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Abstract

Energy shortage and solid waste pollution are hot issues nowadays, prompting
researchers to investigate applicable technologies for renewable energy resources
recovery and ecological environment protection. Anaerobic digestion (AD) is a widely
applied technology for waste activated sludge (WAS) reduction, stabilization and
renewable energy (methane) recovery. Recently, ultra-fine bubble water (UFBW) with its
special physicochemical characteristics of stability and longevity has drawn intensive
attention in many research fields like agricultural cultivation, medicine research and
wastewater treatment. Few researchers, however, studied the application of UFBW to
microorganisms, especially its effects on AD for methane production. In addition, little
information is available about the influencing factor on AD performance, and the
mechanisms involved in its possibly significant effects in UFBW-AD systems remain
unknown. The main purpose of this research is to explore the effect of UFBW on AD and
to reveal the mass transfer mechanisms involved in addition to the analysis of the
distinctive characteristics of UFBW.

This study first explored the particle size distribution and concentrations as well as
zeta potential of UFBW produced by respectively introducing air, N2, CO2 and H> gases
under different preparation time and storage duration. Results show that the stability of
ultra-fine bubbles (UFBs) follows a descending order as Hz > Air > N2 > CO; in these
tested gases. The UFBs concentration increases with prolonging preparation time until 20
min and then the bubble size and its distribution remain relatively stable when preparation
time is longer than 20 min. In the case of Air-UFBW produced by the designated UFBW
generation machine, the number of Air-UFBs is around 2.25x10® particles /ml with 144.2
nm as the dominant size, which decreases to 1.87>108 and 1.00x108 particles/ml after one
and two weeks’ storage at room temperature, respectively. All the tested gas-UFBW
reflect a similar phenomenon of the bubble number change. Results also show that UFBs
could exist in the produced UFBW even after storage for several weeks. And the zeta
potentials of the four kinds of UFBs would be affected by pH value. At a wide range of
pH (from 3.0 to 12.0), all the zeta potential values of UFBW are negative, which increase
with the increase of pH value from 3.0 to 10.0, and then decrease from pH 10.0 to 12.0.
Considering colloids with high zeta potential (negative or positive) are electrically
stabilized, so the most stable zeta potential of UFBW was achieved at pH 10.0. In the pH
range (pH 7.0 - 8.0) that is most suitable for AD, stability follows a descending order as
H> > N2 > Air > CO; and all the zeta potentials at a range of -13 ~ -30 mV. The zeta
potential value is positively correlated with the number and concentration of UFBs but
there is no relation between the zeta potential and bubble diameter.

Then, a series of batch AD experiments were conducted at initial pH 7 and 37°C to
investigate the effect of adding the above-mentioned UFBW on hydrolysis-acidification
process and the whole process of AD of WAS. Total solids (TS), volatile solids (VS), pH,
soluble total organic carbon (sTOC), volatile fatty acids (VFAs), alkalinity (ALK),
proteins and polysaccharides, dehydrogenase, coenzyme Fa2o (CoFa20), biogas production,
etc. were tested during 3 days, 7 days, and 30 days AD experiments. Results show that in



the hydrolysis-acidification process, an average enhancement (32.4%) of biogas
production from UFBW groups was observed in the hydrolysis-acidification process,
which are remarkably higher than the DW group, especially during 7 days process. The
reductions of proteins and polysaccharides in all the experimental groups were higher
than those in the control group. The VS average reduction with UFBW addition increased
to 7.05% and 11.53% on day-3 and day-7, which was higher than that in the control group,
respectively. In the whole AD process, all the UFBW addition exhibited an enhancement
effect on biogas and methane production, especially CO»-, H2- and Air-UFBW, achieving
20% higher of biogas and methane production than those from the control tests. The
reductions of TOC and VFA in the UFBW groups were also faster than the control group.
As for the enzymes examination, the contents of dehydrogenase and CoFa2o were slightly
higher in the UFBW group than those in the control during the same processing time. It
is speculated that the mobility of water molecules caused by the addition of UFBW that
could promote mass transfer efficiency, which in turn indirectly enhanced the activities
of microorganisms during the AD process of WAS. Furthermore, the VS reduction rate in
first 3 or 6 days (6.7 ~ 11.88%, 16.03 ~ 22.44%) were faster and sharper than that in DW
group (4.59 ~ 14.30%), but no obvious difference at the end of AD process.

Besides, acetate-enriched seed cultures were used to investigate the uptake and mass
transfer of trace metals for methane producing bacteria. In this study, acclimated-
methanogens were cultured in batch feed substrate acetate with the addition of nutrient
solution at 37°C. The uptake of trace metals by acclimated-methanogens cell was tested
by using ICP-MS after being washed with phosphate buffer and 10% HCI solutions and
wet digestion. Results show that, as the only carbon source, acetic acid was fully utilized.
In the 1% period, the great difference of biogas production was observed between the
UFBW group and control with no obvious difference in the 2" and 3' period. All UFBW
groups showed an enhancement effect in CH4 production, especially Air-UFBW,
achieving a 26.76% increase in comparison to the control group. In the case of other
nutrients sufficiently provided, the addition of acetic acid effectively enhanced the biogas
production. But the lack of other nutritional elements would become the limiting factor
for CH4 production even with sufficient carbon sources. Results from inorganic
compounds analysis show that the contents of trace metals contained in the inoculum
increased, which followed a descending order as Fe>Zn>Co>Ni>Cu in the cells. The
uptake of trace metals in methanogens was higher in UFBW group, especially for the
metal of Fe, which is about 48.97% higher than that in the control group. This may be
because the addition of UFBs may have an indirect stimulatory effect and promote mass
transfer into the organism cells.

This study shows the addition of UFBW was beneficial to the hydrolysis-
acidification process and the whole AD process and it provides opportunities for the
application of UFBW in the AD system based on the unique physicochemical
characteristics of UFBW and mechanisms of promoting CH4 production.

Key words: Ultra-fine bubble water; Particle size distribution; Anaerobic digestion;
Methane production; Waste activated sludge; Gompertz model



Contents

ADSEFACT ... [
CONTENTS. ...t i
LISt Of tADIES ... vi
LASE OF fIQUIES ..o vii
Acronyms and abbreviations............ccccvve i X
Chapter 1 INtrodUCTION .......cvviiieiie s 1
1.1 The crisis issues of energy and enVIroNMENt ............cceverereneneneneseseeeeeens 1

1.1.1 TNE CUITENTE ISSUEBS ...ttt 1

1.1.2 Alternative and renewable €nergy .........cccocevveieiieiicvc s 1

1.2 Biomass energy and anaerobic digeStion............covvieieienenenene e 2

1.2.1 Biomass and its conversion technologies .........c.cccevvevevieieccn s 2

1.2.2 AD and itS MECNANISIMS ........ueiviiiirieieieriee e 3

1.3 Current methods used to improve AD effiCIENCY .........ccooceveriiiniiiiinice 4

1.3.1 Optimization of operating Parameters ...........coveverererereseneseseeeeeens 4

1.3.2 Pretreatment Methods ...........ccooveiiiiiiiiieeee e 6

1.3.3 AddItiVes additiON...........ooviiiiieiie e e 6

1.4 Ultra-fine bubble teChnology.........cooiiiiiii e 8

1.4.1 Bubbles and the classification .............cocoeieiiiiniiiiineeee e 8

1.4.2 UFB CharaCterization.............ccoeiriieinenieieeseseese e 9

1.5 Application of UFB technology ..o 10

1.5.1 Current application of UFB technology .........ccccooeiiiiniiininiiiicn, 10

1.5.2 Prospective the application of UFB technology in the future ................ 11

1.6 Objective of research and thesis StrUCTUIE ..........cccoevvvieerieereiiece e 12

Chapter 2 Basic characteristics analysis of ultra-fine bubble water.... 19

2.1 INEFOTAUCTION ...t 19
2.2 Materials and MEethOaS. ..........cooiiiiiiiice e 19
2.2.1 Production of UFBW using an UFBW generator.............ccoccveveveveeenne. 19
2.2.2 Preparation and storage of UFBW under different durations................. 20
2.2.3 Analytical Methods .........cccoiiiiiii e 20



2.2.4 Statistical aNalySIS ......ccveiiiiiiie e 20

2.3 ReSUItS aNd dISCUSSION ......c.veviiiiiiiiiiieiie e 21
2.3.1 Determination of UFBW generation time ...........cccccoevveveiicieesncieenn, 21
2.3.2 Bubble size distribution and life time analysis of UFBW...................... 21
2.3.3 DO concentration and pH value analysis of UFBW............cc.cccceveinne. 22
2.3.4 Zeta potential analysis of UFBW ..........ccccocvieiiiiiiic e 23

2.4 SUMIMIAEY ...ttt ettt etttk e e bb e e bt e e e bb e e e bb e e e be e e s nbeeeanseaeenes 23

Chapter 3 Effects of ultra-fine bubble water on anaerobic digestion of

waste activated SIUAQR.........ccovv e 35

L INEOAUCTION ..o 35

3.2 Materials and Methods. ..........ccooviiiiiie s 35
3. 2.1 RAW MALEITAIS ...t 35
3.2.2 Batch experiments on hydrolysis-acidification process ...............ccoue.... 36
3.2.3 Batch experiments on the whole AD ProCeSS ........cceveeveieerieieesieereenes 37
3.2.4 Analytical MEthOdS .........cooiiiiiiee e 37
3.2.5 Calculations and Kinetics models .............ccooveiiineniiineeee 38
3.2.6 Statistical analySiS .........ccccvveiiiiiiiieie e 38

3.3 ReSUIES @Nd QISCUSSTION ......cviiiiiieiieiieie et 39
3.3.1 Hydrolysis-acidification ProCess ...........covrerireeiieniene e 39

(1) Hydrogen and carbon dioxide production............c.cccceevevveivenirinenen, 39
(2) Composition of VFASs in the digestate ..........ccccooevevveveivieiicce e, 39
(3) STOC cOMPONENE VarTAtION .......ccvveieiiieiiiiieseeeee e 40
(4) Total protein and polysaccharide variation ..............ccccccceevvveieiinenen, 40
(5) SIUAQE rEAUCLION ... 41
3.3.2 The whole anaerobic digestion PrOCESS ..........cccvververererereneseeeeeeeens 42
(1) Biogas and CH4 ProducCtion ..........ccccoeveiinenineeiienese e 42
(2) VFAs production and composition in the digestate ............c.ccccveue.. 44
(3) PH VANIALION ....eeeciicce et 45
(4) Alkalinity variation and VFA/TA ..., 45
(5) STOC VAAtiON ......cciieeiic ittt 46
(6) Key enzymes Variation.........cccooiveeieeiie e 46
(7) SIUAQE FEAUCTION ....oveeisie e 47



(8) Kinetic models analysis .........ccccoveeieeiiiiiiie i 47

(9) Preliminary analysis on mechanisms involved.............ccccooveveninnen. 48

34 SUMMIAIY ...ttt ettt e et e e na e e e nbb e e e bb e e e be e e s nbeeennes 49
Chapter 4 Enhancement of trace metal elements uptake by
microorganisms in AD system with UFBW addition..................... 70

4.1 INEFOTUCTION ..ot 70

4.2 Materials and MethodS. ..o 70

4.2.1 RAW MALEITAIS ...t 70

4.2.2 Medium Preparation ...........ceeeererereneneseseeee e 71

4.2.3 Experimental proCedUre..........coveiveiiiic e 71

4.2.4 Analytical MEthodS .........coooiiiiiee e 71

4.2.5 Statistical analYSIS ........ccooviiiiiieie e 72

4.3 ReSUIS and diSCUSSION ........eveiiiiiieieiisie et 72

4.3.1 Biogas and CHa4 ProduCHION ..........coceveriniiininieie e 72

4.3.2 VFAS VAITALION......oviiiiiiiiiieieiee et 73

4.3.3 Trace metals transformation analysis .........cccceoevereniiinininesee 73

A4 SUMIMAIY ....tveeiitieeeiiee et et et e et e et e e st e e an b e e nnb e e e bt e e e bbeeabaeesnseeeanes 74
Chapter 5 Conclusions and future research ...........ccccocveevieeviee e, 82
5.1 CONCIUSIONS ...ttt ettt 82

5.1.1 Basic properties of UFBs and UFBW ............ccccccoviiiiieiecie e 82

5.1.2 Effect of UFBW 0N AD 0f WAS ... 82

5.1.3 Enhancement on trace metal elements uptake by microorganisms. ....... 83

5.2 FULUIE FESEAICH ...ttt 84

5.2.1 SUDSErate CatEQOIIBS ... .ecvviivieieeie ettt 84

5.2.2 Other meaningful products from AD ..o 84

5.2.3 Mechanisms iNVOIVE ..........cccooiiiiiiiiiieeee s 84
RETEIENCES ... 86
ACKNOWIEAGEMENTS........oiiieiiciee e 96
APPENAIX ettt 97



List of tables

Table 1-1. Different methods for increasing the efficiency of anaerobic digestion and
enhance MethanOgENESIS. ......ccveveiieiece e 17
Table 1-2. Progress in the practical application of bulk UFBW in different fields. 18
Table 3-1. Parameters estimated from the Logistic and modified Gompertz models
for CH4 production from WAS with and without UFBW addition. ...... 69

vi



List of figures

Figure 1-1. Flow chart of anaerobic digestion............c.ccoovvvrieiieienenencse e 14
Figure 1-2. Bubble classification and its trajectory of motion in water. ................ 15
Figure 1-3. Experimental framework of this study...........cccccevvveviivciiciciiciiee 16
Figure 2-1. Experimental framework of Chapter 2. ... 25

Figure 2-2. Physical photograph and schematic of UFBs generator provided by the
(010] 101 0T 13 )Y/ TP UPRPRR 26
Figure 2-3. Diagrammatic sketch of the UFBs generator. ...........ccccceeerencivniennnnn 27
Figure 2-4. Photographs of UFBW before generation, during generation and after
generation for 10 min standing. .........cccccvevvieii i 28
Figure 2-5. Particles concentrations in UFBW using different gases prepared for
different generation tIMe. .........cocevieirienene s 29

Figure 2-6. Comparison of bubble size distribution among the Air-UFBW right after

generation, TW and DW. ..........cccvoieiieiice e 30
Figure 2-7. Changes in bubble size distribution in Air-UFBW along with storage
1B, b 31

Figure 2-8. Variations of particle concentration in different UFBW after different
SEOFAgE tIME. .oeieiiiic et 32
Figure 2-9. Bubble size distribution in different UFBW after storage for 14 days. 33
Figure 2-10. Changes in zeta potential of UFBs in different UFBW with variation of
SOIULION PH. .o e 34
Figure 3-1. Experimental framework of Chapter 3. ..o 51
Figure 3-2. Cumulative biogas production from the 3 days and 7 days AD trails of
WAS with and without UFBW addition. ...........c.ccoeevieniininiiciiees 52
Figure 3-3. Cumulative Hz and CO production from the 3 days and 7 days AD trails
of WAS with and without UFBW addition. ............cccoceeiieniicniinnnns 53
Figure 3-4. Cumulative VFAs variation during the 3 days and 7 days hydrolysis-
acidification process of WAS with and without UFBW addition......... 54
Figure 3-5. Soluble total organic carbon concentration in digestate after fermentation
TOr 3d @Nd 7. ..ceeieiiieee s 55
Figure 3-6. Protein and polysaccharide concentration after 3 and 7 days hydrolysis-

vii



acidification process with and without UFBW addition. .................... 56
Figure 3-7. Reduction of VS in the hydrolysis-acidification of AD process with and

without UFBW addition. ..o 57
Figure 3-8. Daily and cumulative biogas production from the whole AD trails of
WAS with and without UFBW addition. ...........ccocvvveiieneiin i 58

Figure 3-9. Daily and cumulative CH4 production from the whole AD trails of WAS
with and without UFBW addition. ...........ccccceviieiiiinineincneecsiee 59
Figure 3-10. CH4 content of each reactor during the whole AD trails of WAS with
and without UFBW addition...........cccoeriiiiininiiiseeeee e 60
Figure 3-11. Total volatile fatty acids, VFA-acetic acid and VFAs variation during
the whole AD process of WAS with and without UFBW addition....... 61
Figure 3-12. pH variation during the whole AD trails of WAS with and without

UFBW Q0QITION......iiiiiiiieiiecieseses e e 62
Figure 3-13. Alkalinity variations and VFA/TA ratio during the whole AD trails of
WAS with and without UFBW addition. ...........ccecvvveviinnniin e 63

Figure 3-14. sTOC variation curves during the AD process of WAS with and without
UFBW additioN.......ccooiiiiiiiieieisie e 64
Figure 3-15. Activities of dehydrogenase and content of coenzyme Fazo in the whole
AD process of WAS with and without UFBW addition. ...................... 65
Figure 3-16. Reduction of VS after the whole AD process of WAS with and without
UFBW additioN........cooiiiiiiiiieiecic e 66
Figure 3-17. The modified Gompertz model and the Logistic model fitting curves
for CH4 production from WAS with and without UFBW addition. ..... 67

Figure 3-18. Zeta potential of the raw water and the mixture, and T time of the raw

LT L] SO U RO PR 68
Figure 4-1. Experimental procedure of Chapter 4. ..........ccoovviiienenenenc s 75
Figure 4-2. Daily and cumulative biogas production from the AD of HAc with and
without UFBW addition. .........cccooeiiiiiiiececee e 76
Figure 4-3. Daily and cumulative CH4 production from the AD of HAc with and
without UFBW addition. .........cccooeiiiiiiiececee e 77
Figure 4-4. CH4 content in biogas from each AD reaction fed with HAc with and
without UFBW addition. .........cccooeiiiiiiieenesescseeee s 78

viii



Figure 4-5. VFAs variation in each AD reactor fed with HAc with and without
UFBW addition before and after the 1st, 2nd and 3rd period. ............. 79
Figure 4-6. Trace metals contents in raw sample (inoculum) and final samples after
3 period of AD with and without UFBW addition. ............cccccecevvvunnnee. 80
Figure 4-7. SEM photos of the diversity and the structure of the microorganisms.81



Acronyms and abbreviations

AD Anaerobic digestion

ALK Alkalinity

CHas Methane

C/N Carbon to nitrogen ratio

COD Chemical oxygen demand

CO2 Carbon dioxide

DO Dissolved oxygen

EPS Extracellular polymeric substances

GC Gas chromatography

H2 Hydrogen

LB-EPS Loosely bound extracellular polymeric substances
sCOD Soluble chemical oxygen demand

sTOC Soluble total organic carbon

TA Total alkalinity

TB-EPS Tightly bound extracellular polymeric substances
TCOD Total chemical oxygen demand

TF Triphenylformazan salt

TS Total solids

TTC Triphenyltetrazolium chloride

TVFAs Total volatile fatty acids

UFBs Ultra-fine bubbles

UFBW Ultra-fine bubble water

VFAs \olatile fatty acids

VFA/TA \olatile fatty acid to total alkalinity ratio
VS \olatile solids

WAS Waste activated sludge



Chapter 1 Introduction

The continuous development of the industrial society and the surge in population
have led to an increase in energy consumption, a reduction in available resources, and a
significant increase in solid waste pollution and wastewater discharge. Various crises are
coming. Therefore, the world has turned its attention to the development of alternative
energy, clean energy and energy recycling methods.

In this chapter, the various crises currently facing, the development and utilization
of alternative and renewable energy, the new technology and its application fields
generated in recent years, as well as the objective and purpose of this thesis will be

discussed.

1.1 The crisis issues of energy and environment

1.1.1 The current issues

Energy and environment quality are both critical basic issues for the survival and
development of human beings that we need to face. Nowadays, with the growing
population of the world and vigorous development of industrialization, increasing
demand for energy, especially fossil fuels, is causing a more significant and critical
challenge [1]. The shortage of energy supply that our society constantly worried about is
that the continued utilization of fossil fuels as a dominant energy source is not consistent
with the long-term sustainability of our environment. Besides, pollutants emission during
the combustion of fuels as well as unsanitary disposal of large quantities of energy-rich
organic materials causing critical environmental problems, such as ozone layer
destruction, greenhouse effect, air quality damage and especially the haze, constitutes

serious threats to our living environment.
1.1.2 Alternative and renewable energy

In order to build a low-load global environment, the development of new ecology-
protection technology has become a top priority research topic. For the early response to
the constraints of the national economy caused by fossil energy depletion and low-carbon

energy, renewable fuels as well as sustainable energy development and utilization have
1



become the main focus for many researchers. Alternative clean sources of energy are
available [2]. Among those renewable energy sources, including biomass, solar, wind,
hydroelectric, geothermal, etc., biomass energy is not only the most widely used
traditional energy but also the largest use of renewable energy on earth and ranks fourth
in the current energy consumption, only behind the coal, oil and natural gas the top three

conventional energy [3].

1.2 Biomass energy and anaerobic digestion

1.2.1 Biomass and its conversion technologies

The term of biomass is defined as an organic substance that is formed directly or
indirectly by plant photosynthesis, including animals, plants, microorganisms and organic
materials which excreted and metabolized by all these organisms. Generally speaking,
biomass mainly includes lignocellulosic materials, animal feces, urban solid organic
waste living and industrial organic wastewater and energy biological.

Waste activated sludge (WAS), as one of the most common biomass produced from
the wastewater treatment plant in the municipal and industrial sewage treatment industry,
is rich in organic matter and nutrients that can be recycled and reused, whereas it brings
about a lot of serious environmental problems due to its huge production amount, toxic
and harmful substances contained and difficult to dispose of [4]. Due to the continuous
reproduction of microorganisms, problem of the huge residual amount of WAS needs to
be solved urgently. The high disposal cost of WAS and sanitation concerns have been
attracting growing attention [5]. More importantly, wastewater contains a lot of organic
matter and chemical energy, which are useful resources that enriched in WAS. There is
thus a strong incentive to recover this resource/energy while reducing the cost and
difficulty of disposal [5].

The current technologies of biomass conversion include direct combustion, thermal
or thermochemical processes (vaporization, pyrolysis and liquefaction) and biological or
biochemical method (the microbial conversion of biomass to obtain gaseous and liquid
fuels by fermentation and anaerobic digestion (AD)) [6].

Among those biomass conversion methods, bioenergy recovery and pollution
control through AD is a promising greenhouse gas mitigation option [7] and considered

to be an efficient and sustainable way to treat waste sludge and wastewater [8]. It is
2



basically a microbiological degradation process, which offers the benefits of mass

reduction, pathogen removal and most importantly, generation of methane (CHa) [9].
1.2.2 AD and its mechanisms

CHa, a biogas product, is a clean and renewable form of energy. CH4 production
from AD, sometimes called methane fermentation, has been confirmed as a suitable
process for sludge treatment and bioenergy recovery [10]. AD is considered to be a
microbiological degradation process used for nutrient and energy recovery from biomass
and also to stabilize the sludge produced in wastewater treatment [2]. The process
involves four major stages show in Fig.1-1 [11]: hydrolysis, acidogenesis, acetogenesis
and methanogenesis [12, 13].

Hydrolysis stage involves the transformation of complex macromolecule organics
compounds such as proteins, polysaccharides, etc. into soluble and lower molecular
organics like glucose, fatty acids, amino acids, etc. [11-14]. Hydrolysis refers to those
biological reactions that occur before the process of the organic matter enters into
microbial cells. Biocatalytic reactions can be driven by the microorganisms of hydrolytic
like bacteoides, selenomonas, streptococci etc. via releasing the extracellular free enzyme
or connecting the immobilized enzyme attached to the outer wall of the cell. The second
stage named acidogenesis is a typical fermentation process. During this phase, dissolved
organic compounds such as simple fatty acids, sugars and amino acids are converted into
alcohols, aldehydes, organic acids, hydrogen (Hz) and carbon dioxide (COz) by the
fermentation of facultative or obligatory bacteria [11-13, 15]. Sometimes, the two above
stages can be combined into one stage, which called the hydrolysis and acidification stage,
and the purpose of hydrolytic acidification is to provide substrates for methane
fermentation during mixed AD process.

Among those products in acidogenesis, the produced alcohols and long chain organic
acids cannot be converted directly by the methanogens except for formic acid, acetic acid
and methanol. Hence, those intermediate metabolites such as propionic acid, butyric acid,
etc. must be decomposed by acetogenic bacteria into acetic acid, H2 and CO3 in the third
stage of acetogenesis. The acetic acid, which has been reported to be the main precursors
for CHg4 production, and from 65% to 95% CHa is directly produced from acetic acid [15].

The final stage, methanogenesis, is a critical step in the entire AD process. In the

3



methanogenic phase, those acetic acid, H2 and CO are converted into biogas, a mixture
of CH4 and CO», by the methanogenic bacteria under strictly anaerobic conditions. The
acetotrophic methanogens like methanosarcina, methanothrix, etc. transform the acetate
produced in acetogenesis into CH4 and CO2 while the hydrogenotrophic methanogens

like methanobacterium, methanococcus, etc. convert H> and CO: into CH4 [11, 15, 16].

1.3 Current methods used to improve AD efficiency

Many kinds of substrates that rich in organic matters were used in the AD process.
To improve the efficiency and CH4 production, various methods have been adopted in the
AD process. Table 1-1 shows different methods were used to enhance the effectiveness

of the AD either in the hydrolysis and acidification steps or in the methanogenesis step.
1.3.1 Optimization of operating parameters

Always, considering that CH4 production is restricted by some parameters, many
researches focus on the various limitations of parameters, such as total solids (TS) content,
temperature, the ratio of carbon to nitrogen (C/N), pH, organic loading rate (OLR),
hydraulic retention time (HRT) and inoculum to substrate ratio to investigate how to
increase bio-methane production through parameters adjustment because these process
can affect the healthy fermentative bacterial growth directly or indirectly.

For example, Kumanowska et al. [17] explored the influence of the target pH-values
in the acidification process, and got results of at pH 5 and 5.5, butyric acid production
dominated, guided by H> production and at pH 6 acetic acid was the main product. The
absence of Hz and the highest substrate-specific CHa yield makes it favorable under
practical aspects.

On the studies of swine manure in AD process, Lin et al. [18] adjusted the
temperature at the range of 25 — 55 °C and found that daily CHa4 production increased
with temperature up to 50 °C, but then decreased. And the results of the functional gene
expression showed great difference at different conditions. But in laboratory-scale
experiments of Deng et al. research [19], the CH4 yield and volumetric CH4 production
rate at 25 °C were 6.24 times higher than those at 15 °C. However, the CHg yield and the
volumetric CH4 production rate at 35 °C were only 4.86% higher than those at 25 °C. The

lower biogas production in dry AD compared with that in wet AD could be attributed to

4



the ammonia inhibition.

Hassan et al. [1] investigated a C/N optimization case on the CH4 production from
co-digestion of chicken manure and wheat straw with WAS. Results showed that the
optimum treatment of a C/N value of 20/1 with the CH4 enhancment of 85.11%, and VS
removal of 66.83%. For other compositions of C/N value of 25/1, 30/1 and 35/1, the CH4
enhancement showed 75.85%, 63.04% and 59.96%, respectively.

Chen et al. [20] did the test of comparison of high ratio of solids to liquid co-
digestion of food waste and green waste to explore the effect of TS% content (5-25%) on
CHys production. Results showed that CH4 yields from AD of 15 —20% of TS were higher
than the AD of 5 — 10% of TS, while methanogenesis was inhibited by an increasing the
TS content to 25%.

The inhibition may be caused by excess ammonia or more OLR. Agyeman etal. [21]
tested the effect of OLR on CHys yield and found that CH4 production was highest at the
OLR of 2 g VS/L/d, being 0.63, 0.56, and 0.47 L CHa/g VS with fine, medium, and coarse
food waste, respectively. The rate of CH4 production was highest at the OLR of 3 g
VS/L/d.

Anbalagan et al. [22] investigated the influence of HRT on microalgae and WAS
process. They found that an average TN removal efficiency of maximum 64.6 £16.2%
and 81.5 +5.1 was achieved at 4 and 6 days HRT, and the AD process showed a higher
biogas production of 349 +10 mL g VS with 2 days HRT.

Brown et al. [23] explored co-digestion and the ratio of inoculum to substrate on the
feasibility of AD for contaminated rice straw inoculated with WAS. Results showed that
the CH4 production of food waste enhancement were 10% and 20% at F/E ratios of 2 and
1, respectively. The co-AD of food waste with yard waste at specific ratios can improve
AD operating characteristics and better performance than the AD of yard waste alone.

Parameters adjustment can improve the efficiency of AD process to some extent and
it can be known through the above examples. However, for various complex organic
wastes, such as agriculture and forestry residues, and it is widely known that
decomposition of lignocellulose is not easy because their structure hinders the process.
Therefore, to accelerate carbohydrates like short chain fatty acid production obtained after
degradation of those complex organics could further improve methane yield. This

requires to through some pre-processing approaches.
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1.3.2 Pretreatment methods

Pretreatment is reported to enhance the hydrolysis and degradation of macro-
molecules especially those complex organics in the first or first two stages of AD, which
can change the chemical composition and physical structure of biomass waste substrate
that can be more accessible to microorganism and hydrolytic enzymes [11]. Some
reports pointed out that methods of pretreatment, such as acid or alkali treatment,
mechanical, biological, hydrothermal, thermal, microwave and electro-hydrolysis
pretreatment of substrates could improve the AD efficiency.

For example, Zhao et al. [24] explored the CH4 yield from rice straw pretreated by
a mixture of acetic-propionic acid and got a 35.8% higher of CH4 production than control.
Chen et al. [25] found a method for CH4 production increase from municipal organic
wastes via regulation of AD process is to use alkaline to pretreat to improve H, and
volatile fatty acids (VFAS) enriched fermentation liquid in the first step in the AD
process. Some environmentally friendly methods like fungal [26] or novel microbes [27]
pretreatment were adopted to enhance CH4 production due to the digestibility of macro-
molecular organic matter like lignocellulosic biomass improved by those biological
methods. Some researches focus on the high-temperature treatment methods like
thermal [28-30] and hydrothermal [31, 32] pretreatment to evaluate the AD performance
of organic waste and obtained valuable research results of effectively solubilize organic-
waste and increasing CHas yield. Recent years, microwave irradiation has become
attractive with additional advantages such as rapid/selective heating, reduction in
reaction times, ease of control, compactness and minimization of hazardous product
formations [33, 34]. It also can be recognized as a thermal pretreatment for effective
disruption of complex organic matter and subsequent AD enhancement. Veluchamy [33,
35] adopted a novel method of electro-hydrolysis pretreatment for CH4 production
enhancement from lignocellulose waste pulp and paper mill sludge. Results showed that
CHa production enhancement was 13.8% and 301 =3 mL CH./ g VS. It is supported the
potential for CH4 recovery enhancement from waste organics using electro-hydrolysis

as a pretreatment method.
1.3.3 Additives addition

In addition to those methods of operating parameters optimization, enhancement of
6



AD performance via the methods of pretreatment before or in the hydrolytic process of
AD, additives added to the AD system are also effective ways to increase the biogas
production [15, 23].

In recent years, the addition of zero valent iron (ZVI) to AD system has been
reported by several researchers. Feng et al. [36] achieved increased biogas productivity
by 43.5% at ZVI of 20 g/L. Jia et al. [37] pointed out that ZVI could enhance the
degradation of chemical oxygen demand (COD) and promote volatile fatty acids (VFAS)
generation, and the results from Puyol et al. [38] indicated that ZVI addition could
increase CH4 production and accelerate the formation of siderite and vivianite. Besides,
the addition of ZnO nanomaterials [39], metallic wastes [40], ferroferric oxide [41], CaO>
[42] and bentonite [43, 44] has also been reported to promote AD process because of the
enhanced microbial hydrolysis, acidification and metabolism under the ambient
conditions. In recent years, some researchers have tested the effect of the addition of
emerging carbon-based functional materials on AD, including graphene, biochar,
activated carbon and carbon cloth due to the key roles of carbons in improving cell growth,
enrichment and activity, and accelerating their co-metabolisms [45]. In the research work
of Dang et al. [46], carbon cloth was used as an electron transfer mediator to promote the
direct interspecies electron transfer, therefore achieving faster recovery of soured reactors
and stimulated CH4 production than the control. The addition of biochar, on the other
hand, might provide temporary substrates to support microbial metabolism and growth
that could shorten the lag phase by 21.4% and increase CH4 production potential by 9.6%
[47]. In addition, ozone was found to initially and temporarily reduce biomass viability
and activity, while after the lag phase, CHs yield from the ozone-treated sludge could be
enhanced by 52% [48].

Also, up to the present, for some metal-contained materials, probably due to the large
amount of chemicals consumption and secondary pollution it caused and thus low
environmental-friendliness, its application is not realistic at present. However, for those
materials that are cheap and easy to obtain and are not burdened by the environment, like

some carbon-based materials, its application prospects are brighter and broader.



1.4 Ultra-fine bubble technology

1.4.1 Bubbles and the classification

In recent years, ultra-fine bubble (UFB) technologies, also known as microbubble,
nanobubble or micro-nano bubble technologies, have drawn great attention due to its
special physicochemical characteristics and have been reported to be effectively applied
in many fields of science and technology although the mechanism is not yet well
understood. Ultra-fine bubble water (UFBW) refers to the water with bubbles of particle
size at micro-nano scale and nano-scale.

Bubbles are defined as hollow globules of gas. Bulk UFBs is used to describe nano
scopic gas-filled cavities with internal equilibrium pressures equal to the external
environment that have a diameter of less than 1 um in bulk liquids [49]. Figure 1-2 shows
bubble classification and its trajectory of motion in water [50].

By vigorous mixing of water and gas, solutions contain a large number of bubbles
with a wide range of diameters can be well produced. Macrobubbles (>50 pum) can rise
up quickly and burst at the surface of aqueous solution due to their high buoyancy by a
theory of Hadamard-Rybczynski (H-R) equation [51]. For microbubbles, or called it
micro-nano-bubbles (1~50 um), the situation can be separated. For the larger bubbles,
buoyancy will lead to them rise to the surface of the liquid quickly than smaller bubbles
via the Stokes’ equation as follows (Eq. 1-1):

R = pgd?®/18u (1-1)
where R is the rising speed of spherical bubbles (m/s), p is the density of the liquid (kg/m®),
g is the gravity acceleration (m/s?), d is the bubble diameter (m) and x is the dynamic
viscosity of liquid (Pa‘s). According to this relationship a 40 pm diameter bubble rises
100 times faster than a 4 um diameter bubble [52].

The degree of saturation next to a bubble depends on the gas pressure within the
bubble. According to the widely accepted Young-Laplace expression, the pressure in the
interior of gas bubbles is inversely proportional to their diameter. The pressure of bubbles
is given by the Young-Laplace expression [53] as follows (Eq. 1-2):

AP = 2y/r (1-2)
where AP = Pyap — Piig is the difference between the pressure inside (vapor phase) and

outside (liquid phase) of the bubble (Pa), y is the surface tension (N/m) and r is the cavity
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radius (m). Under atmospheric conditions, the surface tension of pure water against air is
72 mN/m [54], and at these circumstances, small bubbles have higher internal pressure
and release gas to dissolve into the surrounding solution whereas larger bubbles grow by
taking up gas from the solution. During this process, small bubbles shrink until they
disappear while larger bubbles grow and burst. But for UFBs, because of their very small
particle size (< lum) and their low buoyancy, they rise much more slowly than their
random Brownian motion that not can be determinable. So the actual behavior of UFBs
Is more complex than macro or micro bubbles, and the kinetic stability of UFBs is not yet

clear.
1.4.2 UFB characterization

In general, the significant history of UFBs can be traced back to the fifties of the last
century, the Epstein-Plesset theory, which is used to study the bubble dissolution and
growth [55]. Afterwards, to fully exploit the active effects and potential utilization of bulk
UFBs, numerous basic researches were carried out to study their existence, behavior and
characteristic. In this direction, over the last decades, the emerging field of UFBs in bulk
water has drawn great attention and been a subject of intensive research in the area of
science and technology due to their special physicochemical properties.

Water that is enriched with UFBs has completely different physicochemical
characteristics compared with water which does not contain UFBs [54]. The most notable
characteristic of UFBs is their stable extended lifetime in suspension, being able to last
for weeks. Although according to classical thermodynamic theory, UFBs should dissolve
extremely quickly [56], many researchers have reported the longtime existence of UFBs
in agueous solution on the basis of the experimental results [18, 54, 57, 58].

One of the most important theories indicated that the stability of UFBs can be
explained by the charging mechanism, which can be reflected by the spin-spin relaxation
time measurement and the zeta potential value of UFBW. One explanation is that the
hydration energies of hydrogen and hydroxyl ions are different and then hydrogen ions
are more likely to remain in the bulk liquid phase than hydroxyl ions [59, 60]. Another
explanation is that an electric double layer is formed because of the orientation of water
dipoles at the interface, with hydrogen and oxygen atoms respectively pointing toward

the water and gas phase [61]. It is believed that the developed double layer directly leads
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to the attraction of anions to the interface and plays a critical role in the formation and
stability of UFBs in liquid [57].

Apart from the charging mechanism, Ohgaki et al. [54] reported that the stability of
UFBW may be related to hydrogen bonding structures around UFBs formed by water
molecules. They gave a point of view that the surface of the UFB contains hard hydrogen
bonds, which may reduce the diffusivity of gas through the interfacial film, and the greater
surface tension of the hard interface may also help maintain a kinetic balance against high
internal pressure.

The experiments of Oshita et al. [62] further claim that UFBs in water could increase
the mobility of water molecules in bulk, thus it could influence the physical properties of
water. From the results of the {-potential of UFBW, it can be inferred that the negatively
charged bubbles can adsorb hydrogen ions onto their surface, and the presence of those
ions can modify the hydrogen bonding network in water. Although the hydrogen bonding
around the UFB surface might enhance, for the rest of the large quantity of water, UFBs
contributed to the weakening of the hydrogen bonding network of water so the mobility

of water molecules would be accelerated.

1.5 Application of UFB technology

1.5.1 Current application of UFB technology

Despite the limited amount of theoretical research on bulk UFBs, the intensive
attention and the corresponding published results in the different application fields
become increasingly. In recent years, as shown in Table 1-2, as an emerging technology,
UFBW has been reported to be effectively applied in many fields such as water treatment
[63, 64], industry [65-67], food and agriculture [62] and biomedicine [68, 69], most
probably owing to their special physicochemical characteristics including stable extended
lifetime in water, reduced friction, increased solubility of gases in liquid and charged
surface [64].

For example, Ebina et al. have studied the effect of O2 nanobubble water, less than
200 nm in diameter, on the growth of plants, fishes and mice [70]. Both length and weight
of test objects were treated with O2 nanobubble water increased more than those were
treated with normal water, which can be assumed that O, nanobubble water may affect

the growth of life by changing oxygen condition. Liu et al. cultivated barley seeds for
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germination by using N2 nanobubble water and found that the germination rates of barely
seeds dipped in nanobubble water were 15-25% greater than those in distilled water. This
verified the clear effect of nanobubble water on the physiological activity, which could
be explained by the increased mobility of the water molecules in the bulk nanobubble
water as shown by the increase in proton NMR relaxation time T. [62], also the
moderately level exogenous ROS produced by nanobubble water plays an important role
in seed germination [71]. Some other researchers have pointed out cytoplasmic streaming
rates inside the cells could be accelerated after treated by nanobubble water. The
nanobubbles may affect transmembrane proteins or the membrane structure and provide
a transport mechanism for nutrients delivery through the membrane into the cell [72, 73].
Brian et al. who produced a nanosized bubble population for medical applications as they
can be used to target the capillaries outside the pulmonary bed [68]. Hydrogen
nanobubbles are also present in health drinks [69] and have been commercialized,
especially in Japan. Mineral separations are generally carried out by foam flotation.
Nanobubbles are successfully being assessed for application in this filed [74] due to the
higher specific surface area and the surface energy. Nano bubbles also can be applied in
water treatment [75] or as a material for surface cleaning [76] because of their significant
surface area and high interfacial tension that can adsorb contaminants. Also, nanobubble

solutions can provide a new cleaning mechanism free from detergents or chemicals [77].
1.5.2 Prospective the application of UFB technology in the future

As mentioned above, in the past ten years, UFB technology has experienced a leap
from initial exploration to practical application and has flourished in many basic fields of
industry, agriculture and manufacturing. According to this momentum of development,
we have reason to believe that in the next few decades, UFB technology will not only
continue to grow in these basic fields but also continue to explore and develop its
application in those high-tech fields, such as medicine, imaging technology,
pharmaceutical manufacturing, animals and plants cell culture fields. And our research
will begin to study the effect and application potential of UFBW in a new unexplored

field, the microbial and anaerobic fermentation field.
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1.6 Objective of research and thesis structure

Although UFBs have been reported to be effectively applied in many areas of science
and technology, especially in the field of planting and breeding, still, very little
information is available on the microorganism and its influence on AD performances as
well, and the mechanisms involved in its possibly significant effects in UFB-AD systems
remain unknown. The effect of UFBs on microbes, as well as the mechanism is also not
yet clear. So it is not only a challenge but also a chance for us to study the effect of UFBW
on AD for methane fermentation to broaden its application fields. To the best of our
knowledge, this is the first trial on the effect of UFBW on the AD process of WAS.

The objective of this research is (1) to explore the characteristics of UFBW produced
by introducing different kinds of gases into the UFBW generator and (2) to explore its
potential for promoting CH4 production, aiming to provide a simple and effective method
for organics degradation and bioenergy recovery.

The thesis structure is displayed in Figure 1-3. This dissertation is divided into 5
chapters. In Chapter 1, the research background and significance were proposed based on
the literature review. It is introduced disposal and conversion methods for biomass energy
and the current technologies for improving AD efficiency whereas the existed problems
of secondary pollution and low environmental-friendliness for application. Then the
development of the novel UFBW technology as well as its successfully application in
various fields was introduced. At last, the objectives and framework of the thesis were
presented. In Chapter 2, the characteristics of UFBW produced by using different kinds
of gases were explored. Particle size distribution and concentrations as well as zeta
potential of UFBW produced by respectively introducing Air, N2, CO2 and H gases under
different preparation time and storage duration, were investigated. Then in Chapter 3, a
series of batch AD experiments were conducted at initial pH 7 and 37°C to investigate
the effect of adding the above-mentioned UFBW on AD of WAS in both
hydrolysis/acidification stage and methanogenesis stage. The test of adding DW was used
as the control group. Total solids (TS), volatile solids (VS), pH, soluble total organic
carbon (sTOC), volatile fatty acids (VFAs), alkalinity (ALK), proteins and
polysaccharides, enzymes of dehydrogenase and coenzyme F420 (CoFa420), H2, CH4 and
biogas production were tested during 30 days” AD experiments. Besides, in Chapter 4,

acetate-enriched seed cultures were used to investigate the uptake and mass transfer of
12



trace metals in CHs-producing bacteria. Finally in Chapter 5, the major conclusions of

the thesis were summarized, and also the future research directions were pointed out.
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16



Table 1-1. Different methods for AD efficiency increase and CH4 production enhancement.

Substrate Treatment Characteristics of substrate CHa yield CHa4 production Ref.
enhancement
Sugar beet silage pH adjustment (4, 5, 5.5, 6) COD solid 266.75 g/L 256.47 £28.78 NL /kg 82.4% [17]
COD leachate 209.31 g/L cob/d
Swine manure temperature adjustment (15, 25, 35 °C) TS: 27.4%, VS: 77.8% of TS, TKN: 2.28% of  0.226 L/g VS 6.24 times [18]
TS, NH4*-N: 0.4 g/L.
Wheat straw and chicken manure C/N adjustment (35/1, 30/1, 25/1, 20/1) WS: TS 98.20%, VS 95.91%, C/N 61.35. 385.28 mL/g VS 85.11% [1]
CM:TS 29.56%, VS 67.04%, C/N 8.51
Food waste and green waste total solids content (TS%) adjustment FW: TS 26.9%, VS 25.2%, C/N 22. 390.2 mL/g VS 45.1% [20]
GW: TS 86.8%, VS 74.3%, C/N 41.2
Food waste and dairy manure mechanical pretreatment, organic loading rate  FW: TS 16.9%, V'S 29.3%, 0.63 L/g VS 37.0% [21]
adjustment DM: TS 16.9%, VS: 9.68%.
Yard waste and food waste co-digestion, the ratio of inoculum to YW: TS 94.3%, VS 91.7%, C/N 55.3, 125L/kg VS 127% [23]
substrate (1/S) adjustment FW: TS 15.2%, VS 13.8%, C/N 11.4
Rice straw a mixture of acetic-propionic acid Particles between 0.36 - 0.45 mm 604.5 mL 35.8% [24]
pretreatment
Yard waste fungal pre-treatment, I/S adjustment TS 94.3%, VS 98.9% 44.6 mL/g VS 141.1% [26]
Food waste novel microbes pretreatment VS 71.7%, COD 19.6 g/L 102 mL/g VS 14.6% [27]
Primary and secondary sludge thermal pre-treatment TS 48.47 g/L, VS 32.33 g/L 130.0 mL/g VS 54.5% [28]
Fruit and vegetable waste hydrothermal pretreatment TS 9.15%, VS 7.72%, Proteins 12.9%TS, 326.0 mL/g VS 16.1% [32]
Waste activated sludge microwave irradiation, NaOH TS 29,615 mg/L, VS 17,120 mg/L, 296.9 mL/g VS 102.7% [34]
Lignocellulose waste pulp electro-hydrolysis pretreatment TS 38.97 g/L, VS 28.87 g/L 303.0 mL/g VS 13.8% [35]
Waste activated sludge zero valent iron (ZVI) TSS 13.4 mg/L, VSS 8.57mg/L 276.4 mL/VSS 43.5% [37]
Primary and secondary sludge metallic wastes VTS 33800 mg/L, VSS 31900 mg/L 120 mL/g VSS 100% [40]
Tryptone-based synthetic wastewater  ferroferric oxide SS6.29 g/L, VSS 3.96 g/L 114.1 mL/g VS 78.3% [41]
Chicken manure thermally modified bentonite TS 27.92%, VS 18.93% 291 mL/g VS 41% [43]
Dairy manure low-cost composited TS 15.95%, VS 12.35%, C/N 8.23 361.9 mL/g VS, 59.4% [44]
Artificial complex waste carbon felt COD 1336 +61 mg/g 110.8 mmol/d 10.8% [46]
Aqueous carbohydrates food waste biochar TS 61.2%, VS 59.5%, C/N 18.7 160 mL 9.6% [47]
Anaerobic digested sludge ozone Particles size <5 mm 123 mL/g COD 52% [48]
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Table 1-2. Progress in the practical application of bulk UFBW in different fields.

Employ Type Field Purpose Result Ref.
Nanobubbles the gas mixture contained food and to test the germination rates of barley seeds germination rates 15-25% greater than those in [62]
nitrogen and air agricultural distilled water
Ozone MNBs 0zone micro-nano-bubbles groundwater for groundwater remediation. show remarkable cleanup efficiency in situ [63]
treatment remediation
Microbubble seven kinds of gases distributors wastewater to test oxygen absorption performance into the microbubble generators showed better oxygen [64]
treatment water and organic waste water treatment transfer rates than the typical gas distributors
Micro and special gas not mentioned industry separation of emulsified crude oil in saline increase overall efficiency of the flotation process [65]
nanobubbles water by dissolved air flotation from 92 to 95%,
Nanobubbles the gas of air industry ceramic membrane defouling (cleaning) the surface of the ceramic membrane was superbly [66]
cleaned by air NBs,
Microbubbles containing perfluorocarbon, sulfur  biomedicine nano-scale contrast agent the in vitro dose response curves gave a maximum [68]
hexafluoride or air of 23-27 dB enhancement
Nanobubbles hydrogen biomedicine for dietary supplement Produce long-lived hydrogen nanobubbles. for [69]
dietary supplement
Nanobubble the gas of oxygen and air food and promote the growth of plants, fishes, and mice  both length and weight of test objects increased [70]
Water agricultural
Nanobubbles special gas not mentioned physical test explicit and implicit modeling in affect transmembrane proteins or the membrane [73]
biological hydrophobic confinement structure
Nanobubbles air industry study applications in flotation collectors coated nanobubbles will broaden optionsin ~ [74]
mineral flotation.
Nanobubbles electrochemical process of industry cleaning of contaminated surfaces nanobubbles are able to prevent the fouling of both [76]
electrolyzed solutions hydrophilic and hydrophobic surfaces.
Nanobubble electrochemical process of NaCl industrial cleaning NBs can aid a new cleaning mechanism free from [77]

solution

detergents or chemicals

18



Chapter 2 Basic characteristics analysis of ultra-fine bubble water

2.1 Introduction

From Chapter 1, a lot of researches were conducted to do the study about the
application of UFBW and investigate its special characteristics and its effect in various
fields. What about the UFBW we employed in this study. We need to understand the way
it is produced and the basic characteristics it has.

In this chapter, as shown in Figure 2-1, we explored the characteristics of UFBW
produced by using different kinds of gases. First different preparation time were adopted
and determined the optimal production condition for UFBW generation, and then the
basic characteristics such as particle size distribution and concentrations, bubble lifetime
as well as dissolved oxygen (DO), pH and zeta potential of UFBW produced by
respectively introducing Air, N2, CO2 and H: gases that we will employ in the followed

experiments under different preparation time and storage duration were investigated.

2.2 Materials and methods

2.2.1 Production of UFBW using an UFBW generator

The combination of pressurized mechanical cyclic, rotational flow and cavitation,
an efficient and low-cost approach and widely used in generating UFBs in Japan, was
adopted in this study. The photograph and schematic structure of UFBs generator (HACK
FB11, JAPAN) is shown in Figure 2-2 and Figure 2-3. For the formation of UFBW, the
liquid was injected into the cylinder together with the specific gas. The liquid in/out flow
and gas inflow were manually adjusted to keep the pressure at around 0.25 MPa. A strong
shear force produced by increasing pressure was applied on the gas-liquid mixed fluid to
make it spin at a high speed. The cavitation could be produced through shearing while
pressurizing inside the generation and mixing header, and then bubbles would be
generated through a bubbling nozzle. In the current experiment, 1.5 L of DW in a
transparent glass container was recycled into the generator circulation system by
respectively introducing Air, N2, CO2 and Hz gases. This generator can produce 8-11

L/min of UFBW generally. Freshly prepared UFBW is a milky white colored opaque
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liquid, and then becomes colorless and transparent after standing for 5 to 10 minutes
(shown in Figure 2-4). This phenomenon may be explained as a large number of visible

microscopic bubbles in the bulk water rise to the surface and disappear.
2.2.2 Preparation and storage of UFBW under different durations

The UFBW samples of Air-UFBW, N>-UFBW, CO,-UFBW and H>-UFBW were
prepared under different generation time of 5, 10, 20 and 30 min and then storage at
different durations of 0, 7 and 14 days. All samples were used to explore the
characteristics of particle size, size distribution, concentration, lifetime and surface charge

of the bubbles in the following experiments.
2.2.3 Analytical methods

After UFBW samples being prepared, they were kept in serum bottles for 10 min
during which they turned from a turbid to clear liquid. Then it was divided equally (by
volume) into the centrifuge tubes and stored in an incubator at 20°C for further tests. The
bubble size distribution was determined by the nano-particle tracking analysis method
(MALVERN, NanoSight LM10, UK) at a standard temperature of 20°C. The bubble size
distribution and its concentrations were recorded as a function of storage time.

The DO in DW and different UFBW were measured with a DO meter (DKK-TOA
DO-31P, JAPAN). The pH value was determined by a pH meter (METTLER TOLEDO
FE20, SWITZERLAND). Previous research indicates that zeta potential possesses a key
role in bubble stability, which is affected by pH [78]. In this study, the pH value of
prepared UFBW was adjusted from 3.0 to 12.0 by adding 0.1 M NaOH or HCI solution
when measuring the zeta potential of UFBW by the Zeta Potential Analyzer (MALVERN,
Nano ZS, UK).

2.2.4 Statistical analysis

All the experiments were performed in triplicate. Average value was taken for all the

determinations and used for results and discussion.
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2.3 Results and discussion

2.3.1 Determination of UFBW generation time

Four kinds of gases, Air, N2, CO2 and Ha, were introduced respectively into DW to
produce UFBW at different generation time (5, 10, 20 and 30 min) of the UFBW generator.
The results of bubble-particle concentration are shown in Figure 2-5. Under the condition
of 5 and 10 min generation time, almost the similar particle concentrations were detected
in the Air-, N2- and CO.-UFBW, averagely around 0.5 or 0.75 x108 particles/ml,
respectively. However, after the generation lasted 20 min, the particle concentration in
the Air-UFBW was much higher, almost two times that of N2- or CO>-UFBW. For the H»-
UFBW, the bubble concentration exceeded 100 million particles/ml when the generation
lasted for 5 min, and then kept increasing with the generation time. In this study, the
bubble-particle concentration in all the UFBW samples exceeded 100 million particles/ml
after the generation lasted for 20 min, much higher than that of the generation for 10 or 5
min. Even though the UFBs concentration increased with the prolonging of generation
time, the bubble size and its distribution remained relatively stable when the generation
time was longer than 20 min (Figure 2-6), therefore 20 min was determined as the

generation time for the UFBW production in the following experiments.
2.3.2 Bubble size distribution and life time analysis of UFBW

A comparison was conducted in Figure 2-6 in regards to the bubble size distribution
of the UFBW (with Air-UFBW as an example to compare), Tap water (TW) and DW in
addition to the change of bubble size distribution and concentration in the different
UFBW after different storage durations. Higher bubble density and more particles in the
nanometer scale were detected in the UFBW than those in TW or DW, and the major
particle size was around 144 and 223 nm in the Air-UFBW right after generation (Figure
2-6). In the case of Air-UFBW, the bubble number density decreased along with the
storage duration, from 3.0 to 1.75 x10° particles/ml with a major particle size around 140
nm. A clear decline tendency in bubble concentration was also observed (Figure 2-7).
Interestingly, however, during the 14 days’ storage, little change was found in the major
particle size (~140 nm) of the UFBs.

Figure 2-8 shows that the total bubble number concentrations in the produced UFBW
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exceeded 100 million particles/ml at the generation day (0~3 h storage), and the highest
concentration, 2.88 x108 particles/ml was achieved in the Air-UFBW, followed by Ho-,
N2- and CO2-UFBW. With the increase of storage time, the number of bubble-particles
gradually decreased and dropped to around 1 x10® particles/ml after storage for 336 hours
(14 days). Results from Figures 2-8 and 2-9 show that the bubble number density
decreased along with the storage time, either for the concentration of main bubbles or for
the total number of bubbles. As the results indicated, UFBs could exist in the produced
UFBW even after storage for longer than two weeks. After storage for 14 days, the UFBs
concentration (which might be indicative of bubble stability) followed a descending order
as Ho-UFBW > Air-UFBW > No-UFBW > CO.-UFBW, which may be related to the zeta
potentials of the different UFBs (Figure 2-10). Among the four kinds of UFBW, the
concentration of bubble-particles in the CO,-UFBs was always the lowest with the
shortest lifetime of nanoscale bubbles, indicating that the CO2-UFBs in the bulk water
was not so stable compared to other tested UFBs. This observation could be attributable
to the stability and solubility of CO», which is soluble in water and can combine with

water to form carbonic acid in the aqueous solution.
2.3.3 DO concentration and pH value analysis of UFBW

During the AD process, the stepwise addition of DW, TW and four UFBW was
performed on days 0, 4, 8 and 12, respectively. The usage of air to prepare UFBW did not
increase the concentration of DO in the aqueous solution. The DO in the prepared Air-
UFBW was 6.32 0.3 mg/L, which is similar to that in DW or TW. Minamikawa et al.
[79] also obtained similar experimental results. However, when N2, CO2 or H, was used
to prepare UFBW, the DO in the prepared UFBW was reduced significantly. Especially
in N2>-UFBW, the DO dropped to 2.86 +0.7 mg/L, which is probably due to the degassing
effect caused by N2 gas in the aqueous solution.

As for the pH value in the produced UFBW, since COz is soluble in water, the pH of
the CO2-UFBW was decreased to 5.88 +0.4, most probably due to the formation of
carbonic acid. The pHs of other UFBW were basically maintained at neutral with little

variation.
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2.3.4 Zeta potential analysis of UFBW

Zeta potential is a key indicator of the stability of colloidal dispersions. A high zeta
potential (negative or positive) could create repulsion forces that would avoid the
coalescence and contribute to the electrical stabilization while colloids with low zeta
potentials tend to coagulate or flocculate. In order to further explore the stability of UFBW,
zeta potentials of UFBs under different pH values were measured (Figure 2-10). Results
show that the zeta potentials of UFBs were generally negative at a wide range of tested
pH (3-12), which was affected by pH as well as the gas introduced. In a previous report,
Ushikubo et al. [57] pointed out that the zeta potentials of micro- and nano-bubbles were
all negative and their absolute value was in the range between 34-45 mV (O3), 17-20 mV
(Air), 29-35 mV (N2) and 20-27 mV (COz). The negative value is attributed to the
predominance of hydroxide ions in the first molecular layers of water at the gas-liquid
interface, thus the different zeta potential value may indicate the different stability of
UFBs in the different gas-based UFBW, and their different structures at the gas-liquid
interface as well. In this study, the negative zeta potential increased with the increase of
pH value from 3.0 to 10.0 and reached the maximum at pH 10.0 and then decreased when
pH was further increased to 12.0. This observation is in agreement with the findings of
previous researchers [52, 74, 80]. In the range of pH from 7.0 to 8.0, which is the most
suitable pH condition for methane fermentation, the stability of the different UFBs
followed a descending order as Hz > Air > N2 > CO in the tested UFBW with the zeta
potentials being higher than -20 mV.

2.4 Summary

In this chapter, we explored the characteristics of UFBW produced by using different
kinds of gases. First different preparation time were adopted and determined the optimal
production condition for UFBW generation, and then the basic characteristics such as
particle size distribution and concentrations, bubble lifetime as well as DO, pH and zeta
potential of UFBW produced by respectively introducing Air, N2, CO2 and H> gases that
we will employed in the follow-up experiments under different preparation time and
storage duration were investigated. Results show that:

The UFBs concentration increases with prolonging preparation time. However, the

bubble size and its distribution remain relatively stable when preparation time is longer
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than 20 min. A higher bubble density and more particles in nanometer scale can be
detected in the UFBW than that in TW or DW which almost no nanoscale bubbles were
detected.

In the case of Air-UFBW produced by the designated UFBW generation machine,
the number of Air-UFBs is around 2.25 <108 particles/ml with the most distributed size
of 144.2 nm, which decreases to 1.87 <108 and 1.00 <108 particles/ml after one and two
weeks’ storage at room temperature, respectively. All the tested gas-UFBW reflect a
similar phenomenon about the bubble number change. UFBs could exist in the produced
UFBW even after storage for several weeks. After storage for 14 days, the UFBs
concentration followed a descending order as H>-UFBW > Air-UFBW > N>-UFBW >
CO2-UFBW.

Zeta potential of UFBs is affected by pH value. At a wide range of pH (from 3.0 to
12.0), all zeta potential values of UFBW are negative. It increases with increasing the pH
value from 3.0 to 10.0 and then decreases from pH 10.0 to 12.0. In the pH range (pH 7.0
- 8.0) which is most suitable for AD, stability follows a descending order as Hz > N2 >
Air > COz in these tested gases and all the zeta potential are higher than -20 mV. The zeta
potential values are positively correlated with the number and concentration of UFBs but

there is no significant relation between zeta potential and bubble diameter.
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Figure 2- 1. Experimental framework of Chapter 2.
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Figure 2-2. Physical photograph and schematic of UFBs generator provided by the
company (HACK UFB Co., Ltd. JAPAN).
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Figure 2-3. Diagrammatic sketch of the ultra-fine bubble (UFB) generator. 1. Water inlet,
2. Water inflow valve, 3. Gas inlet (can be connected to the gas bag) and intake valve, 4.

Pump, 5. Bubble generating part, 6. Pressure meter, 7. Water outflow valve, 8. Water
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Figure 2-4. Photographs of UFBW before generation, during generation and after

generation for 10 min standing.
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Chapter 3 Effects of ultra-fine bubble water on anaerobic digestion of

waste activated sludge

3.1 Introduction

In Chapter 2, the basic properties of UFBW including particle size and distribution,
bubble concentration, zeta potential, etc. were analyzed. If it has been proven and applied
to the growth of plants and animals, what effect does it have on microorganisms,
especially on the process of AD which requires the coordination and interaction of
multiple microorganisms. This is the subject that we need to do in the next step.

Therefore, in this chapter, as shown in Figure 3-1, a series of batch AD experiments
were conducted at initial pH 7 and 36 +2°C to investigate the effect of adding the above-
mentioned UFBW on AD of WAS. The test of adding DW was used as the control group.
The experiments were divided into the two process. The hydrolysis process has been
recognized as the rate-limiting stage for macro-organic matter disintegration. With the
consideration of it, the first experiment process was lasted for 7 days to investigate the
effect of UFBW on the hydrolysis-acidification process. In this process, total solids (TS),
volatile solids (VS), pH, Haz, soluble total organic carbon (sTOC), volatile fatty acids
(VFAs), protein and polysaccharide were tested on day-3 and day-7 in this stage. The
second experiment process was lasted for about 30 days in order to explore the effect on
the whole AD process of WAS. TS, VS, pH, sTOC, VFAs, alkalinity (ALK),
dehydrogenase, coenzyme Faxo (CoFas20), biogas and CH4 production were tested during

30 days’ AD experiments.
3.2 Materials and methods
3.2.1 Raw materials

The water samples used in the experiment were DW (as the control) and different
UFBW (including Air-UFBW, N>-UFBW, CO2-UFBW and H>-UFBW). Digested sludge
and WAS were sampled from a wastewater treatment plant in Ibaraki (Japan) and stored

in the refrigerator (4°C) prior to the experiment.
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3.2.2 Batch experiments on hydrolysis-acidification process

Schott Duran serum bottles in two sizes were used in the fermentation experiments.
A1 L bottle was used for preparation and acclimation of inoculum and 250 mL ones were
used for anaerobic fermentation. Digested sludge was added into the 1 L reactor and the
tested sludge (WAS) was acclimated in this reactor under mesophilic condition (36 £2°C)
for about one month. After the above acclimation step, the digestate was used as inoculum.
The TS, volatile solids (VS) of the inoculum and WAS were 2.21 £0.50%, 1.24 £0.02%
and 3.18 +0.29%, 2.76 *0.13%, respectively. In each 250 mL anaerobic digester, 35 mL
of inoculum and 65 mL of WAS were mixed and added to each serum bottle to keep the
inoculation ratio (inoculum/WAS, VS basis) in all the reactors around 20%. From
references, heating [81] and drug (2-bromoethanesulfonic acid, (BESA)) [82] treatment
have been applied to get rid of methanogens in the AD system. With the consideration of
it, in the hydrolysis-acidification process, the mixture raw materials including WAS and
seed sludge was heated at 105 +=2°C in an oven for about 30 min. After that, when the
mixture was cooled down to the room temperature, the drug of BESA with a concentration
of 50 mM was added into each reactors to mix with sludge and inhibit the activity of
methanogens. In this study, 100 mL of DW and four kinds of gas-UFBW addition were
performed on day-0, and the total volume of added DW or UFBW (100 mL) and the
mixed sludge (100 mL) was 200 mL of the working volume for each reactor. The initial
pH was adjusted to 7.0 0.1 by adding 0.1 M NaOH or HCI solution. Prior to the
experimental run, all the reactors were carefully sealed and flushed with high purity
nitrogen gas for 2 min to create an anaerobic environment. The reactors were then placed
in a temperature-controlled incubator (36 £2°C) for 7 d. During the digestion, the bottles
were shaken once per day at the fixed time prior to sampling the biogas for composition
measurement. A 60 mL volume gas-tight syringe was used to measure the biogas
production by directly reading the scale after being connected to the reactor for 2 min and
then normalized to the standard temperature and pressure conditions. One mL of biogas
was also sampled and used for biogas composition analysis. After the digestion process,
the mixture of sludge was centrifuged at 9,000 rpm and 4°C for 15 min and then filtered
through a 0.22 um microfiber filter. Its supernatant and remaining sludge were analyzed,

respectively.
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3.2.3 Batch experiments on the whole AD process

The experiment conducted for the whole AD process was same operated with the
hydrolysis-acidification process but without heating and drug treatment. The process was
lasted for about one month till the biogas production stopped (approximately 30 days) to

ensure the complete AD.
3.2.4 Analytical methods

TS content was measured by drying the raw and final sludge samples at 105°C for
24 hours till constant weight and VS content was determined by incinerating the dried
sludge samples at 600°C for 3 hours. The calculation of TS, VS and ALK were
determined in accordance with standard methods (APHA, 2012). The pH value was
determined by a pH meter (METTLER TOLEDO FE20, SWITZERLAND). Biogas
composition was determined using a gas chromatography (SHIMAZU GC-8A, JAPAN).
The sTOC in digestate was analyzed by a TOC-Vcsn analyzer (SHIMADZU, JAPAN).
The digestate supernatant obtained after centrifuging filtering in Chapter 3.2.2 was
acidified by 3% phosphoric acid solution before VFAs analysis by the gas
chromatography equipment (SHIMADZU GC-8A, JAPAN) packed with Unisole F-200
30/60 column. For the extracellular polymeric substances (EPS) tests, loosely bound EPS
(LB-EPS) and tightly bound EPS (TB-EPS) were extracted by modified heat extraction
method [83]. Proteins were measured with Lowry’s method using bovine serum albumin
as a standard solution [84]. Polysaccharide was measured with phenol-sulfuric acid
method using glucose as a standard solution [85]. In this chapter, the concentration of
VFAs (according to the order in which the peaks appear is HAc: acetic acid, HPr:
propionic acid, iso-HBuU: iso-butyric acid, nHBu: n-butyric acid, nHVa: n-valeric acid and
iIso-HVa: iso-valeric acid) and EPS were presented as equivalent COD values calculated
from the theoretical formula of each VFA component. The equivalent relationships
between COD and organic substrates were as follows: 1.07 g-COD/g HAc, 1.51 g-COD/g
HPr, 1.82 g-COD/g HBu, 2.04 g-COD/g HVa, 1.5 g-COD/g protein and 1.06 g-COD/g
carbohydrate. Slurry samples were periodically collected every 3 days and analyzed for
the content of the CoFa420 to represent the variation of methanogen activity. Ultraviolet
spectrophotometry was used to determine the content of CoFa [86]. The total

dehydrogenase activity assay was based on the reduction rate of triphenyltetrazolium
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chloride (TTC) to triphenyl formazan. One enzyme unit was defined as the amount of
enzyme producing 1 pg of triphenylformazan salt (TF) per hour [87]. Zeta potential of
the raw water (DW and different UFBW) and the mixture (sludge with DW and different
UFBW) was determined by the zeta potential analyzer (MALVERN, Nano ZS, UK) The
proton spin-spin relaxation time (T2) was determined via nuclear magnetic resonance
(NMR) spectroscopy (JNM-MU25A, JEOL, JAPAN).

3.2.5 Calculations and kinetics models

The Logistic function is a classical population growth model, which is widely used
in the kinetics analysis of anaerobic fermentation because of its good performance in the
description of biogas production from the AD process [88]. The following Logistic

function (Eq. (3-1)) was used in this study:
P= Tmax (3-1)

4R (A-t)
1+exp [%+ 2]

where P (ml CH4/g-VS) is the cumulative CH4 production at time t, Pmax (Ml CH4/g-VS)
is the maximum CHa production potential at the end of incubation time, Rmax (ml CHa/g-
VS.d) is the maximum CHa production rate, t (d) is the duration time and A (d) is the lag
phase defined as a delayed period of a culture in responding to a new environment and
starting to produce CHa.

Due to the successful modeling of CH4 production by the modified Gompertz model
[89, 90], this equation was also used in this study to fit to the experimental data of
cumulative CHg4 production under different conditions. The following modified Gompertz

equation (Eq. (3-2)) was employed in this study:
P = P,acexp {—exp [% A-t)+ 1]} (3-2)

where e is 2.71828, and all the other parameters are the same as in Eq. (3-1). The
correlation coefficient (R?) was calculated to indicate the kinetic model fitting to the

experimental results from CHa production.
3.2.6 Statistical analysis

The batch fermentation experiments were performed in triplicate. Average value was
taken for all the determinations and used for results and discussion. For data analysis,
one-way analysis of variance (ANOVA) was used to analyze the statistical differences
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among the experimental scenarios by using Microsoft Office Excel 2013. Significant

difference was assumed at p < 0.05.

3.3 Results and discussion
3.3.1 Hydrolysis-acidification process

(1) Hydrogen and carbon dioxide production

Figure 3-2 shows the cumulative biogas production in the 3 days and 7 days
hydrolysis-acidification process. The highest 3 days biogas production was observed in
the Air-UFBW group (26.74 ml/g-VS), followed by Hz- (26.56 ml/g-VS), No- (25.34
ml/g-VS) and CO2-UFBW group (24.95 ml/g-VS). The difference is not obvious, but the
results of all the experimental groups are dramatically higher than that of the DW group
(19.98 ml/g-VS). For the results of the 7 days process, the difference between the
experimental group and the control group is more significant. An average enhancement
(32.4%) of biogas production in UFBW groups was observed compared to that in the DW
group. As shown in Figure 3-3, both Hz and CO; production of the experimental groups
in the hydrolysis-acidification process are remarkably higher than that of the control
group, especially in the 7 days process. It means that the efficiency of hydrolysis-
acidification for biogas production was improved by introducing UFBW in the AD
system. The accumulated H> and CO> would act as the feedstock for CH4 production in

further methanogenesis process.
(2) Composition of VFAs in the digestate

The accumulation of VFAs in the stage of hydrolysis-acidification could be
recognized as an important monitor in the AD process. VFASs are the raw materials for the
production of H> and CO>. VFASs can be gradually degraded into acetic acid which can be
directly utilized by microorganisms, thereby producing methane. However, the
accumulation of excessive VFAs is likely to cause the low pH of the system that would
affect the activity of microbes and cause a long lag phase, which has a negative impact
on the subsequent methanogenesis. In the 3 days and 7 days hydrolysis-acidification
process, cumulative VFAs variation was tested in each period with results shown in

Figure 3-4. The VFAs concentration increased sharply in the first 3 days with the obvious
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difference between the UFBW groups and the DW group, and then increased gradually
from day-3 to day-7, in which period the difference is not obvious. For the components
of TVFAs, the acetate accounts for almost half of the proportion, growing gradually
without decrease during the 7 days process. This is because the complex organic matter
is continuously degraded into simple organic matter, and the long-chain VFAs are
continuously degraded into the short-chain ones, which just accumulates without
consumption in a large amount due to the inhibition of methanogens by drugs. During
day-3 to day-7, several detected volatile fatty acids appear to grow but the reducing of
butyrate concentration was observed. This might be because comparing to others,

butyrate could be more easily degraded to acetate.
(3) sSTOC component variation

Figure 3-5 shows the curves of sSTOC concentration variation on 3 days and 7 days
process. Results show an increasing trend of sTOC concentration in the hydrolysis-
acidification stage, and it is consistent with the results of VFAs. In the hydrolysis stage,
sTOC values increased due to the relatively high conversion rates from macromolecules
to VFAs and from a solid state to a soluble state by acidogens. STOC can be utilized by
methanogens to generate CHs4 and CO: in further methanogenesis process. sTOC
increased higher on day-3 and day-7 comparing with the STOC of raw material and the
difference between the experimental group and the control group on day-7 is obviously
higher than that on day-3, which means the conversion rate of macro organic matter to

soluble organics was improved with the addition of UFBW.
(4) Total protein and polysaccharide variation

EPS of different layers extracted from sludge, namely soluble EPS (S-EPS), loosely
bound EPS (LB-EPS), and tightly bound EPS (TB-EPS), were used to determine the
variation of protein and carbohydrates in the sludge. Fig. 3-6 shows the EPS concentration
after the 3 days and 7 days hydrolysis-acidification process with and without UFBW
addition.

The protein concentration of the raw sludge was 2,694 mg COD/L which decreased
at the range of 2,067 — 2,289 mg COD/L during the 7 days process in both the
experimental groups and the control group, this may be due to the degradation and change
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of protein to small molecule compound which could be easily used by microbes. The
decrease of TB-EPS was relatively obvious compared to soluble- and LB-EPS. The
reason can be contributed to that the structure of TB-EPS becomes loose, and TB-EPS
will change into LB-EPS then further soluble-EPS, resulting in no significant increase of
LB-EPS, to make itself easier to be utilized for other microorganisms during this
hydrolysis-acidification process, resulting in sludge disintegration. Besides, the reduction
of protein in all the experimental groups is higher than that in the control group which
indicates that the UFBW addition can accelerate the transportation of protein to small
molecule compounds.

Compared to the reduction of protein, the decrease of polysaccharide is not so
obvious for day-3. However, a relatively higher degradation of polysaccharide was
observed on day-7. Among them, the TB-EPS shows a slightly decreased trend during
this 7 days process while the LB-EPS increased on day-3 and then decreased on day-7.
This may be because the alternation of TB-EPS to LB-EPS was dominant in the first 3
days, and then the change of LB-EPS to soluble-EPS further to VFAs and other small
molecule compounds was the main process from day-3 to day-7. Besides, on day-7, both
TB-EPS and LB-EPS in the experimental groups except H>-UFBW group are lower than
that in the control group, which demonstrates the addition of UFBW would be beneficial
to the degradation of polysaccharide.

As the TB-EPS maintains the sludge stability, and the decline of both TB-EPS to the
LB- and soluble-EPS means sludge could be easily degraded by microorganisms,

especially for the UFBW addition group.
(5) Sludge reduction

Sludge reduction (VS reduction) is usually acted as an indicator to characterize the
efficiency of the AD process [91]. Figure 3-7 shows the reduction of VS after the
hydrolysis-acidification process. With UFBW addition, the VS average reduction
increased to 7.05% and 11.53% on day-3 and day-7, respectively, while those in control
group were 5.23% and 6.79%, respectively, which means a faster hydrolysis and

reduction rate of organic matter was caused by UFBW addition.
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3.3.2 The whole anaerobic digestion process

(1) Biogas and CH4 production

The daily and cumulative biogas production during the AD process with the addition
of DW or different UFBW were determined and shown in Figure 3-8. The corresponding
daily and cumulative CH4 production were shown in Figure 3-9. The AD reactors were
run for about 30 days till almost no biogas production was detected. During most of the
testing period, the daily biogas or CH4 production from the AD reactor with UFBW
addition was higher than that from the reactor with DW addition, especially during the
first 10 days can be observed clearly.

In regard to the daily biogas production shown in Figure 3-8A, peak value was
observed on day-8 with the production of 139.40 ml/g-VS d (mean value, the same below)
in reactors that with CO.-UFBW addition. Followed by Air-, No- and H>-UFBW group,
which peak value was 128.70, 126.37 and 124.25 ml/g-VS 4, respectively and no
significant difference. However, for the DW group, the peak value was observed on day-
10 with the production of 99.58 ml/g-VS 4. Both rate and peak of production are lagging
and decreasing in the early stage of AD process including the hydrolysis-acidification
stage. This might be due to the improved hydrolysis efficiency for the decomposition of
macromolecular organic matter into simple organic by adding the negatively charged
UFBW. After the hydrolysis and acidification stage, the slight improvement of daily
biogas production can be observed almost in every day results while the difference is not
so obvious each day. This might be because more simple organic matter hydrolyzed in
the early stage that can be continuously decomposed into biogas by microbial utilization
in the subsequent stage. The results of accumulated biogas yield show quite different
trends (Figure 3-8B). All the UFBW groups show higher production, at the range of 20.95%
- 27.56%, than that of the control group with the addition of DW. It means that the addition
of UFBW can effectively increase the production and accumulation of biogas.

For the daily and cumulative CHs production shown in Figure 3-9, the trend is
similar to the curve of biogas production mentioned above. Peak value at the range of
87.44 - 103.46 ml/g-VS d was noted on day-8 in reactors added with UFBW, in
comparison to 71.11 ml/g-VS d from the reactor with DW addition. The time reached to

the peak value and the corresponding CH4 concentration of the DW group were also
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delayed and declined compared with the experimental groups. While almost no
significant difference was detected in daily CH4 production among the reactors added
with different UFBW. Besides, an average significant difference (p = 0.0009 < 0.05) in
the cumulative CH4 production was observed between the reactors with UFBW addition
and with DW addition. The average cumulative CH4 yields were obtained in the reactors
added with UFBW followed a descending order of 387.84 (CO.-UFBW) > 372.77 (H»-
UFBW) > 369.47 (Air-UFBW) > 361.24 (N.-UFBW) ml/g-V'S, about 27.55%, 22.59%,
21.50% and 18.80% higher than that from the reactor with DW addition (304.08 ml/g-
VS), respectively. An average increase of 22.61% can be observed in UFBW group and
the relatively higher CH4 accumulation (increase more than 20%) was obtained from the
CO2-, H2-, and Air-UFBW added reactors compared to that of control group. The addition
of N2>-UFBW was slightly worse than other UFBW, which however also demonstrated
some positive effect on CH4 production in comparison to the control group.

During day-8 to day-10, around 74.23 - 78.93% and 71.40 - 78.40% of CH4 content
were detected in the biogas from the CO,-UFBW and DW reactors, respectively (Figure
3-10). During the whole process of AD, there was a slight improvement in the CHs
content between the experimental group and the control group but the difference was not
significant.

This observation mentioned above may be attributable to the existing nanoscale
UFBs in the aqueous solution, which plays an important role in the AD process. UFBs
may affect the physical properties of the aqueous environment and improve biological
activity, thereby promoting the mass transfer efficiency of nutrients and enhancing the
utilization and conversion efficiency of organic substrates. In addition to the effect of
these ultra-fine structured bubbles, the introduced gases might also play important roles
in CHs production. CO2- or H>-UFBs in the UFBW might be easily utilized by the
microorganisms for anaerobic fermentation, while N-UFBs can ensure a strict anaerobic
environment. Most interestingly, the presence of air (or partial O2) is generally regarded
as toxicant to anaerobic methanogens. However, the Air-UFBW addition can also
promote methane fermentation with obviously more beneficial effect than DW condition.
Probably the presence of limited micro-oxygen could facilitate the hydrolysis of the
substrates in the hydrolysis and acidification stages of AD [92]. The environment could

rapidly become anaerobic as the limited oxygen was quickly consumed by aerobic or
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facultative anaerobic bacteria. On the other hand, some methanogens may have some
certain extent of intrinsic tolerance to oxygen exposure, and their bioactivity could be
recovered soon after the inhibition of oxygen exposure was removed [93, 94]. The
synergistic effects of the UFBs, as well as the micro-oxygen environment, may promote
the AD process. This part of the study first proved that Air-UFBW is beneficial for the
AD process, which still needs further in-depth research to shed light on the mechanisms

involved.
(2) VFAs production and composition in the digestate

\olatile fatty acids (VFAS) are very important intermediates in the AD process that
generated mainly from the stage of hydrolysis-acidogenesis and acetogenesis [95]. Figure
3-11 shows the total VFAs, VFA-Acetic acid and VVFAs concentration variation during
the whole AD process of WAS with and without UFBW addition. Total VFAs
concentration first up to the peak value because of the degradation of macro-organics in
the first several days by acidogens, and then gradually decreased to the minimum till the
last day due to the short-chain acid consumption and CH4 production by methanogens.
The occur of peak value of total VFASs (3,534.38 — 4,320.09 mg-COD/L) in the reactors
with UFBW addition were observed on day-3, while in control group, the peak value
(3,770.19 mg-COD/L) that with DW addition was delayed and detected on day-6. These
results agreed with the tendency of daily biogas or CHs yields in the control and
experimental group trials. Since the lag phase is needed for the conversion from VFAs to
CHa. It is the reason why the occurrence of peak CH4 yield delayed 4 to 5 days than the
peak VFAs. Relatively high production of VFAs can increase CHa production in
subsequent stages. The faster degradation of organics into VFAs and then into biogas
might be correlated to the enhancement of acidogens and methanogens activity in the
presence of UFBs.

Besides, the main components of VFAs observed in all groups were acetate,
propionate, butyrate and valerate, and acetate was the prevailing product. For the reactors
with UFBW addition, the acetate concentration reached the peak value of 1,041.92 mg-
CODI/L on day-3 and then decrease while the acetate concentration of the DW group
reached to peak (739.21 mg-COD/L) on day-6 and lower than UFBW group. Noticeably,

in all groups, the concentration of propionate increased until day-12 and then decreased
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with the consumption of acetate and butyrate. Between day-7 and day-9, the concentration
of butyrate decreased quickly, and the peak of daily CHs yield was also observed at the
same time. Previous studies have pointed out that butyrate could be more easily degraded
to acetate than propionate at the low hydrogen partial pressure and the propionate was an

unfavorable substrate for microbes [96].
(3) pH variation

Figure 3-12 shows the pH values variation. It was opposite to the trend of VFAs
concentrations mentioned above. pH values in all digesters dropped to around 6.0 at the
beginning of AD and this was consistent with the accumulation of VFAs in the reactor.
Then it increased and maintained around 7.0 due to the consumption of VFAs. pH values
of all reactors with UFBW addition or DW addition are similar and have a slight but no
significant difference. pH values remained at the range of 5.97 — 7.37 which means no
acid inhibition occurred and was appropriate for microbes in AD process because
fermentative microorganisms can function in a wide range of pH between 4.0 and 8.5
[97]. It agreed with the results of VFAs in Chapter 3.4.2. In addition, less fluctuation of
pH in this trials were observed after day-12, which was related to the higher stability in

reactors in this stage.
(4) Alkalinity variation and VFA/TA

As a result of the high amount of VFAs produced during the early stage of AD, it is
very important to monitor the AD process stability. ALK and the ratio of VFA to total
alkalinity (TA) are effective parameters to measure the stability of an AD process. The
ALK of a steady state AD system ranged between 2,000 and 4,000 mg CaCO3/L [98] and
for another criterion for judging digester stability, the critical values for the VFA/TA ratio
are: VFA/TA < 0.40 stable digester, 0.40 < VFA/TA < 0.80 some instability signs, and
VFA/TA > 0.80 significant instability [99]. Figure 3-13 shows the variations of ALK and
VFA/TA ratio during the whole AD trails of WAS with and without UFBW addition. The
ALK in all digesters at the range of 2,700 and 4,200 mg CaCOs/L. It means the anaerobic
system maintained a relatively stable state. For the UFBW groups, the ALK gradually
increased from the first day until day-15 and then basically remained stable at around

4,000 mg CaCOz/L, and for the DW group, the ALK gradually growth to around 4,100
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mg CaCOs/L throughout the fermentation duration. The VFA/TA ratio of UFBW groups
increased sharply in the first 3 days, and then a significant decrease was also observed.
For the DW group, VFA/TA ratio always increased until day-6. Fast increase of VFA/TA
manifests an unstable system in the start-up stage. In hydrolysis-acidification stage, more
VFAs formation and the environment is acidic thus microbes were trying to adapt to the
new environment in this stage. All the digesters including the UFBW groups and the DW
group kept a stable system (VFA/TA < 0.40) or only a little unstable (0.40 < VFA/TA <
0.80) for most of digestion duration and significant instability (VFA/TA > 0.80) in the

early stage.
(5) sTOC variation

Figure 3-14 shows the curves of sSTOC concentration variation. Results shows an
increasing and then decreasing trend of STOC concentration, and it is consistent with the
results of VFAs. In the early stage, because of higher conversion rates from
macromolecules to VFAs and from a solid state to a soluble state by acidogens than the
utilization rate of VFAs by methanogens, sTOC values increased. Then with the
accumulation of simple organic matter and the gradual increase of methanogens activity,
sTOC was utilized by methanogens to generate CH4 and CO.. For the UFBW group,
sTOC increased to a peak value on day-3 or day-6 and higher than that in DW group,
which reached the peak value on day-9. It indicated that with the addition of UFBW, the
conversion rate of macro organic matter to soluble organics was higher than that with the
addition of DW.

(6) Key enzymes variation

The activities and content of enzymes secreted from microorganisms bring
additional information of microbes. Although various enzymes participated in the AD
process, two key enzymes of dehydrogenase and CoFa2 were essential and responsible
for methanogenesis. The activity of dehydrogenase can reflect the microbial
dehydrogenation capability of organics which indicates the microbial activity indirectly.
Higher activity of dehydrogenase means the substrate can be efficiently converted to
VFAs, which can be utilized to produce CH4 [100]. The enzyme of CoFazo is an electron

carrier linked to the reduction pathway of bicarbonate by hydrogen into CH4. The content
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of CoFa420 in the sludge can be used as a biological indicator to monitor and estimate the
methanogenic potential activity [86, 101]. Figure 3-15 shows activities of dehydrogenase
and CoF4z in the whole AD process of WAS with and without UFBW addition. When
compared with the scenario by adding DW, obvious enhancement of dehydrogenase
activity was observed by adding UFBW. The peak activity of dehydrogenase was noted
on day-12 in the experimental group and was an average 17.62% higher than that in the
control. It exposed that the addition of UFBW could increase the activity of
dehydrogenase in the AD process. This might be associated with the degradation of macro
organics during the early stage that promotes organics bioavailability for biogas
production. The content of CoFazo in all groups increased steadily, but higher in the
experimental group than that in the control group. It might be due to the addition of
UFBW that could promote the growth and biological activity of methanogens. The
increase in CHa productivity was closely related to the increase content of CoFazo [102].
In the reactors with UFBW addition, the higher CH4 production was observed, which
could prove the above deduction. Besides, the steady increase content of CoFazo also
might be due to the growth of methanogens, which would finally become the dominant

microbial group in AD system.
(7) Sludge reduction

Due to the limitation of AD duration, anaerobic fermentation can only partially
decompose organics. Thus reduction of sludge also can be used as a monitor to
characterize the performance of AD system. Figure 3-16 shows the reduction of VS after
the whole AD process of WAS with and without UFBW addition. The content of VS was
2.029 (%) before the digestion, and after the whole AD process its content decreased to
1.218 — 1.203 (%) (39.97 — 40.71% of reduction) at UFBW group and 1.260 mg/L (37.90%
of reduction) at DW group. However, the reduction rate of UFBW group in the first 3 or
6 days (6.7 - 11.88% in 3d and 16.03 - 22.44% in 6d) were faster and sharper than that in
DW group (4.59% in 3d and 14.30% in 6d), which means faster hydrolysis and reduction
rate of sludge was caused by UFBW addition.

(8) Kinetic models analysis

Under the steady state, the fitting curves and relevant parameters (mean standard
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deviation) obtained by fitting the modified Gompertz and the Logistic models are shown
in Figure 3-17 and Table 3-1, respectively. The experimental data well fitted to Gompertz
(R2 =0.99) with the maximum CHs production predicted being consistent with the actual
experimental results, which is better than the Logistic models (R2 = 0.98). Compared to
the AD reactor with DW addition, the reactors with UFBW addition showed relatively
higher CH4 productions and shorter lag phase at significant difference p < 0.05, which
could be also indicated by the higher Pmax, Rmax value and lower A value, further
confirming that the addition of UFBW is beneficial for CHs production. The good
simulation results obtained by these two kinetic models in this study reflect that these
models can be applied in the actual AD process to predict the biogas production from
WAS under UFBW addition.

(9) Preliminary analysis on mechanisms involved

Figure 3-18 shows the zeta potential of the raw water (DW and different UFBW)
and the mixture (sludge with DW and different UFBW), the proton-nuclear magnetic
resonance spin-spin relaxation time (T2) of the raw water (DW and different UFBW).
Results show that for the raw water, the zeta potential of DW is around 0 mV. But for
UFBWs, the zeta potential is at a range of -11.87 ~ -23.30 mV and higher than that of
DW. After mixed with sludge, zeta potential of all samples is negative and increases to
some extent. And for each of the UFBW group (-22.67 ~ -26.23 mV), it was higher than
that of DW group (-17.63 mV). The proton relaxation time is widely used to study the
mobility and diffusion of the water molecules in various fields. As shown in Figure 3-18,
the T2 values of UFBW (2,711.51 ~ 2,911.83 ms) are higher than that of DW (2,497.87),
indicating the existence of UFBs will weaken molecular interactions such as hydrogen
bonding and then result in a higher molecular mobility.

Results from the multiple parallel experiments showed that the introduction of
UFBW enhanced CH4 production from WAS via AD. Not only CO2- and H2-UFBs, but
also Air- and N2- UFBs in water can enhance the efficiency of biogas production. The
results suggest that the resultant nanoscale UFBs other than the type of gas play a major
role in the AD reactor. Why do UFBs have such effects? One explanation is attributable
to the changes of the microscale water environment due to the addition of UFBW, like

the acceleration of the mobility of water molecules in the liquid phase. This could promote
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the mass transfer of nutrients from the liquid phase to the microbial cells, and thus
enhance the bioactivity of microorganism in both hydrolysis-acidification stage and
methanogenesis stage. At a wide range of pH, the zeta potentials of UFBs are negative,
which can be explained by the excess of OH" relative to H' ions at the gas-liquid interface,
or adsorption of ions in the electrolyte solutions [103]. The negatively charged UFBs may
contribute to the weakening of the hydrogen bonding network in the bulk water. Bubbles
can adsorb H* ions onto their surface, and the shifting or absence of protons in water
could trigger the modification or destruction of the hydrogen bonding network [104].
Thus for the larger quantity of bulk water that is far away from the surface of UFBs, the
hydrogen bonds become weak due to the absence of protons. The weakening of the
hydrogen bond network will reduce the water viscosity and accelerate the mobility of
water molecules [105]. Also, the formation, shrinkage and disappearance of UFBs would
affect the number of water molecules and the structure of water. A previous study [62]
shows that the addition of nanometer bubbles prolonged the instability time of proton
when measured by the proton spin-spin relaxation time, which has been shown to be
related to the increase of the mobility of water molecules [106, 107]. The increased
mobility of water molecules would accelerate the rate of mass transfer of nutrients from
liquid to bacterial cells, which further has an indirect stimulatory effect on improving the
activity of microorganisms and enzymes, facilitating the decomposition of the substrates
with improved biogas production. In any case, research on the real mechanisms involved

in this complex process was worthy to be investigated in detail.

3.4 Summary

In this part, the effects of UFBW on AD of WAS in both hydrolysis stage and the
whole stage were investigated.

In hydrolysis stage, an average enhancement (32.4%) of biogas production in UFBW
groups was observed compared to that in the DW group. Both H, and CO; production of
the experimental group are remarkably higher than that of the control group, especially
on 7-day process. The VFAs concentration increased sharply in the first 3 days with the
obvious difference between the UFBW groups and the DW group, and then increased
gradually from day-3 to day-7. sTOC increased higher on day-3 and day-7 comparing

with the sTOC of raw material. The reduction of protein and polysaccharide in all the
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experimental groups is higher than that in the control group. With UFBW addition, the
VS average reduction increased to 7.05% and 11.53% on day-3 and day-7, respectively,
which is higher than that in the control group.

In the study of the whole AD process, the UFBW addition group achieved 20%
higher of biogas and methane production than that in the control tests. Both production
rate and the peak of daily production are higher and the lag phase is shorter than that of
the DW group. The rate of accumulation and reduction of VFAs, especially acetate in
UFBW groups, were higher and faster than the control group, leading to the higher
production of CHa in 4 to 5 days later. During day-7 to day-9 of the AD process, the
butyrate concentration decreased quickly, and the peak value of daily CH4 yield was also
observed at the same time. The pH values showed at first decrease and then increase trend
and were opposite to that of VFAs concentrations. In addition, less fluctuation of pH were
observed after day-12 means the higher stability in reactors. The ALK in all digesters at
the range of 2,700 and 4,200 mg CaCOs/L, which shows a relatively stable state in
reactors. All the digesters including the UFBW groups and the DW group kept a stable
system (VFA/TA < 0.40) or only a little unstable (0.40 < VFA/TA < 0.80) for most of
digestion duration. The sTOC peak accumulation and sTOC reduction rate of UFBW
group were also higher and faster than that of the DW group. As for the enzymes in the
substrate, the contents of dehydrogenase and CoFs20 were slightly higher in the UFBW
group than that in the DW group at the same processing time. The reduction rate of UFBW
group in the first 3 or 6 days (6.7 - 11.88% in 3d and 16.03 - 22.44% in 6d) were faster
and sharper than that of the DW group (4.59% in 3d and 14.30% in 6d).
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Figure 3-1. Experimental framework of Chapter 3.
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variation during the whole AD process of WAS with and without UFBW addition.
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Table 3-1. Parameters estimated from the Logistic and modified Gompertz models for CH4 production from WAS with and without UFBW

addition.
Conditions DW Air-UFBW N2-UFBW CO.-UFBW H.-UFBW
Gompertz model
Pmax (Ml CH4/g-VS) 303.09 +4.29° 367.10 £5.512 361.73 £5.31 % 383.80 £5.76 2 371.47 £6.792
Rmax (Ml CH4/g-VS 4) 32.99 +2.23 38.48 +2.69 37.83 +2.59 39.30 +2.72 35.68 +2.79
A (d) 4.99 +0.32 4.57 +0.35 4.56 +0.34 4.20 +0.35 4.40 +0.42
R? 0.9941 0.9933 0.9935 0.9931 0.9910
Logistic model
Pmax (Ml CH4/g-VS) 297.63 £5.61° 360.16 +7.202 355.2 +6.85 376.44 £7.65% 363.52 +8.342
Rmax (Ml CH4/g-VS €) 32.94 +3.36 38.42 +4.08 37.54 +3.82 39.25 +4.20 35.54 +4.00
A(d) 5.23 £0.52 4.81 +£0.56 4.78 £0.54 4.45 x0.57 4.66 +0.64
R? 0.9867 0.9848 0.9858 0.9839 0.9813
Pmax from the AD trials 304.08 £10.78 ° 369.47 £7.922 361.86 +11.52 % 387.86 +2.92¢ 372.77 £10.14 @

(ml CH4/g-VS)

Data in the table are expressed as Means £SD, and the different letters (a, b) indicate significant difference at 5% level (p < 0.05).



Chapter 4 Enhancement of trace metal elements uptake by

microorganisms in AD system with UFBW addition

4.1 Introduction

The last part, the effects of UFBW on AD of WAS in both hydrolysis stage and
the whole stage were investigated. As demonstrated in Chapter 3, with the addition
of UFBW, the rate and production of hydrolysis and methane fermentation enhanced.
The observation in this part may be attributable to the existing nanoscale UFBs in
the aqueous solution, which plays an important role in the AD process. UFBs may
affect the physical properties of aqueous environment because the negatively
charged UFBs may contribute to the weakening or destruction of the hydrogen
bonding network in the bulk water, which could reduce the water viscosity and
accelerate the mobility of water molecules. The increased mobility of water
molecules would accelerate the rate of mass transfer of nutrients from liquid to
bacterial cells, which further has an indirectly stimulatory effect on improving the
activity of microorganisms and enzymes, facilitating the decomposition of the
substrates with the improvement of biogas production.

In this chapter, we attempted to carry out batch experiments to investigate
whether the uptake of trace metals by microorganisms increases under the condition
with UFBW.

4.2 Materials and methods

4.2.1 Raw materials

The acclimated inoculum was collected from the domesticated digestive sludge
which has been well adapted for methanogens cultivation by using acetic acid as the only
carbon source and medium [108] for one month. The water samples used in the
experiment were DW (as the control) and different UFBW (including CO2-UFBW, Ha-
UFBW, Air-UFBW and N2-UFBW). The preparation of nutritive salt solution (medium)
was prepared by using different UFBW and DW (as control). Acetic acid was used as the

only carbon source with the concentration of 2 g/L in each reactor.
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4.2.2 Medium preparation

The medium with the same components as the medium for methanogens cultivation
as mentioned in 4.2.1., was prepared by DW and different UFBW, respectively. For the
medium with UFBW, the components contained in the medium were first dissolved in 1.5
L of distilled water. Then each solution was used to prepare UFBW with UFBW generator

followed the method above by introducing different kinds of gases.
4.2.3 Experimental procedure

Figure 4-1 shows the experimental procedure. Fed-batch fermentation experiments
(semi-continuous tests) were conducted under mesophilic conditions (36 £2°C) for about
half a month. The 100 mL serum bottles were used in the anaerobic fermentation. For the
whole process, three periods were conducted. Before the first period, 20 mL of inoculum
and 60 mL of medium were mixed and added in each digester. Each serum bottle
contained 0.378 g of TS or 0.150 g of VS. Then, all the reactors were carefully sealed and
flushed with high purity nitrogen gas for 1 min to create an anaerobic environment. After
that, at the beginning of each period a suitably additional carbon source of concentrated
acetic acid was injected to make sure that the acetic acid concentration is close to 2g/L.
In each reaction period, TS, VS, biogas and CH4 production, VFAs and the bioavailability

of trace metals were investigated.
4.2.4 Analytical methods

The related parameters including VFAs, TS, VS and dry weight were performed in
accordance with the procedures described in Chapter 3.2.4. In order to analyze the trace
metal elements in methanogens, the method for samples digestion and analysis for trace
metals analysis was based on the previous study [109]. After adding phosphate buffer,
Samples were then centrifuged at 5000 rpm for 10 min and the sediments were obtained.
This process was repeated for three times. After that, 10% HCI with twice the sample
volume was added and then centrifuged at 300 rpm for 5 min, which could elute the
extracellular metal [110]. After extraction, the extracellular metals were separated from
the biomass into the digestate supernatant while the intracellular metals remained in the

biomass. Then the treated biomass was placed in a 25 ml Teflon tube with 2 ml
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concentrated HNOs added and then kept at 150°C for 15 min. Then the temperature was
decreased and kept at 98°C for 6 h with 2 ml hydrogen peroxide addition until to the
liquid becomes clarified. Trace metals of Fe, Co, Ni, Cu and Zn in samples were analyzed
with ICP-MS spectrometer (PERKINELMER, ELAN DRC-e, JAPAN). Morphological
characteristics of acclimated inoculum washed with phosphate buffer twice [109] were
observed using scanning electron microscope (SEM) (JSM6330f, JAPAN).

4.2.5 Statistical analysis

The batch experiments in this part were performed in triplicate. Average value was
taken for all the determinations and used for results and discussion. For data analysis,
one-way analysis of variance (ANOVA) was used to analyze the statistical differences
among the experimental scenarios by using Microsoft Office Excel 2013. Significant

difference was assumed at p < 0.05.

4.3 Results and discussion

4.3.1 Biogas and CHa production

Figure 4-2 and Figure 4-3 show the daily and cumulative biogas production and CHa
production from the AD of acetic-acid with and without UFBW addition, respectively.
Total 14 days results were obtained with the first period lasted for 7 days, second and last
period lasted for 4 and 3 days, respectively. From the daily results we can observe that in
the 1% period the great difference of biogas production was observed between the
experimental and control group. But in the 2" and 3" period, the difference is not obvious.
Besides, the 1% period shows a longer duration time while less duration time was observed
in the 2" and 3" period. The accumulated biogas production of N2-UFBW group was the
highest and 17.97% higher than that of control group, followed by the Air- (16.31%),
CO2- (15.42%) and H.-UFBW (13.90%). For the accumulated CH4 production, Air-
UFBW group obtained the highest production and was 26.76% higher than control group,
followed by the CO»- (24.48%), N.- (21.88%) and H-UFBW (19.09%). Figure 4-4 shows
CHa content in different digesters each day. The greater difference of biogas production
was observed between the UFBW and DW group in the 1% period than that in the 2" and

3 period. Results show that in the first 2 periods, the CH4 content increased after adding

72



acetic acid each day, after reaching to the peak value (70%~80%), the CH4 content
decreased. This might be because after adding acetic acid there is sufficient organic
carbon source available for methanogens. But at the 3 period, when acetic acid was
added into reactors, CH4 content did not increase. This may because although adequate
carbon source exists, other nutrition elements such as N, P and trace elements closely
related to the growth of microorganisms are insufficient that may inhibit the activity of
CHa producing bacteria. However, there was no significant difference in CHs content

between the experimental group and the control group.
4.3.2 VFAs variation

Figure 4-5 shows VFAs variation in each reactor from the AD of acetic-acid with
and without UFBW addition at the beginning and end of the 1%, 2" and 3" period. At the
beginning of each period, concentrated acetic acid was added into each reactor for timely
replenishing the carbon source to make sure that the concentration of acetic acid at the
beginning of each period is very high and approach to 2g/L. Some other VFAs can be
detected in the initial samples at the beginning of the 1% period. While almost no VFAs
could be observed at the end of each period. But at the beginning of the 2" and 3" period,
no other VFAs except acetic acid can be detected. This is because all VFAs were
consumed for the conversion of biogas in the previous stage, but only small amount of

acetic acid was replenished in the new period.
4.3.3 Trace metals transformation analysis

According to previous researches [109, 111-115], trace elements of iron (Fe), cobalt
(Co), nickel (Ni), copper (Cu) and zinc (Zn), which were closely related to the growth of
methanogens, could be considered to be involved in many enzymatic processes and act
in the methane formation during methanogenesis stage.

Figure 4-6 shows trace metals contents in the raw sample and final samples after 3
periods of AD with and without UFBW addition. After experiments finished, the
intracellular trace metals concentrations increased in all groups but were relatively higher
in UFBW groups. The uptake of different trace metals by microorganisms is different.
Among these elements, Fe, Zn and Co increased greatly. The amounts of uptake follow

the descending order of Fe > Zn > Co > Ni > Cu. Samples in UFBW groups took in more
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trace metals than those in the control group. This might be because UFBs in the solution
can affect the physical properties of the aqueous environment and improve the mobility
and diffusion of the water molecules due to the longer proton spin relation time (showed
in Figure 3-18) and further stimulate and promote mass transfer efficiency of nutrients
into biological cells and improve the bioavailability of trace metals for methanogens. The
negatively charged UFBs also might be as carriers that make a contribution for the
nutrient to transport from extracellular to intracellular.

Figure 4-7 shows scanning electron microscope (SEM) images (><10,000 and
>20,000) of the diversity and the structure of the main microorganisms in sediment
samples after washed with phosphate buffer and immersed by HCI. We can observe 2
main species in pictures in the microscope, where morphological structures are very
similar to the species of Methanosarcina and Methanothrix, which are typical species
producing methane by utilizing acetate as the carbon source. This will be confirmed in

the future study.

4.4 Summary

In this chapter, we investigate the bioavailability of trace metals under the condition
with UFBW addition. Acetate-enriched seed cultures were used to investigate the uptake
and mass transfer of trace metals for methane-producing bacteria. Results show that:

All UFBW groups showed an enhancement effect on biogas production, especially
Air-UFBW, achieving a 26.76% increase in CH4 production in comparison to the control
group. A relatively higher difference of biogas production was observed between the
UFBW group and the DW group in the 1% period than that in the 2" and 3" periods.

As one of the most directly bioavailable VFAS, acetic acid can be rapidly consumed
for biogas production. The addition of acetic acid effectively enhanced biogas production.
But the lack of other nutrient elements becomes the limiting factor for CH4 production
even with sufficient carbon sources.

After 3 periods, the contents of trace metal elements in biomass increased. The order
of the uptake amount follows the descending order of Fe>Co>Zn>Ni>Cu. Samples in the

UFBW group took in more trace metals than those in the control group.
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Figure 4-1. Experimental procedure of Chapter 4.
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Figure 4-7. SEM photos of the diversity and the structure of the microorganisms (><10,000

(a, b) and ><20,000 (A, B)).
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Chapter 5 Conclusions and future research

5.1 Conclusions

In this research, four kinds of UFBW (Air-, N2-, CO»- and H»-) were prepared in lab
followed by the analysis of their physicochemical characteristics, and then they were first
introduced into AD system to investigate their effects on both hydrolysis/acidification

stage and methanogenesis stage.
5.1.1 Basic properties of UFBs and UFBW

The UFBs concentration increased with prolonging preparation time. The UFBs
concentration in the UFBW was much higher than that in TW or DW, and the latter two
have almost no UFBs detected. The UFBs number could maintain above 1.00 108
particles/ml in UFBW even after 2 weeks storage.

Zeta potential of UFBs was affected by pH value. All zeta potential values of UFBW
were negative at pH 3.0 - 12.0. The zeta potential values were positively correlated with
the number and concentration of UFBs, while no significant relationship was found

between zeta potential and bubble diameter.
5.1.2 Effect of UFBW on AD of WAS

In the hydrolysis-acidification process, the biogas production from all the
experimental groups, including Hz and CO2 production, were higher than that from the
DW group. The VFAs concentration increased sharply during the first 3 days, and then
increased gradually from day 3 to day 7 with the acetate accounting for almost half of the
TVFAs in the UFBW groups. sTOC in the UFBW group increased higher compared with
those in the raw material and control group. The reductions of soluble proteins and
polysaccharides in all the experimental groups were greater than that in the control group.
The addition of UFBW may promote the reduction of TB-EPS to LB- and soluble-EPS,
especially during proteins reduction. Furthermore, the average VS reduction with UFBW
addition was greater than that in control group, which is consistent with the changes of
biogas production, VFAs, and sTOC.

During hydrolysis stage, the addition of UFBW may promote the degradation of EPS,
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increasing the bioavailability of VS, resulting in the decrease of VS and the increase of
sTOC and VFAs, thus the increase of biogas production.

During the whole AD process, compared with the control group, the production rate,
the peak of daily production and total production of biogas and CH4 were higher and the
lag phase was shorter with no significant difference detected in the different gas-UFBW
groups. The rate of accumulation and reduction of VFAs in UFBW groups, especially
acetate, was faster and higher than that in the control group, leading to the higher
production of CH4. During day 7 to day 9, the maximum daily CHs yield was observed
which corresponds to the rapid reduction of butyrate. While no acid inhibition and no big
pH fluctuation occurred in this reactor which reflects the high stability of the reactor. All
the digesters including the UFBW groups and the DW group kept a stable system or only
a little unstable for most of digestion duration. Moreover, the groups with UFBW addition
could shorten the unstable start-up stage (3 days) compared with the DW group (6 days).

During the whole AD process, compared to the DW group, the UFBW addition may
improve the enzyme contents of dehydrogenase and CoF42o then accelerate the conversion
rate of macro organics to soluble organics resulting the higher sTOC peak accumulation
rate and sSTOC reduction rate. And faster VS reduction rate than that with the addition of
DW, which means relatively faster hydrolysis and reduction rate of sludge was caused by

UFBW addition, finally resulting in higher production of biogas and CHa.
5.1.3 Enhancement of UFBW on trace metal elements uptake by microorganisms.

Compared with the control group, the addition of UFBW improved the biogas
production, especially, Air-UFBW group achieved a 26.76% increase in CH4 production.
After 3 periods, the contents of trace metal elements in biomass were increased following
a descending order of Fe > Zn > Co > Ni > Cu. Furthermore, more trace metals were
uptaken by microbes in the UFBW groups than those in the control group.

Overall, in this study, the UFBW, with its unique physicochemical properties was
introduced into AD system to investigate the effects on the AD process. The addition of
UFBW was beneficial to the hydrolysis-acidification process and the whole AD process
in view of the rapid reduction of VS and accumulation of sSTOC and VFAs, the increase
of biogas in the hydrolysis-acidification process, as well as, the higher enzymes contents,

the stable pH and ALK condition, the higher biogas and CH4 production, the larger trace
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metal uptake during the whole AD process compared with the control group. This study
provides opportunities for the application of UFBW in the AD system based on the unique

physicochemical characteristics of UFBW and promoting CH4 production.

5.2 Future research

To make a full understanding of the effect and potential application of UFBW on

AD, future research should be followed up at least in the following two aspects.
5.2.1 Substrate categories

In future research, complex substrates, such as manure, straw, kitchen waste, yard
waste, etc. can be selected to degrade and to study the effect of UFBW on their

degradation rate.
5.2.2 Other meaningful products from AD

The hydrolysis-acidification stage can be further focused on studying degradation

rate, VFASs recovery and H» production of complex substrate.
5.2.3 Mechanisms involved

The following hypotheses could be taken into account to be further confirmed:

(1) The negatively charged UFBs in the liquid may contribute to the weakening of
the hydrogen bonding network in the bulk water and then accelerate the mobility of water
molecules. The increased mobility of water molecules would accelerate the rate of mass
transfer of nutrients from liquid to bacterial cells, which further has an indirectly
stimulatory effect on improving the activity of microorganisms and enzymes, facilitating
the decomposition of the substrates with improved biogas production.

(2) The moderately level exogenous ROS produced by UFBW plays an important
role in cell growth, which also provides another reasonable explanation for physiological
promotion and oxidation effects of UFBs.

(3) The nanoscale-UFBs in liquid might be considered as carriers for nutrient
transport from the extracellular to the intercellular due to its negatively charged surface,
hydrophobic nature, high viscous and irregular Brownian motion.

(4) The negatively charged UFBs also might be considered as an electron transfer
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mediator to promote the direct interspecies electron transfer, which will facilitate creating
electrical connections among syntrophic microorganisms and therefore achieve faster

recovery of soured reactors and stimulate methane production.

85



References

[1] M. Hassan, W. Ding, Z. Shi, S. Zhao, Methane enhancement through co-digestion of
chicken manure and thermo-oxidative cleaved wheat straw with waste activated
sludge: A C/N optimization case, Bioresource Technology, 211 (2016) 534-541.

[2] M.K.H. Al-mashhadani, S.J. Wilkinson, W.B. Zimmerman, Carbon dioxide rich
microbubble acceleration of biogas production in anaerobic digestion, Chemical
Engineering Science, 156 (2016) 24-35.

[3] D.O. Hall, Biomass energy, Energy Policy, 19 (1991) 711-737.

[4] G. Zhen, X. Lu, Y. Y. Li, Y. Zhao, Combined electrical-alkali pretreatment to increase
the anaerobic hydrolysis rate of waste activated sludge during anaerobic digestion,
Applied Energy, 128 (2014) 93-102.

[5] F. Zan, Q. Zeng, T. Hao, G.A. Ekama, X. Hao, G. Chen, Achieving methane
production enhancement from waste activated sludge with sulfite pretreatment:
Feasibility, kinetics and mechanism study, Water Research, 158 (2019) 438-448.

[6] M. Kumar, A.O. Oyedun, A. Kumar, A review on the current status of various
hydrothermal technologies on biomass feedstock, Renewable and Sustainable
Energy Reviews, 81 (2018) 1742-1770.

[7] X. Chen, W. Yan, K. Sheng, M. Sanati, Comparison of high-solids to liquid anaerobic
co-digestion of food waste and green waste, Bioresource Technology, 154 (2014)
215-221.

[8] R. Rajagopal, D.l. Masse, G. Singh, A critical review on inhibition of anaerobic
digestion process by excess ammonia, Bioresource Technology, 143 (2013) 632-641.

[9] P. Bohutskyi, S. Chow, B. Ketter, M.J. Betenbaugh, E.J. Bouwer, Prospects for
methane production and nutrient recycling from lipid extracted residues and whole
Nannochloropsis salina using anaerobic digestion, Applied Energy, 154 (2015) 718-
731.

[10] S.K. Prajapati, P. Kaushik, A. Malik, V.K. Vijay, Phycoremediation coupled
production of algal biomass, harvesting and anaerobic digestion: possibilities and
challenges, Biotechnology Advances, 31 (2013) 1408-1425.

[11] Y. Li, Y. Chen, J. Wu, Enhancement of methane production in anaerobic digestion
process: A review, Applied Energy, 240 (2019) 120-137.

[12] K.F. Adekunle, J.A. Okolie, A review of biochemical process of anaerobic digestion,
86



Advances in Bioscience and Biotechnology, 6 (2015) 205-212.

[13] P. Wang, H. Wang, Y. Qiu, L. Ren, B. Jiang, Microbial characteristics in anaerobic
digestion process of food waste for methane production — a review, Bioresource
Technology, 248 (2018) 29-36.

[14] P.M. Christy, L.R. Gopinath, D. Divya, A review on anaerobic decomposition and
enhancement of biogas production through enzymes and microorganisms,
Renewable and Sustainable Energy Reviews, 34 (2014) 167-173.

[15] M.A. Khan, H.H. Ngo, W.S. Guo, Y. Liu, L.D. Nghiem, F.I. Hai, L.J. Deng, J. Wang,
Y. Wu, Optimization of process parameters for production of volatile fatty acid,
biohydrogen and methane from anaerobic digestion, Bioresource Technology, 219
(2016) 738-748.

[16] Yadvika, Santosh, T.R. Sreekrishnan, S. Kohli, V. Rana, Enhancement of biogas
production from solid substrates using different techniques — a review, Bioresource
Technology, 95 (2004) 1-10.

[17] E. Kumanowska, M.U. Saldana, S. Zielonka, H. Oechsner, Two-stage anaerobic
digestion of sugar beet silage: The effect of the pH-value on process parameters and
process efficiency, Bioresource Technology, 245 (2017) 876-883.

[18] Q. Lin, J. De Vrieze, G. He, X. Li, J. Li, Temperature regulates methane production
through the function centralization of microbial community in anaerobic digestion,
Bioresource Technology, 216 (2016) 150-158.

[19] L. Deng, C. Chen, D. Zheng, H. Yang, Y. Liu, Z. Chen, Effect of temperature on
continuous dry fermentation of swine manure, Journal of Environmental
Management, 177 (2016) 247-252.

[20] X. Chen, W. Yan, K. Sheng, M. Sanati, Comparison of high-solids to liquid anaerobic
co-digestion of food waste and green waste, Bioresource Technology, 154 (2014)
215-221.

[21] F.O. Agyeman, W. Tao, Anaerobic co-digestion of food waste and dairy manure:
effects of food waste particle size and organic loading rate, Journal of Environmental
Management, 133 (2014) 268-274.

[22] A. Anbalagan, S. Schwede, C.F. Lindberg, E. Nehrenheim, Influence of hydraulic
retention time on indigenous microalgae and activated sludge process, Water
Research, 91 (2016) 277-284.

[23] D. Brown, Y. Li, Solid state anaerobic co-digestion of yard waste and food waste for

87



biogas production, Bioresource Technology, 127 (2013) 275-280.

[24] R. Zhao, Z. Zhang, R. Zhang, M. Li, Z. Lei, M. Utsumi, N. Sugiura, Methane
production from rice straw pretreated by a mixture of acetic-propionic acid,
Bioresource Technology, 101 (2010) 990-994.

[25] Y. Chen, H. Liu, X. Zheng, X. Wang, J. Wu, New method for enhancement of
bioenergy production from municipal organic wastes via regulation of anaerobic
fermentation process, Applied Energy, 196 (2017) 190-198.

[26] J. Zhao, X. Ge, J. Vasco-Correa, Y. Li, Fungal pretreatment of unsterilized yard
trimmings for enhanced methane production by solid-state anaerobic digestion,
Bioresource Technology, 158 (2014) 248-252.

[27] S.S. Dhiman, N. Shrestha, A. David, N. Basotra, G.R. Johnson, B.S. Chadha, V.
Gadhamshetty, R.K. Sani, Producing methane, methanol and electricity from organic
waste of fermentation reaction using novel microbes, Bioresource Technology, 258
(2018) 270-278.

[28] I. Ferrer, S. Ponsg F. V&quez, X. Font, Increasing biogas production by thermal
(70<C) sludge pre-treatment prior to thermophilic anaerobic digestion, Biochemical
Engineering Journal, 42 (2008) 186-192.

[29] P. Neumann, F. Barriga, C. Alvarez, Z. Gonzalez, G. Vidal, Process performance
assessment of advanced anaerobic digestion of sewage sludge including sequential
ultrasound-thermal (55<C) pre-treatment, Bioresource Technology, 262 (2018) 42-
51.

[30] H.N. Gavala, U. Yenal, I.V. Skiadas, P. Westermann, B.K. Ahring, Mesophilic and
thermophilic anaerobic digestion of primary and secondary sludge. Effect of pre-
treatment at elevated temperature, Water Research, 37 (2003) 4561-4572.

[31] S.S. Hashemi, K. Karimi, S. Mirmohamadsadeghi, Hydrothermal pretreatment of
safflower straw to enhance biogas production, Energy, 172 (2019) 545-554.

[32] W. Qiao, X. Yan, J. Ye, Y. Sun, W. Wang, Z. Zhang, Evaluation of biogas production
from different biomass wastes with/without hydrothermal pretreatment, Renewable
Energy, 36 (2011) 3313-3318.

[33] G. Kor-Bicakci, E. Ubay-Cokgor, C. Eskicioglu, Effect of dewatered sludge
microwave pretreatment temperature and duration on net energy generation and
biosolids quality from anaerobic digestion, Energy, 168 (2019) 782-795.

[34] J.H. Jang, J.H. Ahn, Effect of microwave pretreatment in presence of NaOH on

88



mesophilic anaerobic digestion of thickened waste activated sludge, Bioresource
Technology, 131 (2013) 437-442.

[35] C. Veluchamy, V.W. Raju, A.S. Kalamdhad, Electrohydrolysis pretreatment for
enhanced methane production from lignocellulose waste pulp and paper mill sludge
and its kinetics, Bioresource Technology, 252 (2018) 52-58.

[36] Y. Feng, Y. Zhang, X. Quan, S. Chen, Enhanced anaerobic digestion of waste
activated sludge digestion by the addition of zero valent iron, Water Research, 52
(2014) 242-250.

[37] T. Jia, Z. Wang, H. Shan, Y. Liu, L. Gong, Effect of nanoscale zero-valent iron on
sludge anaerobic digestion, Resources, Conservation and Recycling, 127 (2017)
190-195.

[38] D. Puyol, X. Flores-Alsina, Y. Segura, R. Molina, B. Padrino, J.L.G. Fierro, K.V.
Gernaey, J.A. Melero, F. Martinez, Exploring the effects of ZV1 addition on resource
recovery in the anaerobic digestion process, Chemical Engineering Journal, 335
(2018) 703-711.

[39] L. Zhang, X. He, Z. Zhang, D. Cang, K.A. Nwe, L. Zheng, Z. Li, S. Cheng,
Evaluating the influences of ZnO engineering nanomaterials on VFA accumulation
in sludge anaerobic digestion, Biochemical Engineering Journal, 125 (2017) 206-
211.

[40] S. Montalvo, S. Vielma, R. Borja, C. Huilifir, L. Guerrero, Increase in biogas
production in anaerobic sludge digestion by combining aerobic hydrolysis and
addition of metallic wastes, Renewable Energy, 123 (2018) 541-548.

[41] Q. Yin, S. Yang, Z. Wang, L. Xing, G. Wu, Clarifying electron transfer and
metagenomic analysis of microbial community in the methane production process
with the addition of ferroferric oxide, Chemical Engineering Journal, 333 (2018)
216-225.

[42] Q. Ping, X. Lu, M. Zheng, Y. Li, Effect of CaO, addition on anaerobic digestion of
waste activated sludge at different temperatures and the promotion of valuable
carbon source production under ambient condition, Bioresource Technology, 265
(2018) 247-256.

[43] J. Ma, M.A. Bashir, J. Pan, L. Qiu, H. Liu, L. Zhai, A. Rehim, Enhancing
performance and stability of anaerobic digestion of chicken manure using thermally
modified bentonite, Journal of Cleaner Production, 183 (2018) 11-19.

89



[44] C. Zhang, S. Yun, X. Li, Z. Wang, H. Xu, T. Du, Low-cost composited accelerants
for anaerobic digestion of dairy manure: Focusing on methane yield, digestate
utilization and energy evaluation, Bioresource Technology, 263 (2018) 517-524.

[45] J. Zhang, W. Zhao, H. Zhang, Z. Wang, C. Fan, L. Zang, Recent achievements in
enhancing anaerobic digestion with carbon-based functional materials, Bioresource
Technology, 266 (2018) 555-567.

[46] Y. Dang, D.E. Holmes, Z. Zhao, T.L. Woodard, Y. Zhang, D. Sun, L.Y. Wang, K.P.
Nevin, D.R. Lovley, Enhancing anaerobic digestion of complex organic waste with
carbon-based conductive materials, Bioresource Technology, 220 (2016) 516-522.

[47] N.M.S. Sunyoto, M. Zhu, Z. Zhang, D. Zhang, Effect of biochar addition on
hydrogen and methane production in two-phase anaerobic digestion of aqueous
carbohydrates food waste, Bioresource Technology, 219 (2016) 29-36.

[48] J. Chacana, S. Alizadeh, M.A. Labelle, A. Laporte, J. Hawari, B. Barbeau, Y.
Comeau, Effect of ozonation on anaerobic digestion sludge activity and viability,
Chemosphere, 176 (2017) 405-411.

[49] R. Clift, J.R. Grace, M.E. Weber, Bubbles,Drops,and Particles, (1978).

[50] T. Temesgen, T.T. Bui, M. Han, T.I. Kim, H. Park, Micro and nanobubble
technologies as a new horizon for water-treatment techniques: A review, Advances
in Colloid and Interface Science, 246 (2017) 40-51.

[51] L. Parkinson, R. Sedev, D. Fornasiero, J. Ralston, The terminal rise velocity of 10-
100 microm diameter bubbles in water, Journal of Colloid and Interface Science,
322 (2008) 168-172.

[52] E. Ruckenstein, Nanodispersions of bubbles and oil drops in water, Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 423 (2013) 112-114.

[53] S. Goldman, Generalizations of the Young-Laplace equation for the pressure of a
mechanically stable gas bubble in a soft elastic material, The Journal of Chemical
Physics, 131 (2009) 184502.

[54] K. Ohgaki, N.Q. Khanh, Y. Joden, A. Tsuji, T. Nakagawa, Physicochemical approach
to nanobubble solutions, Chemical Engineering Science, 65 (2010) 1296-1300.

[55] P.S. Epstein, M.S. Plesset, On the stability of gas bubbles in liquid-gas solutions, The
Journal of Chemical Physics, 18 (1950) 1505-1509.

[56] S. Ljunggren, J.C. Eriksson, The lifetime of a colloid-sized gas bubble in water and
the cause of the hydrophobic attraction, Colloids and Surfaces A: Physicochemical

90



and Engineering Aspects, 129-130 (1997) 151-155.

[57] FY. Ushikubo, T. Furukawa, R. Nakagawa, M. Enari, Y. Makino, Y. Kawagoe, T.
Shiina, S. Oshita, Evidence of the existence and the stability of nano-bubbles in
water, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 361
(2010) 31-37.

[58] P. Attard, The stability of nanobubbles, The European Physical Journal Special
Topics, (2013).

[59] R.H. Yoon., J.L. Yordan, Zeta-potential measurements on microbubbles generated
using various surfactants, Journal of Colloid and Interface Science, 113 (1986) 430-
438.

[60] A.S. Najafi, J. Drelich, A. Yeung, Z. Xu, J. Masliyah, A novel method of measuring
electrophoretic mobility of gas bubbles, Journal of Colloid and Interface Science,
308 (2007) 344-350.

[61] M. Takahashi,  Potential of microbubbles in aqueous solutions: Electrical properties
of the gas-water interface, Journal of Physical Chemistry B, 109 (2005) 21858-
21864.

[62] S. Liu, Y. Kawagoe, Y. Makino, S. Oshita, Effects of nanobubbles on the
physicochemical properties of water: The basis for peculiar properties of water
containing nanobubbles, Chemical Engineering Science, 93 (2013) 250-256.

[63] L. Hu, Z. Xia, Application of 0zone micro-nano-bubbles to groundwater remediation,
Journal of Hazardous Materials, 342 (2018) 446-453.

[64] K. Terasaka, A. Hirabayashi, T. Nishino, S. Fujioka, D. Kobayashi, Development of
microbubble aerator for waste water treatment using aerobic activated sludge,
Chemical Engineering Science, 66 (2011) 3172-3179.

[65] R. Etchepare, H. Oliveira, A. Azevedo, J. Rubio, Separation of emulsified crude oil
in saline water by dissolved air flotation with micro and nanobubbles, Separation
and Purification Technology, 186 (2017) 326-332.

[66] A. Ghadimkhani, W. Zhang, T. Marhaba, Ceramic membrane defouling (cleaning)
by air nano bubbles, Chemosphere, 146 (2016) 379-384.

[67] H. Saffari, R. Moosavi, E. Gholami, N.M. Nouri, The effect of bubble on pressure
drop reduction in helical coil, Experimental Thermal and Fluid Science, 51 (2013)
251-256.

[68] B.E. Oeffinger, M.A. Wheatley, Development and characterization of a nano-scale

91



contrast agent, Ultrasonics, 42 (2004) 343-347.

[69] V.L. Safonov, A.K. Khitrin, Hydrogen nanobubbles in a water solution of dietary
supplement, Colloids and Surfaces A: Physicochemical and Engineering Aspects,
436 (2013) 333-336.

[70] K. Ebina, K. Shi, M. Hirao, J. Hashimoto, Y. Kawato, S. Kaneshiro, T. Morimoto, K.
Koizumi, H. Yoshikawa, Oxygen and air nanobubble water solution promote the
growth of plants, fishes, and mice, PL0oS One, 8 (2013) e65339.

[71] S. Liu, S. Oshita, Y. Makino, Q. Wang, Y. Kawagoe, T. Uchida, Oxidative capacity
of nanobubbles and its effect on seed germination, ACS Sustainable Chemistry &
Engineering, 4 (2016) 1347-1353.

[72] J.R.T. Seddon, D. Lohse, W.A. Ducker, V.S.J. Craig, A deliberation on nanobubbles
at surfaces and in bulk, ChemPhysChem, 13 (2012) 2179-2187.

[73] J. Dzubiella, Explicit and implicit modeling of nanobubbles in hydrophobic
confinement, Anais da Academia Brasileira de Ciécias, 82 (2010) 3-12.

[74] S. Calgaroto, K.Q. Wilberg, J. Rubio, On the nanobubbles interfacial properties and
future applications in flotation, Minerals Engineering, 60 (2014) 33-40.

[75] A. Agarwal, W.J. Ng, Y. Liu, Principle and applications of microbubble and
nanobubble technology for water treatment, Chemosphere, 84 (2011) 1175-1180.

[76] J. Zhu, H. An, M. Alheshibri, L. Liu, P.M. Terpstra, G. Liu, V.S. Craig, Cleaning
with bulk nanobubbles, Langmuir, 32 (2016) 11203-11211.

[77] M. Zhang, J.R. Seddon, Nanobubble-nanoparticle interactions in bulk solutions,
Langmuir, 32 (2016) 11280-11286.

[78] R. Parmar, S.K. Majumder, Microbubble generation and microbubble-aided
transport process intensification—A state-of-the-art report, Chemical engineering
and processing: Process Intensification, 64 (2013) 79-97.

[79] K. Minamikawa, M. Takahashi, T. Makino, K. Tago, M. Hayatsu, Irrigation with
oxygen-nanobubble water can reduce methane emission and arsenic dissolution in a
flooded rice paddy, Environmental Research Letters, 10 (2015) 084012.

[80] C. Oliveira, J. Rubio, Zeta potential of single and polymer-coated microbubbles
using an adapted microelectrophoresis technique, International Journal of Mineral
Processing, 98 (2011) 118-123.

[81] S.E. Oh, S. Van Ginkel, B.E. Logan, The Relative effectiveness of pH control and
heat treatment for enhancing biohydrogen gas production, Environmental Science &

92



Technology, 37 (2003) 5186-5190.

[82] H. Zhu, M. Beland, Evaluation of alternative methods of preparing hydrogen
producing seeds from digested wastewater sludge, International Journal of Hydrogen
Energy, 31 (2006) 1980-1988.

[83] J. Xu, H.-g. Yu, X.-y. Li, Probing the contribution of extracellular polymeric
substance fractions to activated-sludge bioflocculation using particle image
velocimetry in combination with extended DLVO analysis, Chemical Engineering
Journal, 303 (2016) 627-635.

[84] B. Fr/olund, T. Griebe, P.H. Nielsen, Enzymatic activity in the activated-sludge floc
matrix, Applied Microbiology and Biotechnology, 43 (1995) 755-761.

[85] M.F. Chaplin, J.F. Kennedy, South Bank University, London (United Kingdom)),
Carbohydrate Analysis: A Practical Approach. 2, (1994).

[86] B. Xie, H. Liu, Y. Yan, Improvement of the activity of anaerobic sludge by low-
intensity ultrasound, Journal of Environmental Management, 90 (2009) 260-264.

[87]Y. Xi, Z. Chang, X. Ye, R. Xu, J. Du, G. Chen, Methane production from wheat straw
with anaerobic sludge by heme supplementation, Bioresource Technology, 172
(2014) 91-96.

[88] A. Donoso-Bravo, S.l. Pé&ez-Elvira, F. Fdz-Polanco, Application of simplified
models for anaerobic biodegradability tests. Evaluation of pre-treatment processes,
Chemical Engineering Journal, 160 (2010) 607-614.

[89] V. Gadhamshetty, Y. Arudchelvam, N. Nirmalakhandan, D.C. Johnson, Modeling
dark fermentation for biohydrogen production: ADM1-based model vs. Gompertz
model, International Journal of Hydrogen Energy, 35 (2010) 479-490.

[90] L. Xing, S. Yang, Q. Yin, S. Xie, P.J. Strong, G. Wu, Effects of carbon source on
methanogenic activities and pathways incorporating metagenomic analysis of
microbial community, Bioresource Technology, 244 (2017) 982-988.

[91] C. Arnaiz, J.C. Gutierrez, J. Lebrato, Biomass stabilization in the anaerobic digestion
of wastewater sludges, Bioresource Technology, 97 (2006) 1179-1184.

[92] W. Xu, S. Fu, Z. Yang, J. Lu, R. Guo, Improved methane production from corn straw
by microaerobic pretreatment with a pure bacteria system, Bioresource Technology,
259 (2018) 18-23.

[93] Z.D. H., Stoichiometry of combined aerobic and methanogenic COD transformation,
Water Research , 32, (1998) 669-676.

93



[94] R.B. Deshai Botheju, Oxygen effects in anaerobic digestion — A review, The Open
Waste Management Journal, 4 (2011) 1-19.

[95] J.H. Ko, N. Wang, T. Yuan, F. Lu, P. He, Q. Xu, Effect of nickel-containing activated
carbon on food waste anaerobic digestion, Bioresource Technology, 266 (2018) 516-
523.

[96] X. Kong, S. Yu, S. Xu, W. Fang, J. Liu, H. Li, Effect of Fe(0) addition on volatile
fatty acids evolution on anaerobic digestion at high organic loading rates, Waste
Management, 71 (2018) 719-727.

[97] M.H. Hwang, N.J. Jang, S.H. Hyun, I.S. Kim, Anaerobic bio-hydrogen production
from ethanol fermentation: the role of pH, Journal of Biotechnology, 111 (2004) 297-
309.

[98] L. Habiba, B. Hassib, H. Moktar, Improvement of activated sludge stabilisation and
filterability during anaerobic digestion by fruit and vegetable waste addition,
Bioresource Technology, 100 (2009) 1555-1560.

[99] X. Fonoll, S. Astals, J. Dosta, J. Mata-Alvarez, Anaerobic co-digestion of sewage
sludge and fruit wastes: Evaluation of the transitory states when the co-substrate is
changed, Chemical Engineering Journal, 262 (2015) 1268-1274.

[100] H. Feng, L. Hu, Q. Mahmood, C. Fang, C. Qiu, D. Shen, Effects of temperature and
feed strength on a carrier anaerobic baffled reactor treating dilute wastewater,
Desalination, 239 (2009) 111-121.

[101] P. Xuya, W. Lu, J. Chuanxing, D. Yucui, M. Bing, H. Junhua, Changes of coenzyme
F420 under different organic loading rate in single-phase reactor of anaerobic
digestion for food waste, World Automation Congress 2012, (2012) 1-5.

[102] Y.H. Cheng, S.X. Sang, H.Z. Huang, X.J. Liu, J.B. Ouyang, Variation of coenzyme
F420 activity and methane yield in landfill simulation of organic waste, Journal of
China University of Mining and Technology, 17 (2007) 403-408.

[103] J.L. Demangeat, Gas nanobubbles and aqueous nanostructures: the crucial role of
dynamization, Homeopathy : the Journal of the Faculty of Homeopathy, 104 (2015)
101-115.

[104] M.F. Chaplin, The memory of water: an overview, Homeopathy : the Journal of the
Faculty of Homeopathy, 96 (2007) 143-150.

[105] N.F. Bunkin, K.V. Indukaev, P.S. Ignat’ev, Spontaneous self-organization of
microbubbles in a liquid, Journal of Experimental and Theoretical Physics, 104

94



(2007) 486-498.

[106] A. Assifaoui, D. Champion, E. Chiotelli, A. Verel, Characterization of water
mobility in biscuit dough using a low-field 'H NMR technique, Carbohydrate
Polymers, 64 (2006) 197-204.

[107] E. Carini, E. Curti, F. Fattori, M. Paciulli, E. Vittadini, Staling of gluten-free breads:
physico-chemical properties and *H NMR mobility, European Food Research and
Technology, 243 (2016) 867-877.

[108] R. Borja, J. Alba, C.J. Banks, Impact of the main phenolic compounds of olive mill
wastewater (OMW) on the kinetics of acetoclastic methanogenesis, Process
Biochemistry, 32, (1997) 121-133.

[109] Y. Zhang, Z. Zhang, K. Suzuki, T. Maekawa, Uptake and mass balance of trace
metals for methane producing bacteria, Biomass and Bioenergy, 25 (2003) 427-433.

[110] M.O. Ginter, A.M. Grobicki, Analysis of anaerobic sludge containing heavy metals:
Anovel technique, Water Research, 29 (1995) 2780-2784.

[111] R.S. Wolfe, Unusual coenzymes of methanogenesis, Trends in Biochemical
Sciences, 10 (1985) 396-399.

[112] R.K. Thauer, A.K. Kaster, M. Goenrich, M. Schick, T. Hiromoto, S. Shima,
Hydrogenases from Methanogenic Archaea, Nickel, a Novel Cofactor, and H>
Storage, Annual Review of Biochemistry, 79 (2010) 507-536.

[113] P. Scherer, H. Lippert, G. Wolff, Composition of the major elements and trace
elements of 10 methanogenic bacteria determined by inductively coupled plasma
emission spectrometry, Biological Trace Element Research, 5 (1983) 149-163.

[114] Y. Jiang, Y. Zhang, C. Banks, S. Heaven, P. Longhurst, Investigation of the impact
of trace elements on anaerobic volatile fatty acid degradation using a fractional
factorial experimental design, Water Research, 125 (2017) 458-465.

[115] K.F. Jarrell, M.L. Kalmokoff, Nutritional requirements of the methanogenic
archaebacteria, Canadian Journal of Microbiology, 34 (1988) 557-576.

95



Acknowledgements

Firstly, I would like to express my deepest gratitude to my supervisor, Professor
Zhenya Zhang, for giving me the opportunity to study for a doctorate in the University of
Tsukuba and providing me the opportunity to undertake this research project. | would like
to thanks for his instructive and valuable guidance, positive attitude with buoyancy and
infectious, and encouragement on my study. His serious and rigorous attitude towards
academics and the way of guiding students’ education is very valuable and worth learning.

I also wish to express my appreciation to associate professor Zhongfang Lei for her
guidance, expertise and suggestions on my paper and thesis during my doctoral study.
Her professionalism and hardworking is an excellent example that | need to study hard
and follow throughout my career.

I also would like to express my gratitude to associate professor Kazuya Shimizu for
his valuable advice on my paper and thesis and guidance throughout my research and
study.

I also would like to express my appreciation to professor Keiko Yamaji, for her
valuable and useful comments on my thesis.

I also would like to thank all the group members in Zhang lab. All your help and
suggestions on my study and life for three years at University of Tsukuba will be
remembered in my heart forever.

Furthermore, special thanks for my motherland, the People's Republic of China,
thanks the China Scholarship Council (CSC) for financially supporting my oversea study
in the University of Tsukuba in Japan. Last but not least, thanks my parents for their
supporting, no matter whenever and whatever, as always.

All of you, thank you so much from the bottom of my heart.

96



Appendix

D. Wang, X.J. Yang, C.X. Tian, et al. Characteristics of ultra-fine bubble water and its trials
on enhanced methane production from waste activated sludge. Bioresource Technology.
273 (2019) 63-69.

D. Wang, N. Chen, Y. Yu, et al. Investigation on the adsorption of phosphorus by Fe-loaded
ceramic adsorbent. Journal of Colloid and Interface Science. 464 (2016) 277-284.

D. Wang, N. Chen, Y. Yu, et al. Removal of phosphorus from aqueous solutions by granular
mesoporous ceramic adsorbent based on Hangjin clay. Desalination and Water Treatment.
57 (2016) 22400-22412.

D. Wang, X.J. Yang, Z.Y. Zhang, et al. Characterization of nanobubble water and its effects
on anaerobic digestion of waste activated sludge. Summer School: Soil, Water, Life-
Environment and Colloid Science. Tsukuba, Japan. 2017.07.28.

D. Wang, N. Chen, C.P. Feng, Nitrate removal from groundwater using Polyparrole
modified granular activated modified, The 7th China-Japan-Korea Graduate Student
Forum. 2014. 08.

Y. Yu, N. Chen, D. Wang, et al. Adsorption of phosphorus from aqueous solution and
sewages based on Hangjin clay granular ceramic: Fixed-bed column study. Environmental
Progress & Sustainable Energy. 36 (2017) 1323-1332.

X.J. Yang, J.M. Nie, D. Wang, et al. Enhanced hydrolysis of waste activated sludge for
methane production via anaerobic digestion under N2-nanobubble water addition. Science
of The Total Environment. 693 (2019) 133524.

Y. Liu, C. Di, X.L. Wen, D. Wang, et al. Enhanced bioconversion of carbon dioxide to
methane by bulk nano bubbles of carbon dioxide and hydrogen mixture. Resources,

Conservation & Recycling. Submitted, under review.

97



