore, with the introduction of stringent
regulations and concerns of environmental production, the treatment and disposal of
WAS has become one of the most important and complex problems.

Anaerobic digestion can be used to degrade WAS and simultaneously produce
biogas, but the relatively long retention time and additional heating limits its wide
application. The combination of anaerobic digestion and pretreatment, such as thermal,
ultrasonic and microwave, could reduce the retention time and increase the
degradation of WAS to some extent but need more energy. TiO,-based solar
photocatalysis can be a good alternative to degrade WAS, deactivate pathogenic
microorganisms and produce hydrogen with a relatively short retention time at much
less energy consumption. Therefore, the aim of this study is to combine photocatalysis

with anaerobic digestion to degrade WAS and to produce gas energy simultaneously.



Firstly, a catalyst-suspended photocatalytic reactor (sloping trough circulating bed
photocatalytic reactor - STCBPR) was developed to pretreat WAS which was used as
substrate to produce hydrogen via anaerobic digestion. The effect of the
photocatalytic reactor on WAS degradation and the enhancement of photocatalysis on
biohydrogen production were mainly investigated. Results showed that the STCBPR
was effective in degrading WAS, with nearly 45% of COD removal and 47% of VS
reduction under 7.5-fold WAS dilution after reaction for 8 h. In addition,
photocatalytic pretreatment could increase the SCOD and NH4'-N concentrations of
the WAS. Moreover, photocatalysis pretreated WAS as substrate produced the
maximum hydrogen (53.2 ml-Hy/l-sludge for 35 d at 35 °C) via anaerobic digestion,
while the maximum hydrogen production from raw WAS was only 3.1
ml-H,/l-sludge.

Secondly, a catalyst-supported photocatalytic reactor was developed to overcome
the problems of catalyst separation and increase of WAS volume caused by direct
addition of photocatalyst. To meet the objectives, an efficient photocatalyst was
synthesized by doping Ag on TiO,, with its photocatalytic activity (99.5% of methyl
orange removal) significantly higher than TiO, (30.6% of methyl orange removal).
Then, a newly-developed solar fluidized tubular photocatalytic reactor (SFTPR) with
AgX/Ti0O,-coated glass tubes was developed to degrade WAS. By using this reactor,
69.1% COD removal and 7866.7 pmol-H,/L-sludge were achieved after solar
photocatalysis for 72 h, which was 50% and 350% higher than in SFTPR with TiO, as
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photocatalyst.

Finally, according to the results of photocatalytic degradation of WAS and
technology for AgX/TiO;-coating on glass tubes, a photocatalysis anaerobic fermenter
was developed with one photocatalytic unit and one anaerobic digestion unit included.
The degradation of WAS and methane production via anaerobic digestion at 35°C
with intermittent photocatalytic pretreatment (4 h/day) were investigated. The
photocatalysis anaerobic fermenter exhibited the best performance that 60.5% of
COD removal and 1266.7 ml-CH4/L-sludge production were obtained in the
photocatalytic anaerobic fermenter. While, only 43.5% of COD removal and 932.2
ml-CH4/L-sludge production were obtained in the control fermenter. Moreover, the
photocatalytic anaerobic fermenter is easy to operate and maintain, and it can provide
a useful reference for the practical application of photocatalysis on WAS treatment.

The obtained results from this research are important and can build up the database
for the combined technology (photocatalysis and anaerobic digestion) to be

successfully applied in practice.
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Chapter 1 Introduction
1.1. Sludge production and its environmental issues

With population growth and economic development, a large number of wastewater
plants have been built up, resulting in mass production of waste activated sludge
(WAS) in wastewater treatment processes. The annual amount of WAS, about 74
million tones on wet basis [1] and 2 million tones on dry basis [2] in Japan, was
estimated to continuously increase in the future.

Generally, the WAS is viewed as a kind of typical pollution sources due to its
constituents such as pathogenic microorganisms, nitrogen and phosphorus, polymer
substances and heavy metals [3], which result in water and soil pollution or
eutrophication if being inadequately treated. On the other hand, sludge contains a lot
of organics which can be used to produce energy or fertilizer by some technologies.
Therefore, with the introduction of stringent regulations and concerns of
environmental production, the treatment and disposal of WAS has become one of the

most important and complex problems [4].

1.2. Sludge treatment and major problems

Sludge treatment refers to sludge reduction, stabilization and disposal. For the
sludge reduction (most effectively by dewatering), all kinds of methods can be used,

including physical (ultrasonic [5], microwave [6], vacuum filtration, filter press [7]
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and centrifuge), chemical (thermal [8], acidic [9] and alkaline [10]) and biological
(composing, aerobic [11] and anaerobic digestion [12]) methods. For the stabilization,
composing, and aerobic [11] or anaerobic digestion [12] are commonly used. For the
disposal of sludge, incineration and landfill are the common methods for sludge
treatment.

However, there are some problems for these methods to treat sludge, in
consideration of land application, environmental protection, and energy consumption.
Physical methods consume much energy and need post-treatment [13]. Chemical
methods consume many chemicals and possibly cause secondly environmental
pollution [14]. Landfilling is becoming increasingly more difficult to implement
because of rapidly shrinking landfill space, public opposition to opening new landfill
sites, leachate related issues and, above all, poor economics. In many cases the costs
of opening a new landfill is prohibitive simply due to legal restrictions [15].
Composting involves the decomposition of organic materials, and composted sludge
can be used as a soil conditioner in agriculture and returns carbon, nitrogen,
phosphorus and essential elements back to the soil. However, pathogens and heavy
metals can limit the reuse of composted sludge. The most serious environmental
concerns related to the incineration of sewage sludge are that it produces significant
amounts of dioxin, furan and fly ash. The fly ash contains toxic metals such as lead,
cadmium, copper and zinc, as well as dioxins and furans [3]. Anaerobic digestion is

an alternative way to treat sludge, because it can dispose sludge with stabilization,



volume reduction, innocent treatment and resource recovery at the same time.

1.3. Anaerobic digestion

Anaerobic digestion is a series of processes in which microorganisms break down
biodegradable material in the absence of oxygen. Anaerobic digestion with the
advantages of low nutrient requirements, high waste removal rate and high efficiency
of methane or hydrogen production has been widely used as an attractive waste
treatment practice [16]. According to its gaseous products, anaerobic digestion can be
classified into hydrogen and methane anaerobic digestion. In contrast to aerobic waste
treatment process, it is environmental friendly, low energy consumption and low-cost
[17]. In addition, produced methane or hydrogen can be used as clean energy to

replace fossil fuel or petroleum.

1.3.1. Theory of anaerobic digestion for hydrogen production

Owing to finite resources and emission of pollutants, hydrogen is a promising
alternative to fossil fuels. Hydrogen is a clean energy that produces water instead of
greenhouse gases when combusted. Furthermore, hydrogen has a high-energy yield
(142.35 kJ/g) that is about 2.75 times that of hydrocarbon fuels. Hydrogen production
from biomass is also considered as an alternative energy source in a decentralized
power generation scenario [18]. When coupled with the treatment of waste, this

process can result in the reduction of pollution from the uncontrolled degradation of



waste and the generation of a clean alternative fuel. Anaerobic digestion for hydrogen
production process can be summarized as the three path ways [19], shown in Fig.1.1.
The first one is that pyruvate is decarboxylated to produce hydrogen. During this
process, pyruvate is decarboxylated by pyruvate dehydrogenase and electrons are
transferred to the reduction state of ferredoxin (Fdred), and then are re-oxidized into
the oxidation state of the ferredoxin (Fdox) by hydrogenase and generate molecular
hydrogen. The second is that formic acid is cleaved to produce hydrogen, which is
generated by the decarboxylation of acetone and combination of CO, and H" under
anaerobic condition. The third is that coenzyme (NADH or NAD") adjust the redox

balance for hydrogen production.

1.3.2. Theory of anaerobic digestion for methane production

Methane anaerobic digestion is a biological process in which all kinds of organic
matters are degraded and simultaneously produce methane and carbon dioxide under
anaerobic conditions. The overall digestion process can be divided into four steps:
hydrolysis, acidification, acetogenesis, and methanogenesis [20], as shown in Fig. 1.2.
The microorganism community and end products are different in the four steps of
anaerobic digestion process of complex substrates, such as waste activated sludge.
Hydrolysis is a relatively slow but essential process for the whole anaerobic digestion
process. Generally, it limits the rate of the overall anaerobic digestion process due to

the presence of refractory organics. In this step, hydrolytic bacteria hydrolyze and



convert the organic compounds into volatile fatty acids with the simultaneous
production of hydrogen and carbon dioxide. In the second step (acidogenesis or
acidification) various organic acids are produced and the organic acids are converted
to acetic acid by the acidogenic and acetogenic bacteria, respectively. In the
acetogenesis-step, hydrogen is produced and all kinds of acidification products are
converted into acetic acids and carbon dioxide by acetogenic bacteria. In the fourth
step, organic material is removed and the acetic acid produced in the third step are
converted into CO, and CH4, which are desorbed from the liquid phase. It is important
to note that the pathway of anaerobic digestion process can be controlled to produce
hydrogen or methane by changing fermentation conditions, such as substrate, pH,

temperature, hydraulic retention time (HRT), and so on.

1.3.3. Anaerobic digestion of waste activated sludge

Waste activated sludge (WAS) refers to a kind of surplus activated sludge which is
produced in sewage treatment works during the aeration treatment of sewage effluent.
It is a kind of complex heterogeneous mixture consisting of microorganisms, colloids,
organic polymers and inorganic pollutants [21, 22]. Anaerobic digestion as a
sustainable technology to treat waste, such as wastewater and WAS, is accepted for
reducing the volume of waste and simultaneously producing energy (hydrogen or
methane) [12, 20]. Generally, hydrolysis is the first stage of anaerobic digestion

process [23], and it is recognized to be the rate-limiting step in anaerobic digestion



process, especially for the hydrolysis of WAS [24], due to its complex composition
and containing a lot of refractory materials. On the other hand, hydrolysis is also the
essential stage and supply nutritional ingredients for acidogenesis and methanogenesis
[25]. Therefore, it is necessary to pretreat the WAS to improve its hydrolysis and

further to enhance the biogas production.

1.4. Pretreatment methods for the enhancement of WAS biodegradability

In order to improve the degradation of WAS and increase methane yield from WAS
via anaerobic digestion, most studies focused on the pretreatment of WAS to
accelerate the hydrolysis of WAS. These pretreatments can be mainly classified into
three kinds: physical (e.g. as thermal, ultrasonic and microwave) [24, 26, 27],
chemical (e.g. as acidic and alkaline) [9, 28] and the combination of physical and
chemical methods [26, 29, 30]. Although these pretreatments could improve the
degradation of WAS and methane production, some problems still present. Acidic and
alkaline pretreatment without heating have less improvement effect on hydrogen
production and might cause secondary pollution to the environment due to chemicals
addition. Microwave and heating can efficiently enhance the hydrogen production but
consume large amounts of energy at the same time. Guo et al. [31] noted that
ultrasonic pretreatment would inhibit the hydrogen production due to the production
of some inhibitors and extraction of heavy metal ions during pretreatment processes.
Wang et al. [32] reported that enzyme pretreatment was an expensive method and had
some problems relating with adsorption and desorption from substrate surfaces.

Furthermore, WAS could not been hydrolyzed adequately for only initial pretreatment,



along with the consumption of soluble organics in anaerobic digestion process, further
pretreatment is necessary to solubilize the refractory organics. However, until now
almost no one reported on the intermittent pretreatment during anaerobic methane

production process [33].

1.5. TiO; photocatalysis

Titania-based heterogeneous photocatalytic oxidation has received more attention
for many years as an alternative method for the purification of wastewater [34]. It has
been proved to be an effective technology for removal of refractory organic pollutants
in wastewater, owing to its potential application in photoelectron-chemical
solar-energy conversion with a high efficiency, photochemical stability, non-toxicity

and low cost [35].

1.5.1. Theories of photocatalytic degradation and water splitting

The basic photophysical and photochemical principles have been interpreted in
many literatures [36, 37]. The mechanisms were shown in Fig. 1.3. Photocatalytic
reaction is initiated when a photo-excited electron (e ) is promoted from the valence
band (VB) of TiO; to the conduction band (CB) as the absorbed photo-energy (hv)
equals or exceeds the band gap of the TiO, leaving behind a hole (h") in the valence
band. Thus, electron and hole pair (e /h") is generated simultaneously. The following
chain reactions have been widely postulated [34, 38].

Photoexcitation: TiO, + hv— ¢ +h" (1-1)



Recombination: e + h'— hv (1-2)

Formation of superoxide radical: O, +e¢ — O, (1-3)
Formation of hydroxyl radicals: OH +h" — «OH (1-4)
Formation of TP " Ti*" + ¢~ — Ti*" (1-5)
Formation of Titanol radicals: Ti-OH + h" —Titanol (1-6)

For the photocatalytic water splitting, the redox properties of a photoexcited TiO,
depend predominantly on the energetic positions of the highest energy state of the VB
and the lowest energy state of the CB. It is evident from reactions (1-7) and (1-8) that
the quasi/Fermi level of electrons in the CB must be > 0 eV to catalyze reduction of
water to hydrogen, and similarly the quasi/Fermi level of holes in the VB must be <
-1.23 eV to oxidize water in the relatively unfavorable four-hole process [39]:
Reduction of Water: 2H" +2¢~ — H; (E°rea =0 €V) (1-7)

Oxidation of water: 2H,O + 4h" — O, + 4H" (E%,=— 1.23 eV) (1-8)

1.5.2. Comparison of TiO; utilization and photocatalytic reactors

TiO, photocatalyst can be used either as suspended TiO, particles or as
immobilized on a substrate. Most experiments utilized suspended TiO, particles in
wastewater and leachate treatment, which has higher photocatalytic efficiency but
increase the dosage of photocatalyst and the post-treatment cost for the separation of
catalyst [40]. The development of photocatalytic membrane reactors solves the

drawbacks to some extent. On the other hand, immobilized catalyst do not need



post-treatment for the separation of catalyst but have relatively lower photocatalytic
efficiency [41]. Despite aforementioned drawbacks, more immobilized photocatalysts
and immobilization techniques are still investigated to enhance photocatalytic activity
to treat wastewater and waste.

Photocatalytic reactors for wastewater treatment can generally be classified into
two main configurations, depending on the exsiting state of the photocatalysts in the
reactor: (i) suspended-type with photocatalyst particles mixed with contaminants in
the reactors and (ii) supported-type with photocatalyst immobilized onto inert carrier
in the reactor [38]. Based on the two main types, various reactors have been used for
the photocatalytic water treatment, including annular photocatalytic reactor [42],
common flat photocatalytic reactor [43], film type photocatalytic reactor [44, 45],
fluidized bed photocatalytic reactor [46] and optical fiber photocatalytic reactor [47].

The main differences of the two configurations lie in the followings. Boyjoo et al.
[48] addressed that the most important factors in configuring a photocatalytic reactor
were the total irradiated surface area of catalyst per unit volume and light distribution
within the reactor. Catalyst-suspended photocatalytic reactor usually performs a high
total surface area of photocatalyst per unit volume. This type of reactor needs to be
specifically designed to ensure the maximal illuminated reactor volume with minimal
pressure requirement for good catalyst mixing and dispersion. Until recently, the
catalyst-suspended photocatalytic reactor was still the preferred configuration owing

to its high total surface area of photocatalyst per unit volume and ease of



photocatalysts reactivation. The photocatalyst particles can be separated by settling
tanks or external cross-flow filtration system to enable continuous operation of the
slurry reactor. A technically promising solution for solving the downstream separation
of photocatalyst particles after treatment is via the application of hybrid
photocatalysis membrane process [49].

Catalyst-supported photocatalytic reactor is often associated with mass transfer
limitation over the immobilized layer of photocatalysts. For the photocatalytic
treatment of WAS, catalyst-supported photocatalytic reactors would be a better choice,
photocatalytic reactions conducting on the surface of photocatalyst. Moreover, its
relatively low photocatalytic efficiency could be remedied by a more efficient

photocatalyst and higher light intensity.

1.5.3. Factors influencing TiO, photocatalysis

After the integration of the photocatalyst into a photocatalytic reactor, the oxidation
rate and efficiency of the photocatalytic system are highly dependent on a number of
the operation parameters [38], including nature, concentration and pH of the substrate,
nature and dosage of the photocatalyst, light intensity, photocatalytic reactor [35].

(1) Nature, concentration and pH of the substrate

During photocatalytic oxidation, the concentration of organic substrate over time is

dependent on photocatalysis efficiency [50]. At high-substrate concentrations,

however, the photocatalysis efficiency declines and the TiO, surface becomes
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saturated leading to catalyst deactivation. Moreover, the light transmission of the
substrate and content of refractory organics in substrate also influences the
photocatalysis efficiency. Low light transmission and high content of refractory
organics decrease the photocatalysis efficiency [51].

The substrate pH is another important parameter in photocatalytic reactions taking
place on particulate surfaces, since it dictates the surface charge properties of the
photocatalyst and size of aggregates it forms [38]. Under acidic or alkaline condition
the surface of TiO, can be protonated or deprotonated respectively according to the
following reactions:

TiOH + H" — TiOH," (1-9)
TiOH + OH — TiO +H,0O (1-10)

Thus, that TiO, surface will remain positively charged in acidic medium and
negatively charged in alkaline medium. TiO, is reported to have higher oxidizing
activity at lower pH but excess H' (at very low pH) can decrease the reaction rate [52].
Moreover, the addition of HCI to obtain excess H' leads to increase of cost and
second pollution. Therefore, it is a better choice to treat the waste at the original pH
value.

(2) Nature and content of the photocatalyst

There is a direct correlation between organic pollutant and surface coverage of TiO,
photocatalyst, since photocatalytic reaction takes place only in the adsorbed phase of
the semiconductor particle. The important parameters that influence the performance

11



of photocatalyst in photocatalytic oxidation are particle size and agglomerate size,
physical properties, activity, stability and absorption spectra of the photocatalyst [53].

TiO, can be synthesized by different methods to arrive at a photocatalyst exhibiting
desirable physical properties, activity and stability for photocatalytic application [54].
Evidently, there is a clear connection between the surface properties, the rational
development of improved synthesis routes and the possible usefulness of the material
prepared in application [55]. On the other hand, the rate of photocatalytic reaction is
strongly influenced by concentration of the photocatalyst. Heterogeneous
photocatalytic reactions are known to show proportional increase in photodegradation
with catalyst loading. Generally, in any given photocatalytic application, the optimum
catalyst concentration must be determined, in order to avoid excess catalyst and
ensure total absorption of efficient photons [38]. This is because an unfavorable light
scattering and reduction of light penetration into the solution has been observed if
with excess photocatalyst loading [56].
(3) Light wavelength and light intensity

The photochemical effect of light sources with different wavelength emitting
ranges will have a profound effect on the photocatalytic reaction rate, depending on
the types of photocatalysts. For TiO, photocatalysis, only UV irradiation can be used
efficiently to decontamination due to the band gap energy [57]. Unfortunately, only 5%
of the total irradiated natural sunlight has sufficient energy to cause effective
photosensitization. Besides, energy loss due to light reflection, transmission and

12



energy loss as heating is inevitable during the photoprocess. This limitation largely
invited more research on the application of TiO, to decontamination. Another factor
limits photonic efficiency is the recombination between electron and hole. For these
reasons, many approaches [58, 59] were applied to inhibit the recombination of
electron and hole, and to enlarge the light wavelength of adsorption.

Photocatalytic reaction rate depends largely on the light absorption of the
photocatalyst [35]. At low intensity, reactions involving electron-hole formation are
predominant and electron-hole recombination is insignificant. At high intensity, the
reaction rate was independent of light intensity, due to the recombination rate increase
of electron-holes [60]. However, TiO, photocatalysis reaction rate is not highly
dependent on light intensity, where a few photons of energy can sufficiently induce
the surface reaction [57]. Theoretically, to achieve a high photocatalytic reaction rate,
particularly in the complicated waste treatment, a relatively high light intensity is
required to adequately provide each TiO, surface active sites. However, when light
wavelength is larger than the absorption edge of approximately 387 nm, the surface

reaction of TiO, particles without modifications is restricted.

1.5.4. Limitations and modifications for the application of TiO,

TiO, heterogeneous photocatalysis has recently been the subject of numerous
investigations as it is an attractive technique for the destruction of undesirable

contaminants. For the waste activated sludge, however, there are mainly two problems
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that are photocatalytic activity of TiO; and photocatalytic reactor. To improve the
photocatalytic activity of Ti0,, modification of TiO, with noble metals, such as Pt and
Ag [61], is widely used [62-64], owing to the several positive effects: (i) improvement
of the electron-hole separation by trapping the electrons speeding up the formation of
O,", (ii) shift of light absorption into the visible-light range due to plasmon formation,
(111) modification of the surface adsorption properties of the photocatalysts and (iv)
generation of hydroxyl radicals through the reaction with hydrogen peroxide produced
by the noble metal deposits on photocatalyst [65].

To obtain efficient and appropriate photocatalytic reactor, catalyst-suspended
photocatalytic reactor and catalyst-supported photocatalytic reactor were applied to
degrade WAS, respectively. On the other hand, it is a tendency to use natural sunlight
as the light source of TiO,-based photocatalysis. Therefore, the light collector are
researched widely [66, 67]. Compound parabolic collector (CPC) is deemed to be an
efficient one with higher light reflection efficiency [68], but the structure of CPC is
complicated which will increase the manufacturing cost. Thus, it is necessary to

design a simple structure and high efficiency light collector.

1.5.5. Photocatalysis application in waste and wastewater treatment

Photocatalysis as an efficient wastewater treatment technology has been researched
widely [39, 45]. During photocatalysis process, organic pollutants are photo-oxidized

and heavy metal ions are photo-reduced. For a complete degradation of WAS,
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however, some disadvantages are still remaining, such as catalyst separation from
WAS for the catalyst-suspended photocatalysis, lower photocatalytic activity for

catalyst-supported photocatalysis and requirement of special photocatalytic reactors.

1.6. Objectives and originality of this research

Anaerobic digestion is a very promising alternative treatment technology for waste
activated sludge. When used in practice, however, its inefficiency and long retention
time limits its application. This inefficiency is mostly contributed by excessive
presence of refractory compounds which impede the anaerobic digestion in hydrolysis
stage. The purpose of this study is to facilitate the hydrolysis of WAS by
photocatalysis for anaerobic digestion of WAS and biogas production. The specific
objectives are listed as follows:

(1) In order to realize the easy operation, economy and environmental protection, a
catalyst-suspended photocatalytic reactor was developed to pretreat WAS before
anaerobic digestion.

(2) To further improve the photocatalytic activity of the photocatalyst and decrease
the cost of post-treatment, a catalyst-supported photocatalytic reactor with
Ag-modified TiO, (AgX/Ti0O,) as photocatalyst was developed.

(3) The performance of the catalyst-supported photocatalytic reactor in the
degradation of WAS was to be investigated and the intermittent photocatalysis

treatment was also to be examined in the anaerobic digestion process of WAS in a
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photocatalytic anaerobic fermenter.
The originalities of this research are listed as follows.
(1) Photocatalysis was first applied for the pretreatment of WAS.
(2) Photocatalytic pretreatment was used to improve bio-hydrogen production from
WAS.
(3) Intermittent photocatalysis treatment was used to solubilize WAS in the

process of anaerobic digestion for improving biogas production.

1.7. Outline of the thesis

The outline of this research includes objective, methods, assessments and results,

shown in Fig.1.4.
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Fig.1.4. Outline of the thesis

20




Chapter 2 Development of TiO,-suspended photocatalytic
reactor to pretreat WAS for improving bio-hydrogen

production

2.1. Introduction

TiO,-suspended photocatalytic reactor was widely used, due to its higher
photocatalytic efficiency than TiO,-supported photocatalytic reactor on the
degradation of contaminants or waste [56, 70, 71]. However, very few photocatalytic
reactors were developed to treat WAS and the photocatalytic pretreatment of WAS for
hydrogen fermentation has not been studied as well. The objective of this study is to
develop a novel photocatalytic reactor for the photocatalytic degradation of WAS. The
parameters of the reactor and the operating conditions such as the shape of trough,
circulating speed, TiO, dosage and initial concentration of WAS were optimized.
Moreover, the experiment of hydrogen production using the photocatalysis pretreated

WAS by anaerobic digestion was conducted.

2.2. Materials and methods

2.2.1. WAS, digested sludge and TiO,

The WAS and digested sludge were collected from a sewage treatment plant in
Ibaraki, Japan, and then kept at 4°C. For the adjustment of sloping trough circulating
bed photocatalytic reactor (STCBPR), the raw WAS was diluted into different folds (0,

2.5, 5, 7.5, 10 and 15) using deionized water. For photocatalytic pretreatment and
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anaerobic digestion experiments, the raw WAS was used directly without dilution.
The characteristics of the WAS and digested sludge are listed in Table 2.1. As the data
shown in Table 2.1, the ratio of volatile solids (VS) to total solids (TS) was very high,
indicating that the main composition of sludge was organic matter. Meanwhile, the
low ratio of soluble chemical oxygen demand (SCOD) to chemical oxygen demand
(COD) demonstrates that most of COD was in the solid phase rather than the soluble
phase. The catalyst used in this study was slurry of Degussa P-25 TiO, (Degussa AG,
Germany), of which the physicochemical and optical properties and photocatalytic
activity have been reported previously [72]. The zeolite used in this study was N.F.K.

Natural Zeolite Powder NO.70 was from Gih Hwa Enterprise Co., Ltd, Japan.

2.2.2. Sloping trough circulating bed photocatalytic reactor

Considering the complicated composition and structure, the optical property
(transmission, absorption and reflection of UV-light) and the photocatalytic
requirements of WAS, STCBPR was developed. The schematic diagram of the
experimental reactor is shown in Fig.2.1a. The reactor mainly consists of a rectangular
plexiglass sloping flat with 10 troughs, a distributor with 10 holes drilled uniformly, a
borosilicate glass cover, a 180 ml glass container, a magnetic stirrer (0-3000 1/min,
PUREDU, CHINA), a UV-lamp and a peristaltic pump (0-1200 ml/min,
GONGCHANG, CHINA). The flat is 18 cm in length, 12 cm in width and 0.6 cm in

thickness. The effective illumination area of the flat was 150 cm’. The 10 toughs were
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fabricated uniformly on the flat at intervals of 1 cm. The length of the trough was 15
cm with 4 spherical bumps stuck at intervals of 3 cm. In order to obtain the optimal
shape of through, three different shapes of the trough (rectangular, triangular and
arc-shaped) were designed. The cross section of the trough is shown in Fig.2.1b. The
spherical bump with rough surface was 3.5 mm in diameter. The spherical bump was
made by mixing TiO, with the zeolite, kneading into sphere, then drying in oven
(100 °C, 3h), finally calcining (500 °C, 2 h) in a muffle furnace (F-1404, Tokyo,
Japan). The distributor was made of polymethyl methacrylate, and holes with diameter
of 2.5 mm were drilled. The borosilicate glass cover could reduce the evaporation of
the mixture and prevent the entry of impurities. The lamp was tubular UV-fluorescent
lamp (Philips BM-15BLB) with an emission spectrum ranging from 320 to 410 nm and
a peak of 370 nm. It was installed in parallel above the sloping flat to keep the light
intensity uniform. The light intensity was detected by a portable photo-radiometer. The
mixture of WAS and TiO, flowed continuously from the container to the sloping flat
through a peristaltic pump. As control, an immersion-well photoreactor was used to
pretreat WAS. The immersion-well photoreactor mainly consists of a container (180
ml) on a magnetic stirrer and a tubular UV-fluorescent lamp (Philips BM-15BLB). The
pretreatment conditions were listed as follows: 1.5 mW/cm® of UV-light intensity, 1.5

g/l of TiO5.
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2.2.3. STCBPR adjustment and WAS photocatalytic pretreatment

STCBPR was adjusted to reach the optimum conditions for WAS degradation, and
then used to pretreat WAS. Experiments of the STCBPR adjustment were carried out
by varying four operating conditions (shape of the trough, circulating speed, TiO,
dosage and dilution multiple of raw WAS). The STCBPR adjustment and WAS
pretreatment experiments were conducted under to 1.5 mW/cm?® of UV-light intensity.
150 ml of WAS and a certain amount of TiO; slurry was filled into the container, and
the mixture (WAS and TiO,) was stirred by a magnetic stirrer. Then, the peristaltic
pump and UV lamp were turned on and the photocatalytic degradation experiments of
WAS started. For the experiments of STCBPR adjustment and WAS pretreatment, the

mixture was sampled every 2 h during 8 h treatment.

2.2.4. Bio-hydrogen production from photocatalysis pretreated WAS

Batch experiments for the bio-hydrogen production were carried out on three
different kinds of WAS (photocatalysis pretreated WAS, UV-light pretreated WAS and
raw WAS). Serum vials (total volume of 30 ml, SANSIN, JAPAN) were used as batch
digesters. Each digester contained 22 ml of WAS and 5 ml of inoculum. Digested
sludge was heated at 120 °C for 30 min to sterilize the hydrogen consuming bacteria
and to enrich the hydrogen-producing bacteria [73], and then used as the inoculum for
hydrogen fermentation. The initial pH of WAS and inoculum were adjusted to 5.7

using a diluted acid/alkali solution for hydrogen fermentation. All the digesters were
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sealed with silica gel stoppers, and the nitrogen gas was purged to ensure an anaerobic
condition. In addition, vials were wrapped by aluminum foil to avoid the substrate
photolysis. The batch experiments were conducted at 37 °C for 4 days. All

experiments were performed in triplicate with the average results being reported.

2.2.5. Analytical methods

Chemical oxygen demand (COD), soluble chemical oxygen demands (SCOD), total
solid (TS), volatile solid (VS), and ammonia nitrogen (NH; -N) concentrations were
detected in accordance with the standard methods [74], and pH was determined by a
SevenGo pro'™ pH/Ion Meter (SG8, METTLER TOLEDO). For the fermentation
experiment, the yield and content of the produced biogas were determined every 0.5
day during hydrogen fermentation process. The biogas was collected by two 10 ml
plastic syringes, and the volume was read directly from the scale at the syringe. The
gas composition was detected by a gas chromatography (GC-8A, SHIMAZU, Japan)
equipped with a thermal conductivity detector (80 °C) and a Porapak Q column

(60 °C), in which nitrogen was used as the carrier gas.

2.3. Results and discussion

2.3.1. Effect of trough shape on WAS degradation

The experiments were carried out by using STCBPR with three different shape
trough (rectangular, triangular, and arc-shape) in order to attain the optimal one for the

degradation of WAS. As shown in Fig.2.2a, the trough with arc-shape had a better
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performance in the photocatalytic degradation of WAS than the other two with
triangular or rectangular shapes. The removal rate of COD increased with time and
the maximum removal rate of the three different reactors after 8 hours were 29.8%,
32.6% and 38.0%, respectively. The reduction rate of TS and VS are shown in
Fig.2.2b. The reactor with arc-shape trough showed the highest removal of 37.0% (TS)
and 40.0% (VS), followed by the rectangular one of 27.0% (TS) and 30.0% (VS), and
the triangular one of 24.0% (TS) and 27.0% (VS). For the immersion-well
photoreactor, TS and VS reductions and COD removal was only 5.2%, 7.3% and
6.6%, respectively.

When the mixture flowed in the rectangular trough at a certain circulating speed, it
would flow along the walls of the rectangular trough, which reduced the light area of
the mixture, resulting in the decrease of the photocatalytic efficiency. The triangular
trough reactor increased the thickness of the mixture and decreased the surface area of
the mixture on the sloping flat at the same circulation rate, which leaded to the
reduction in light permeability and the decrease in illumination area, eventually
reduced the photocatalytic efficiency. The arc-shape trough reactor had the advantages
of uniform flow and larger illumination area, which was in favor of the photocatalytic
degradation of the WAS. In addition, under the same circulation rate, the arc-shaped
trough had a larger contact area with the mixture than the triangular and the
rectangular ones. Moreover, the flow properties of WAS (as a non-Newtonian fluid),
such as viscosity, plays a major role on oxygen transfer and mass transfer, which
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consequently influences the hydrodynamic regime and the reactor performance [75,
76]. The shape of trough on the sloping flat would affect the motion of the mixture by
changing the interaction force between the mixture and the trough. Therefore, the
mixture flows in the trough, the value and direction of the interaction force change
with different shapes, which directly leads to the change of mass transfer [77].

In addition, another advantage of the STCBPR is the design of spherical bumps in
the trough. When the mixture flowed through the spherical bump in the arc-shape
trough, a larger vortex was produced behind the spherical bump on account of
different pressures between the front and behind part of the spherical bump. After
comparison of the STCBPR with and without spherical bumps, the former showed
higher efficiency for WAS degradation. The COD removal, TS and VS reduction rates
increased by 5.9%, 4.0% and 6.0%, respectively (Fig. 2.2). The reason could be that
the vortex further promoted the photocatalytic degradation of WAS by improving the
mass transfer and the adsorption of oxygen. Hence, the following experiments

adopted the arc-shape trough reactor with spherical bumps.

2.3.2. Effect of circulating speed on WAS degradation

For each circle, circulating speed influenced the photocatalysis time of WAS. Faster
circulating speed shortened the photocatalysis time leading to the decrease of
photocatalytic efficiency, while slower circulating speed extended photocatalysis time

but increased operation cost instead. In addition, the mass transfer and fluid thickness
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on the sloping flat changed as the circulating speed changes, which would influence
the photocatalytic reaction. Therefore, it is necessary to investigate the circulating
speed.

Experiments were carried out to test the effect of different circulating speeds (0,
175, 350, 525 and 700 ml/min), and the results are shown in Fig. 2.3. It can be seen
that the COD concentration of the WAS decreased with time at any circulating speed.
However, the removal rate of COD increased with circulating speed up to 350 ml/min.
Further increase of circulating speed, i.e. > 350 ml/min, resulted in the decrease of
removal rate of COD (Fig.2.3a). The TS and VS reduction (Fig.2.3b) had the same
tendency with the COD removal rate. At the circulating speed of 350 ml/min, the
highest TS and VS reduction and COD removal rate, TS and VS was 44.1%, 40.0%
and 44.0%, respectively. The similar results of indole photocatalytic degradation in a
circulating upflow reactor by UV/TiO, process were reported by Merabet et al. [78].
Ballari et al. [79] also reported that fast circulating speed improved the photocatalytic
reaction by increasing mass transfer between WAS and TiO, catalyst and reducing the
chances of agglomeration of catalyst particles. However, much faster circulating
speed could reduce the illumination time, causing lower light energy to produce
electron-hole pairs on the TiO, surface. In this study, the optimum circulating speed

was determined to be 350 ml/min.
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2.3.3. Effect of TiO, dosage on WAS degradation

As an important parameter, the catalyst dosage has been extensively studied on
photocatalytic reaction [80]. In this study, the experiments of photocatalytic
degradation of WAS were carried out under five different TiO, dosages (0 as control,
1,2, 3 and 4 g/l). Fig.2.4a shows that along with the increase of TiO, dosage from 0 to
3 g/l, the photocatalytic degradation rate of WAS increased. However, the TiO,
dosage of 4 g/l did not further enhance the removal rate. Jia et al. [56] reported a
similar result about the degradation of landfill leachate by UV-TiO, photocatalysis.
Compared with the TiO, dosage of 3 g/I, the COD degradation efficiency was 5.6 %
lower at the TiO, dosage of 4 g/l (Fig. 2.4a). In addition, the removal efficiency of TS
and VS was 7.3 % and 8.3 % lower, respectively (Fig. 2.4b). Therefore, the optimum
TiO, dosage is 3 g/l in this study. At the optimum TiO, dosage, the maximum removal
rates of COD, TS and VS were approximately 44%, 40% and 43%, respectively (Fig.
2.4b). The reason could be that TiO, was fully utilized when TiO, dosage was lower
than 3 g/, while not at higher dosage of 4 g/l. Moreover, redundant TiO, would
decrease UV-light transmission and subsequently influence the photocatalytic

degradation of WAS.

2.3.4. Effect of dilution multiple on WAS degradation

The dilution multiple of WAS would affect the concentration of the organic matter

and the transmission of light into the mixture, so the optimal dilution multiple needs
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to be determined. The experiments were carried out using the WAS in 0 as control, 2.5,
5, 7.5,10 and 15-fold dilution, and their effects on the degradation of WAS by
STCBPR are shown in Fig.2.5. With the increase of dilution multiple, the rate of
degradation increased. However, the absolute degradation decreased at high dilution
multiple. According to the results and the operating cost, the optimum dilution
multiple was in 7.5-fold dilution, and the removal rates of COD, TS and VS reached
by 43.9%, 39.2% and 42.4% after 8 hours, respectively. Similarly, Tokumura et al. [81]
reported that nearly 40% of mixed liquor suspended solids (MLSS) reduced after
more than 24 h photo-Fenton treatment, and Yan et al. [82] reported that nearly 40%
of MLSS reduced after 24 h heat-treatment as well. For comparison, the experiments
of photocatalytic degradation of WAS using the immersion-well photoreactor were
carried out. The results showed that WAS in 20-fold dilution could not be effectively
degraded. Therefore, the STCBPR could overcome the negative effect of high
concentration WAS, and the optimal dilution multiple is 7.5 for photocatalytic

degradation of WAS.

2.3.5. Effect of photocatalysis on concentration of SCOD and NH; -N

As shown in Table 2.2, the SCOD concentration of WAS increased as
photocatalytic pretreatment time increased up to 6 hours. While the SCOD
concentration decreased when the pretreatment time was beyond 6 hours. The highest

SCOD concentration was 527.5 mg/L in 7.5-fold dilution. The reason could be as
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follows: cellular and extracellular polymeric substances (EPS) in WAS were
disintegrated, further the insoluble solid phase organics were converted into soluble
organics [9, 83], and then partially degraded into CO, and H,O. Other pretreatment
methods, such as microwave, ultrasonic and thermal treatment, could also increase the
SCOD concentration of WAS [84], but not effectively mineralize the organic matters
in WAS [27, 85, 86]. Furthermore, microwave, ultrasonic and thermal treatment
would consume more energy to dissolve the WAS. Thus comparably photocatalytic
degradation of WAS was superior to other methods.

Compared to the initial concentration, NH,; -N concentration in WAS increased by
2.4 to 4.3 times under the designed dilution multiples. Little increase of ammonia
from pretreated WAS by microwave was confirmed by Yu et al. [27]. The results
demonstrated that the organics containing nitrogen, such as proteins and nucleic acid,
were degraded by photocatalysis into small and soluble molecules. Feng et al. [87]
also reported that the increase of NH4 -N concentration in WAS pretreated by
ultrasonic was due to some organic nitrogen being released and subsequently
hydrolyzed to ammonia. Therefore, the photocatalytic pretreatment could also
improve the anaerobic digestibility of WAS on account of the increase of soluble
carbon and nitrogen in the pretreatment process [24]. Based on the above results, the
following experiments for hydrogen production were conducted via anaerobic

digestion using photocatalysis pretreated WAS as substrate.
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2.3.6. Effect of photocatalytic pretreatment on hydrogen production

In order to examine the effect of photocatalytic pretreatment time on the
bio-hydrogen production, the hydrogen fermentation experiments were conducted
using the pretreated WAS. The photocatalytic pretreatment time was 0 h, 2 h, 4 h, 6 h,
8 h respectively under the condition of 3 g/l of TiO,, 350 ml/min of circulating speed,
1.5 mW/cm® of UV-light and arc-shaped trough with spherical bumps. The
experimental results showed that the maximum hydrogen production from pretreated
WAS was in the range of 31.6 to 53.2 ml-Hy/l-sludge at the photocatalytic
pretreatment time of 2 to 8 h (Fig.2.6a), while the maximum hydrogen production
from raw WAS was only 3.1 ml-Hy/l-sludge. In addition, the hydrogen production
firstly increased with the pretreatment progressing, but it began to decrease when the
pretreatment time was longer than 6 h. The reason could be that longer pretreatment
time caused superfluous degradation of soluble organics by photocatalysis [88].
Consequentially, the decrease of soluble organics resulted in the reduction of
hydrogen production. The optimal photocatalytic pretreatment time was 6 h.

Fig.2.6b and Fig.2.6¢c showed the cumulative hydrogen production and the
hydrogen concentration from the three different kinds of WAS: photocatalytic
pretreatment WAS, UV-light pretreatment WAS and raw WAS (control). The
cumulative hydrogen production of the three samples increased with time, and the
highest hydrogen production was obtained on the second day. The WAS treated by

photocatalysis achieved the highest cumulative hydrogen production (53.2
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ml-H,/l-sludge) and the highest concentration of hydrogen (70.6%). The cumulative
hydrogen production from photocatalysis pretreated WAS was 3.6 times higher than
that of UV-light pretreated WAS, and 17 times higher than that of raw WAS. In
addition, the maximum hydrogen concentration from photocatalysis pretreated WAS
was 1.94 times higher than that of UV-light pretreated WAS, and 22.6 times higher
than that of raw WAS. These results indicated that photocatalysis pretreatment could
enhance bio-hydrogen production from WAS via anaerobic digestion, while UV-light
irradiation pretreatment showed little improvement. The other pretreatment methods
(such as heating and microwave) could also improve solubilization of organic
material, but they had different effect on hydrogen production by anaerobic digestion,
using the pretreated WAS as substrate. Microwave and heating could efficiently
enhance hydrogen production but consumed large amounts of energy. Moreover,
Carrére et al. [29] reported that heating pretreatment increased final effluent color and
ammonia inhibition. Guo et al. [89] reported that microwave could extract toxic
matters such as heavy metal ions. These toxic matters would restrain the hydrogen
production bacteria to some extent. Thus, the photocatalytic pretreatment technology
could serve as a more attractive pretreatment way for the degradation of refractory
organics and then increased bio-hydrogen production. Another bio-hydrogen
production experiment was carried out by using the WAS as substrate pretreated in an
immersion-well photoreactor for 6h. The cumulative hydrogen production was 23.2
ml-H,/l-sludge with hydrogen concentration of 38.6%. The cumulative hydrogen
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production and the hydrogen concentration were lower than from the WAS pretreated
by STCBPR, which was 53.2 ml-Hy/l-sludge and 70.6%, respectively. Therefore, the
STCBPR could be a better reactor to solubilize the organic matters in WAS, and

eventually improve the bio-hydrogen production.

2.4. Conclusions

It is confirmed that the STCBPR is effective in degrading WAS. Moreover, it is
easy to be operated and maintained. As a result, nearly 45% of COD and 47% of VS
reduction were obtained in 7.5-fold dilution after reaction for 8 h. In addition,
photocatalytic pretreatment could increase the SCOD and NH4 -N concentrations of
the WAS. Moreover, photocatalysis pretreated WAS as substrate produced the
maximum hydrogen via anaerobic digestion, followed by UV irradiation pretreated
WAS. Therefore, the STCBPR could be a better reactor for WAS pretreatment when

taking bio-hydrogen production into consideration.
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Table 2.1. Compositions of waste activated sludge (WAS) and digested sludge (DS)

Parameters WAS DS
Chemical oxygen demand (COD, mg/l) 16249 14360
Soluble chemical oxygen demand (SCOD, mg/1) 1752 500
SCOD/COD (%) 10.8 3.5
Total solids (TS, mg/1) 7483 8630
Volatile solids (VS, mg/l) 5606 5130
VS/TS (%) 74.8 59.4
Ammonia nitrogen (NH; -N, mg/1) 132.6 280
pH 6.83 7.2
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Table 2.2. SCOD and NH;'-N concentrations of waste activated sludge with different
dilution multiple after photocatalytic pretreatment process (unit: mg/1)

Photocatalytic =~ SCOD NH,"-N

pretreatment 5-fold 7.5-fold  10-fold 5-fold 7.5-fold  10-fold
time (h) dilution dilution  dilution dilution dilution  dilution
0 312 210.2 159.1 23.5 16.7 8.9

2 348.8 308.9 259.2 28.6 18.9 13.1

4 469.2 485.6 308.8 40.8 28.3 25.4

6 502.6 527.5 402.6 50.9 55.1 34.7

8 452.1 421.9 279.2 56.2 60.3 38.6
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Chapter 3 Development of TiO,-supported photocatalytic

reactor for WAS degradation and hydrogen production

3.1. Introduction

From the results of Chapter 2, it is clear that catalyst-suspended type reactor could
improve the hydrogen production from pretreated WAS, but it enlarged the volume of
WAS, and increased the cost of photocatalyst separation from WAS. Therefore,
catalyst-supported reactor was focused in this chapter to overcome the shortages. On
the other hand, to enhance the biodegradability of WAS by catalyst-supported reactor,
the photocatalytic activity of the catalyst need to be improved. Therefore,
photocatalyst with high activity and catalyst-supported reactor need to be developed
to fulfill this research gap.

The objective of this chapter is first to synthesize the photocatalyst of
Ag-Ag,O-AgClTiO; (AgX/TiO,), then to develop a new solar fluidized tubular
photoreactor (SFTPR) with transparent AgX/Ti0, film to treat WAS for 72 hours. The
feasibility of photocatalysis and performance of the new photocatalytic reactor on the
photocatalytic degradation of WAS and hydrogen production were also discussed.
Moreover, this research is also committed to providing a useful reference for the
practical application of photocatalysis on the WAS degradation and the design of

photocatalytic reactor.
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3.2. Materials and methods

3.2.1. Photocatalytic reactor

The schematic diagram of the SFTPR is shown in Fig.3.1a. The reactor mainly
consisted of a bracket, a collector (LxW = 15 cmx20 cm), 10 glass tubes (LxD = 18
cmx1 cm), a peristaltic pump (0-1200 ml/min, GONGCHANG, CHINA), a container
(750 ml), a magnetic stirrer (0-1200 r/min, PUREDU, CHINA), and pipes. The
illuminated volume of the glass tubes was about 250 ml. The 10 glass tubes, joined
with plastic tubes, were coated with AgX/TiO, film on the inner walls. The AgX/TiO,
film coated on glass tubes had high photo-permeability efficiency. The reactor was
sealed for collecting the hydrogen. The light collector, made of aluminum foil shown
in Figs.3.1b and 3.1c, consisted of 10 modules, and each module composed of a slope
reflecting surface and a level reflecting surface. When sunlight irradiated on the slope
reflecting surfaces, the light was reflected into the tubes by the slope reflecting
surface. The transmitted ray would also be reflected into the tubes by the level

reflecting surface as the sunlight was transmitted to the tubes.

3.2.2. Preparation of AgX/TiO, film coated on the glass tubes

(1) Preparation of the glass tubes before coating on the glass tubes
The cleanliness of tubes directly affects the adhesive strength and uniformity on the

inner wall of the tubes: the higher cleanliness, the stronger adhesive strength and
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higher uniformity. In this study, the tubes were firstly washed by neutral detergent and
ethanol (Wako, 99.5%) for 3 times, and then immersed in sulfuric acid (Wako, 98%)
for 12 h. After that the tubes were flushed off using deionized water and dried at 100 °C
in an oven for later use.
(2) Preparation of TiO; film on the glass tubes

The cleaned tubes were placed vertically, and then the slurry of TiO, was spread on
the inner wall using a high-velocity stream (600ml/min/cm?) which could make the
film enough uniform and thin. This process could ensure the tubes to bear stress
evenly during calcination process then obtain a high quality TiO, film. After about 1 h,
the supernumerary TiO, slurry flowed down along the inner wall with only a piece of
thin film of TiO; kept to the inner wall of the glass tube. When the TiO, film became
dried, the tubes were put into oven (100 °C) to dry further for 2 hours. Finally, after
being calcined at 400 °C for 2 h in a muffle, the coated tubes were cooled naturally to
room temperature. These tubes were labeled as TiO, film-coated tubes.
(3) Preparation of AgX/TiO; on the glass tubes

The photocatalyst were prepared using the modified impregnation-precipitation-
photoreduction method [65]. Firstly, washed the TiO, film-coated tubes with
deionized water to wipe off the supernumerary TiO, powder then immersed them into
HCI solution (0.025, 0.05, 0.1 or 0.2 mol/l) for 30 min. After that, these tubes were
dried in oven (60 °C) for 1 h then cooled at room temperature. Secondly, the tubes
were immersed into 0.025, 0.05, 0.1 or 0.2 mol/l AgNOs solutions for 10 min. Then,
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these tubes were dried in oven (60 °C) for 1 h and cooled at room temperature. Thirdly,
the glass tubes were calcined at 400 °C for 2 h to obtain the AgX/TiO; film. Finally,
the glass tubes were irradiated with an ultraviolet lamp (Philips BM-15BLB) for 1 h
to reduce partial Ag" jons in the form of AgCl particles to Ag’ species by

photochemical decomposition of AgCl.

3.2.3. WAS degradation and simultaneous hydrogen production

WAS used in this study was collected from a sewage treatment plant in Ibaraki,
Japan, and then kept at 4 °C. The initial characteristics of WAS were as follows (g/1
except pH): pH 6.7, total solid (TS) 4.0, volatile suspended solid (VSS) 3.2, chemical
oxygen demand (COD) 8.7, respectively. The TiO, used in this study was a TiO,
slurry (STS-21, Ishihara Sangyo Kaisha, LTD. Japan) with characteristics as pH 8.3,
absorbance of 0.43, viscosity of 42.2 mPes and particle size of 20 nm given by the
manufacturer. The experiment was carried out on a roof in Tsukuba, Ibaraki, Japan
(latitude 36° 6’ N, longitude 140° 6 E) in September 2012. The Mean visible/UV
(290-390 nm) light intensity was measured with a portable UV light meter (Custom
UV340, TAIWAN of CHINA) shown in Fig.3.2.

The WAS was designed to flow directly from one tube to another connected in
series and finally to the container, and then returned to the tubes by the peristaltic
pump (100 ml/min). The container was continuously stirred (300 r/min) by a magnetic

stirrer to achieve a homogeneous suspension. Samples and hydrogen production were
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collected once per 6 hours (9 a.m. and 3 p.m.) during the 72 h treatment. Blank assay

without catalyst and only TiO, film catalyst were also carried out in parallel.

3.2.4. Characterization of photocatalyst

X-ray powder diffraction (XRD, Bruker D5005 diffractometer, Cu Ka radiation,
scan range 20 between 10 and 90°, 40 kV, 30mA) was used to identify the crystalline
phases present, and also used to estimate the relative change of sample crystallinity
and the average crystallite size of Ag’, Ag,0 and AgCl nanoparticles. Field emission
scanning electron microscopy (FE-SEM, Hitachi S-4700 FE-SEM, secondary electron
imaging mode, accelerating voltage 2 kV, beam current 10 pA, working distance 3mm)
was used to observe the morphology of TiO, film and Ag’, Ag,O and AgCl

nanoparticles deposited on TiO, film surface.

3.2.5. Analytical methods

Chemical oxygen demand (COD), volatile solids (VS) and total solids (TS)
concentrations were detected in accordance with the standard methods [74], and pH
was determined by a pH Meter (SG8, METTLER TOLEDO). The yield and content
of the produced gas were determined every day during photocatalytic degradation
process. The volume of gas was checked by the syringe. The gas composition was
detected by a gas chromatography (GC-8A, SHIMAZU, JAPAN) equipped with a

thermal conductivity detector (80 °C) and a Porapak Q column (60 °C), in which
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nitrogen was used as the carrier gas.

3.3. Results and discussion

3.3.1. Photocatalyst characterization

Figure 3.3a showed the XRD patterns of pure TiO, (1) and AgX/TiO; (2) samples.
The XRD patterns indicated that anatase was the only crystalline phase of TiO, in the
pure TiO, sample. The presence of Ag diffraction lines were clearly detected at
approximately 22.74° and 85.57°(20) for the AgX/TiO, sample, including AgCl
(chlorargyrite) at approximately 27.66°, 46.119° and 76.58° (20) and Ag,O at
approximately 32.118° and 57.34° (20) (peaks marked by arrowhead in Fig.3.3a),
respectively.

SEM images of pure TiO, and AgX/TiO, samples are shown in Figs.3.3b and 3.3c.
Figure 3.3b showed that the pure TiO, displayed a high degree of size and shape
heterogeneity, with spherical particles ranging from 25 nm to as large as 40 nm in
accordance with the results of Pulido Melian et al. [90]. Figure 3.3c indicated that the
deposition of AgX had no effect on the surface structure and shape of TiO,. The
distribution of AgX on the surface of TiO, was not uniform. The AgX/TiO, was

observed as aggregates on the surface of TiO, with different size and irregular shape.

3.3.2. Effect of AgNO; concentration on the activity of AgX/TiO,

Different concentrations of AgNO; (0, 0.025, 0.05, 0.1 or 0.2 mol/l) were tested for
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Ag doping on TiO; to obtain its optimum concentration. The concentrations of HCI
used were the same as the AgNOs solution in the experiment, and methyl orange (MO,
25 mg/l) was used as the target organics. The results (Fig.3.4a) showed that MO
degradation rate increased from 30.6% to 99.5% with AgNOj; concentration increased
from 0 to 0.1mol/l, and this increase trend stopped when further increased the AgNO;
concentration to 0.2mol/l, about 90.5% of MO removal at this concentration.
Therefore, the optimal concentration was about 0.1mol/l in this study, and almost 100%
MO was degraded, higher than the result (about 91%) obtained by Wang et al. [91].
This observation was probably brought about by low silver loadings on TiO, surface
(Fig.3.3c), which is advantageous for the enhancement of the electron-hole separation
and surface electron excitation by plasmon resonances. According to van Grieken et al.
[92] excessive surface coverage by the silver deposits could reduce the access of

radiation to the TiO, surface and block the TiO, active sites as well.

3.3.3. Improvement of light collector on the activity of AgX/TiO,

The comparative tests were performed between the new photocatalytic reactor with
and without light collector under the same operation conditions (solar radiation and
flow velocity). Figure 3.4b shows the MO degradation difference when AgX/TiO,
(0.1 mol/l AgNOs) was used as catalyst. Almost 100% degradation of MO could be
achieved after 2 h photocatalytic treatment by the reactor with collector, while only

92.5% for the reactor without collector. This improvement was mainly attributed to
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the increase of accumulated light energy per unit volume as compared to the system
without light collector. The amount of accumulated light energy was proportional to
the reflection efficiency of the slope reflecting surfaces. When sunlight irradiated on
the slope reflecting surfaces, the light would be reflected into the tubes. Based on the
design parameters (data not shown), about 90% of the glass tube surface could be
irradiated (Fig.3.1c), and the light intensity could increase by about 26% after
reflection when compared to the same reactor without collector. The improvement
brought about by light collector was not high, about 7.5% in MO degradation rate.
However, the newly-developed reactor was still promising due to its effectiveness in
solar energy collection. In addition, it was simple, easy-maintained, low-cost and ease

of processing. Therefore, it was used in the following experiments.

3.3.4. Effect of AgX/TiO, on WAS degradation of and hydrogen production

(1) Effect of AgX/TiO; on the photocatalytic degradation of WAS

Figure 3.5a shows the degradation of WAS in the photocatalytic reactor with pure
TiO, and AgX/TiO; as catalyst, respectively. The degradation of WAS by AgX/TiO,
photocatalysis was much higher than by TiO, photocatalysis, which were 69.1% and
45.3% for COD removal in 72 h, respectively. The degradation rate (absolute COD
removal per hour, in mg/l/h) of WAS was about 73.5 mg/I/h and 54 mg//h at the first
24 h, then gradually increased to 87.7 mg/l/h and 64.7 mg/l/h at the 72™ h. Both

supernatants of WAS faded and became clear with their color changed from
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black-grey to earth-yellow after AgX/TiO, and TiO, photocatalysis degradation for 18
h and 30 h, respectively. The color fading of WAS could increase light permeability
and then enhanced the photocatalysis efficiency for WAS degradation.
(2) Effect of AgX/TiO; on the photocatalytic hydrogen production

Figure 3.5b shows the hydrogen production from WAS by pure TiO, and AgX/TiO,,
respectively. It should be noted that no hydrogen were detected during the 72 h
photolysis process of WAS without catalyst. About 7866.7 pmol-H,/L-sludge was
obtained after AgX/TiO, photocatalysis of WAS for 72 h, in contrast to 1863.1
umol-Hy/L-sludge production from TiO, photocatalysis of WAS. The significant
increase of hydrogen yield was attributed not only to the AgX loading on TiO,
enhancing electrons-holes separation but also to the improved thermo-dynamical
possibility for hydrogen production by photocatalytic water splitting [93]. Specifically,
the Fermi level of TiO; is higher than that of Ag. When Ag is deposited on the surface
of TiO,, electrons can be transferred from TiO, to Ag then reach the same Femi level,
leading to the formation of Schottky barrier. The Schottky barrier can trap electrons
efficiently, resulting in the separation of electrons-holes, thus enhance the
photocatalytic activity. Thermodynamically, the formation of AgX/TiO, could
improve water splitting to produce hydrogen and oxygen, which is attributable to the
much lower conduction band potential of AgX/TiO, than the hydrogen electrode
potential, and also to the higher valence band potential of AgX/TiO, than the oxygen
electrode potential. In addition, little change was found for the hydrogen production
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rate during the whole photocatalytic degradation of WAS, about 127.7 and 25.8
umol-Hy/L-sludge/h in average for AgX/TiO; and TiO, photocatalysis, respectively.
The result also implied that hydrogen could come from water splitting by

photocatalysis on the inner wall of the glass tubes.

3.3.5. Comparison with other pretreatment methods

Several other sludge treatment technologies have been compared with respect to
WAS degradation, volume reduce, odor and color removal, energy consumption,
operation and environmental protection. The advantages and disadvantages of these
treatments are listed in Table 3.1. Thermal treatment [29, 31, 94], microwave [95] and
ultrasonic [24] could act as a new technology to treat WAS, but their high energy
consumption is the biggest obstacle. Anaerobic digestion technology [17, 94] is an
economic and sustainable way to treat WAS but needs long retention time, while
aerobic digestion could efficiently degrade WAS within a relatively short retention
time with relatively high energy consumption. Photocatalytic technology [72, 88, 96,
97] may overcome the above-mentioned disadvantages and simultaneously remove
odor, color and heavy metal ions, and produce hydrogen by photocatalytic water
splitting. This study presents a new photocatalysis reactor with AgX/TiO, film coated,
and the preliminary results obtained indicate that the reactor has potential for WAS

treatment and simultaneous H; production in the near future.
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3.4. Conclusions

The photocatalyst of AgX/TiO, film was synthesized successfully, and its
photocatalytic activity was significantly improved due to silver and silver compound
(Ag,0O-AgCl) doping on TiO,. The light collector was also simple and effective on
enhancing the photocatalytic activity of the photocatalyst. For the treatment of WAS,
69.1% of COD removal and 7866.7 pmol-H,/L-sludge were achieved in SFTPR with
AgX/TiO, as photocatalyst in 72 h, which was 50% and 350% higher than in SFTPR

with TiO, as photocatalyst.
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Table 3.1. Comparison of photocatalytic technology with other commonly applied
sludge treatment methods.

Treatment  Experimental ) Refer
.\ Advantages Disadvantages

method conditions ences

Heating 121 - 180 °C, Improve the solids Increase final effluent [29,
20-60min, hydrolysis rate, reduce  color and ammonia 89,
600-2500kPa  sludge volume, inhibition, high 98]

increase H, yield. energy consumption.

Acid Adjust the Low-cost, easy to Low selectivity, [9,
solution to operate, high produce inhibitors, 99]
pH=2, then to metal-binding time consuming.
pH=7 capacities.

Alkaline 8¢g Low-cost, easy to Low selectivity, [28,
NaOH/100 g  operate, high produce waste 29]
TS-sludge, metal-binding products, higher
20min-60min  capacities, increase concentration

hydrogen yield. inhibition.

Microwave 560 w x 2 Significantly reduce Destruct [89,
min; sludge volume and microorganisms 95]
850W x 3min processing time, no non-selectively,

chemical addition, no higher energy
harmful by-products, consumption, extract
increase hydrogen heavy metal ions
yield. from sludge.

Ultrasonic 2 w/ml x 5 Eftectively improve Fail to reduce VS, [89,
min; organics solubilization, frequently replace 100]
5000 kJ/kg less retention time, the ultrasound
TSSx5 min reduce sludge volume,  probes, extract heavy

less harmful metal 1ons, reduce
by-products. hydrogen yield

Enzyme 0.6% (w/w, Easy to control, no Limitation of [32,
enzyme/TS-sl  harmful by-products; accessible surface 101]
udge), enhance solid area and enzyme
40-50°C,4h reduction, increase adsorption.

hydrogen yield.

Photocataly 20W lamp, Remove efficiently Time consuming, [96,

sis TiO; of 20 heavy metals and low efficiency of 102]
mg/l, and 96  organic pollutant, low  supported
h energy consumption, photocatalyst.

environmental-friendly.
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Fig.3.1. Schematic of solar fluidized tubular photocatalytic reactor (SFTPR) (a),
cross-sectional view of the light collector (b), partial enlarged detail of light collector
and glass tube (c). (1 Upper bracket, 2 Light collector, 3 Glass tube, 4 Peristaltic
pump, 5 Outlet, 6 Inlet, 7 Container, 8 Magnetic stirrer, 9 Lower bracket, 10 Buffer
unit, 11 Switch, 12 Hydrogen collecting bag, 13 Sunlight, 14 Slop reflecting surface,

15 Level reflecting surface)
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Fig.3.2. Mean visible/UV light intensity used for WAS degradation and hydrogen
production (a), the visible/UV light intensity used in the experiments for methyl

orange degradation (b).
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Fig.3.3. XRD patterns of pure TiO; (1) and AgX/TiO; (2) samples (a), SEM images of

pure TiO, (b) and AgX/TiO, samples (c).
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catalyst only light irradiation.
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Chapter 4 Development of photocatalytic anaerobic
fermenter for WAS degradation and simultaneous biogas

production

4.1. Introduction

On the base of the previous study (Chapter 3), TiO,-based photocatalysis could
degrade WAS efficiently while with a little hydrogen production. However, there are
several points needed to reconsider: (i) the solar photocatalytic reactor occupies large
land area, (i1) long retention time is still needed for photocatalytic degradation, and
(111) the treated WAS contains many organics which can be further used as a source of
energy, such as biogas. Therefore, in this chapter, the combination of photocatalysis
and anaerobic digestion was studied for the treatment of WAS.

The objective of this chapter is to intermittently pretreat WAS by TiO;
photocatalysis and produce methane from the WAS via anaerobic digestion
simultaneously in a photocatalytic anaerobic fermenter. As we know, TiO,
photocatalysis is no-selective, i.e. it solubilizes the WAS while influences the
activities of microorganisms in WAS. Therefore, in order to decrease its negative
effect, some tests were carried out in the photocatalytic anaerobic fermenter to obtain
the optimal photocatalysis time. First, for obtaining the optimal photocatalytic
condition, a preliminary experiment was carried out to check the changes of SCOD

and adenosine triphosphate (ATP) concentration of WAS after photocatalytic
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pretreatment for various intervals in the photocatalytic anaerobic fermenter. Then,
methane production from WAS in the photocatalytic anaerobic fermenter was
conducted under the optimal conditions. Finally, the mechanisms for the enhancement
of methane production from photocatalytic anaerobic fermenter were investigated

from the aspect of organic compounds conversion in the WAS.

4.2. Materials and methods

4.2.1. WAS, digested sludge and photocatalyst

The WAS and digested sludge (DS) were collected from a sewage treatment plant
in Shimodate, Ibaraki, Japan, then kept at 4°C. The characteristics of the WAS are
shown in Table 4.1. The high VS/TS ratio indicates that the main components of
sludge are organic substances. The low ratio of soluble chemical oxygen demand
(SCOD)/chemical oxygen demand (COD) demonstrates that most COD was insoluble
and entrapped in the solid phase. For the methane anaerobic digestion experiment, the
digested sludge was used as seeding sludge (15%), and its’ compositions are shown in
Table 4.1, too. Before used as seed inoculums, the digested sludge was cultivated in a
water bath at 35 °C for 20 days to be acclimated to the mesophilic anaerobic digestion
used in this study. The TiO, used in this study was the TiO, (STS-21, Ishihara Sangyo
Kaisha, LTD. Japan). The characteristics were as follows: pH 8.3, Absorbance 0.43,

Viscosity 42.2 mPes, Particle size 20 nm.
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4.2.2. Photocatalytic reactor

The schematic diagram of the experimental reactor is shown in Fig.4.1. The volume
of the reactor was 1.2 L, with a biogas gathering port and an extract port, a magnetic
stirrer (0-1200 r/min, PUREDU, CHINA). It mainly consisted of photocatalytic unit
and methane production unit. For the photocatalytic unit, it consisted of a UV-lamp
(15W, Philips) and a cylindrical glass cover (12 cm in length, 6 cm in diameter)
coated with diaphanous Ag/TiO, film on the external wall. For the methane
production unit, a cylindrical dummy plate (18 cm in length, 8 cm in diameter) with
many holes (1 cm indiameter) installed between the cylindrical glass cover and the
wall of reactor. The holes could offer sufficient mass transfer. The cylindrical dummy
plate was sticked with aluminum foil on the inside wall. The aluminum foil was used

to shade the UV-light.

4.2.3. Preliminary experiments

1.2 L WAS was pretreated in the photocatalytic anaerobic fermenter for 10 h, under
the conditions of temperature of 35 °C, UV-light intensity of 0.7 mW/cm® and
constant stirring by a magnetic stirrer (PUREDU, CHINA). Samples were taken out at
2,4, 6, 8 and 10 h to analyze the changes of SCOD and adenosine triphosphate (ATP)
in WAS, and then to obtain the effect of photocatalysis on SCOD and negative effect
on microorganisms. With the results, an optimal photocatalytic time was obtained for

the following experiments.
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4.2.4. Batch anaerobic digestion for methane production

The experiment of methane production from WAS was conducted in the
photocatalytic fermentation reactor with the optimal photocatalysis time. The control
experiment was performed using the same reactor under the same conditions, but
without photocatalytic treatment. The initial pH of substrate was adjusted to 7.0 with
sodium hydroxide (NaOH). After injecting nitrogen to create anaerobic condition, the
reactors were put into a temperature-controlled water-bath (35 °C) for 35 days. The
biogas production was measured per day by plunger displacement method. The
fermentation medium was sampled at the initial and end of methane fermentation

process for the measurement of pH, TS, VS, COD and SCOD.

4.2.5. Analytical methods

COD, SCOD, TS, VS were detected in accordance with standard methods [74], and
pH was determined by a digital pH meter (Metter-Toledo Group). ATP value was
detected using a BacTiter-Glo™ Microbial Cell Viability Assay (Promega, USA).The
biogas was collected using three 50 ml plastic syringes, and the volume was read
directly by the scale on the syringe. The biogas compositions (hydrogen, methane and
carbon dioxide) were determined by gas chromatography (GC-8A, SHIMAZU,
JAPAN) equipped with a thermal conductivity detector (80 °C) and a Porapak Q

column (60 °C), in which nitrogen was used as the carrier gas.
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4.3. Results and discussion

4.3.1. Effect of photocatalysis on the SCOD and ATP of WAS

WAS pretreatment can be evaluated by the changes of SCOD concentrations to
observe the effectiveness of pretreatment methods. On the other hand, methanogens
can only consume directly soluble organics to produce methane. SCOD concentration
as an indicator reflects the content of soluble organics in WAS. Therefore, in this part
of the study, SCOD concentrations were analyzed and compared with those of
untreated control sludge samples. Figure 4.2 shows the changes of SCOD
concentration in WAS during photocatalytic process for 10 h. The SCOD
concentration increased from 1087.2 mg/l to 1451.6 mg/l with photocatalytic time
increase from O h to 8 h, while decreased to 1372.8 mg/l after pretreatment for 10h.
This result could be attributed to that photocatalysis could solubilize the solid
organics into soluble organics and simultaneously degrade the soluble organics into
carbon dioxide and water [103, 104]. Therefore, the optimal photocatalytic time was 8
h in this study with respect to SCOD changes.

On the other hand, ATP, as an indicator of metabolically active cells and an index of
microbial density [105], was tested per 2 h during the photocatalysis process for 10 h.
The changes of ATP concentration in WAS is shown in Fig.4.3. The ATP
concentration increased from 1.44 to 1.57 pg/mg-VSS after photocatalysis for 2 h,

and then decreased to 1.53 pg/mg-VSS at 4 h and 1.38 ug/mg-VSS at 6 h. The result
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indicates that transitory photocatalysis did not reduce but slightly increase the ATP
concentration, while long period of photocatalysis had negative effect on
microorganisms and even inactivated them due to photocatalytic oxidation. Having a
similar mechanism of inactivation, low dose ozone treatment could increase ATP
concentration but high dose ozone treatment decrease ATP concentration [106].
Considering the changes of SCOD and ATP in WAS during photocatalytic process, the

optimal photocatalytic time was set at 4 h in this study.

4.3.2. Improvement of intermittent photocatalysis on CH4 production

To investigate the actual photocatalytic improvement on methane production from
WAS, anaerobic digestion experiments were carried out using WAS as substrate in the
photocatalytic anaerobic fermenter and the control fermenter (without photocatalysis).
The yields and contents of methane are shown in Figs.4.4a and 4.4b, respectively. The
accumulative CHy production was 1266.7 ml-CH4/L-sludge and 923.2
ml-CHy4/L-sludge in the photocatalytic anaerobic fermenter and the control fermenter,
respectively. It could be seen that the start-up period was shortened (about 3 days) in
the photocatalytic anaerobic fermenter. After the start-up period, biogas production
increased gradually to a daily maximum of 105 ml/l on day 10, and the corresponding
methane content increased from 18% to 71%. Thereafter, biogas production gradually
decreased until day 21 then slightly increased, and finally decreased, but the methane

content remained stable at about 70% until day 28. However, the start-up period was 7
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days in control, and the maximum daily biomass yield was 84.2 ml-CH4/L-sludge on
day 19. In addition, little hydrogen production was detected during the whole
anaerobic process in photocatalytic anaerobic fermenter, and only occurred in the first
3 days in the control fermenter (data not shown). It was confirmed that little hydrogen
was produced during the initial hydrogen fermentation stage in the two fermenters.
On the other hand, continuous hydrogen production in photocatalytic anaerobic
fermenter was obtained by photocatalytic water splitting [107]. It can be concluded
the photocatalytic anaerobic fermenter exhibited better performance than the control

fermenter in terms of shortened start-up period and higher biogas yield.

4.3.3. Improvement of intermittent photocatalysis on WAS degradation

The degradation of WAS was expressed by COD removal. Fig.4.5 shows the initial
and final COD values in the two fermenters. About 60.5% of COD removal from 12.7
g/l to 5.0 g/l was obtained in the photocatalytic anaerobic fermenter, while only 43.5%
of COD removal from 12.7 g/l to 7.2 g/l in the control fermenter. The removal rate of
COD increased gradually, with the highest removal rate of 563 mg COD/lI/day and
445.4 mg COD/l/day from day 15 to day 20, after that decreased to 47.4 mg
COD/l/day and 55 mg COD/l/day from day 20 to day 25 in the photocatalytic
anaerobic fermenter and the control fermenter, respectively. The result obtained here
on COD removal indicated that the sludge quantity was reduced significantly after

anaerobic digestion in both reactors. Moreover, more removal in the photocatalytic
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anaerobic fermenter was obtained than in the control fermenter, implying that
intermittent photocatalytic pretreatment enhanced the degradation of WAS via

anaerobic digestion.

4.4. Conclusions

It is confirmed that photocatalytic anaerobic fermenter was effective in degrading
WAS. Moreover, it was easy to be operated and maintained. As a result, 60.5% of
COD removal and 1266.7 ml-CH4/L-sludge were obtained during anaerobic digestion
and intermittent photocatalytic treatment. While only 43.5% of COD removal and
932.2 ml ml-CH4/L-sludge were obtained in the control fermenter. Therefore, it is
confirmed that intermittent photocatalytic treatment could enhance the WAS
degradation and methane production in the anaerobic digestion process of WAS.
Moreover, the photocatalytic anaerobic fermenter could be a better reactor for WAS
degradation and methane production and provides a useful reference for the practical

application of photocatalysis in WAS treatment.
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Table 4.1. Characteristics of waste activated sludge (WAS) and digested sludge (DS)

Items WAS DS
Chemical oxygen demand (COD, mg/l) 12753 14080
Soluble chemical oxygen demand (SCOD, mg/1) 1027 530
Total solids (TS, mg/1) 6903 8845
Volatile solids (VS, mg/l) 5686 5196
Volatile suspended solids (VSS, mg/l) 4640 4036
pH 6.80 7.23
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69



1600

—
()]
S
(e}

1400

1300

1200

1100

1000

Concentration of SCOD (mg/l)

900

Fig.4.2. Changes of SCOD during photocatalytic degradation of WAS

70

:
_ T { I :
! I
.
R 1
0 4 6 8 10
Time (h)




—
~
1

—
(@)
T

H

HH

—_—
()]
T

H

—_—
N
T
i

_‘
w
1
H

ATP (ng/mg-VSS)

—
\S]
T

[
[
1

[

H

0 2 4 6 8
Time (h)

Fig.4.3. Changes of ATP during photocatalytic degradation of WAS

71

10




—_
\®)
e

—
S
(e

60

40

20

Biogas production (ml/I-sludge)

80
70
60
50
40
30
20

Conccentration of methane (%)

10

A Control
5 ..... @ Photocatalytic-anaerobic digestion
I ° % 2B A
® ..A A
o A® A
i AA A @ A
® A
B AA ® PYIVA
° A °
Se
° A o® .Z
. @ AA
® A [y ]
AR A
a0 . . S
0 10 20 30 40
Time (d)
- .00""000330"&Xxﬁ
A ANDA LTV
AAA=A [_1AN
A A
- [
A [
i .. A Control
. ® AA @ Photocatalytic-anaerobic digestion
O\ \A
5 .A
A
0 10 20 30

Time (d)

Fig.4.4. Changes of methane yields (a) and concentrations (b) in photocatalytic

anaerobic fermenter and control fermenter, respectively.

72



14000 —e—Control

12000 —8—photocatalytic anaerobic digestion

10000

COD (mg/)
N [e2e]
S S
S S
(e (e

4000 |

2000 F

0 10 15 20 25 30 35
Time (d)
Fig.4.5. COD removal of WAS in the photocatalytic anaerobic fermenter and control

fermenter, respectively.

73



Chapter S Conclusions and suggestions

In this study, photocatalysis and anaerobic digestion were used to treat waste
activated sludge. First, catalyst-suspended photocatalytic reactor was developed to
pretreat WAS for enhancing bio-hydrogen production. Then, catalyst-supported
photocatalytic reactor with a novel photocatalyst was developed to degrade WAS and
simultaneously produce hydrogen by photocatalytic water splitting. Finally, a
photocatalytic anaerobic fermenter was developed to degrade WAS and
simultaneously produce methane via anaerobic digestion. This fermenter possesses
the advantages of photocatalysis and anaerobic digestion and exhibits good

performance in methane production and WAS degradation.

5.1. Development of TiO,-suspended photocatalytic reactor to treat WAS

From the study, it was investigated into the effect of the reactor design parameters
and the operating conditions (such as the shape of trough, circulating speed, TiO,
dosage and initial concentration of WAS) on the photocatalytic degradation of WAS in
a sloping trough circulating bed photocatalytic reactor. The following conclusions
were obtained.

(1) The STCBPR was effective in degrading WAS. Moreover, it was easy to be
operated and maintained.

(2) Nearly 45% of COD and 47% of VS reduction were obtained under 7.5-fold

dilution and reaction for & h.
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(3) Photocatalytic pretreatment increased the SCOD and NH4'-N concentrations of
the WAS.

(4) Photocatalysis pretreated WAS as substrate produced the maximum hydrogen
via anaerobic digestion, followed by UV irradiation pretreated WAS. Therefore, the
STCBPR could be a better reactor for WAS pretreatment and further enhance the

bio-hydrogen production.

5.2. Development of TiO,-supported photocatalytic reactor to treat WAS

As a supported catalyst, TiO, is low efficient for the degradation of WAS. The
modification of TiO, with high photocatalytic activity is necessary. On the basis of
this purpose, a modified TiO, with Ag was developed. The properties and
photocatalytic activity of the new photocatalyst were investigated in solar
photocatalytic reactor. In order to apply the new photocatalyst, a solar fluidized
tubular photocatalytic reactor with a simple light collector was developed. The
conclusions were draw as follows:

(1) The photocatalyst of AgX/TiO, film was synthesized successfully, and its
photocatalytic activity was significantly improved due to silver and silver compound
(Ag-Agr,O-AgCl) doping on TiO,.

(2) The light collector was simple and effective on enhancing the photocatalytic
activity of the photocatalyst.

(3) 69.1% of COD removal and 7866.7 pmol-H,/L-sludge were achieved in SFTPR
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with AgX/TiO; as photocatalyst for 72 h, which was 50% and 350% higher than in

SFTPR with TiO; as photocatalyst.

5. 3. Development of photocatalytic anaerobic fermenter to treat WAS

The catalyst-supported photocatalytic reactor possesses some advantages, such as
high degradation efficiency, without separation of catalyst, no inhibition to anaerobic
digestion, the photocatalytic anaerobic fermenter with intermittent photocatalytic
treatment was developed for WAS degradation and simultaneous biogas production.
The conclusions were as follows:

(1) The photocatalytic anaerobic fermenter was effective in degrading WAS.
Moreover, it was easy to be operated and maintained.

(2) 60.5% of COD removal and 1266.7 ml-CH4/L-sludge production were obtained
during anaerobic digestion process with intermittent photocatalytic treatment. While
only 43.5% of COD removal and 932.2 ml-CH4/L-sludge production were obtained in
the control fermenter.

(3) Therefore, it is confirmed that intermittent photocatalytic treatment enhanced
the WAS degradation and methane production in the anaerobic digestion process of

WAS.

5.4. Further research

By combination of photocatalysis with anaerobic digestion, a novel photocatalytic
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anaerobic fermenter was developed finally for WAS degradation and simultaneously
biogas production in batch mode. From the consideration of practical application,
continuous experiments at pilot-scale are recommended in the further. The following
two points are highly recommended.

(1) A pilot-scale photocatalytic anaerobic fermenter will be set up for the
continuous degradation of WAS and simultaneously biogas production. Different
organic loading rates and HRT will be tested in the experiments to determine the
optimum operating conditions.

(2) The deactivation of photocatalyst during the anaerobic digestion process should

be paid attention.
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