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Abstract

A suspended photocatalytic oxidation system offers lots of active sites
for photocatalytic oxidation, simplifies UV light arrangement, and obviates
the complexities of fixing a photocatalyst onto a substrate. However,
effective and economic separation of photocatalyst from the slurry system
is still a problem to be addressed. In this study, a novel photocatalytic
membrane reactor (PMR) has been developed based on material
selection, system development, and application study.

The non-woven membrane (or called macroporous membrane)
instead of microporous membranes, e.g. MF or UF, was proposed in a
PMR to separate photocatalysts from slurry and to photodegrade model
compounds such as methylene blue, 4-chlorophenol, and secondary
effluent. Three major parts including material characteristics of
non-woven membrane and their filtration behavior, the development of
the hybrid system from batch and continuous tests and the application
studies of the hybrid system are emphasized in this study.

Three different pore sizes of non-woven membrane, 0.2, 2.0, and
20.0 pm, were applied to determine the most optimum filtration

performance in terms of specific flux and residual turbidity in permeate.



The results showed that when the pore size of the non-woven membrane
was equal to or smaller than that of secondary particles of photocatalyst,
a high specific flux and low turbidity in permeate were obtained
simultaneously. Therefore, a 2.0 uym pore size of the non-woven
membrane was selected for further study.

The filtration resistance in non-woven membrane was determined by
the operating conditions, e.g. concentration of photocatalyst, pH value, air
intensity and applied flux. The filtration resistance was more and more
significant when applied flux was 3.0 m®m?day or more. Because the
pore size of the non-woven membrane was large (i.e. 2.0 um) and the
filtration resistance from membrane itself was minor, the filtration
resistance was dominated by porous cake formation, about 80%, and the
rest of 20% was shared equally by reversible and irreversible pore
blocking or pore narrowing. Under the circumstances, the thickness of
porous cake formation was controlled by optimum operating conditions to
obtain stable applied flux and low TMP.

The photodegradation characteristics of methlyene blue and filtration
behavior using a 2.0 ym pore size of non-woven membrane were
demonstrated in batch and continuous modes. The photodegradation of
methlyene blue followed by pseudo-first-order reaction kinetics was
proposed, because a low concentration of model compound was
used. In continuous mode, the concentration of SS in hybrid
system was decreased with increasing flow rate (or applied flux)
resulting in the formation pf porous cake layer on the surface of
non-woven membrane. Then, TMP was maintained around 3.5
kPa under optimum air intensity to induce a crossflow velocity
after cake layer was formed.

The inactivation of photocatalyst and the photodegradation

performance of organic fouling materials were focused on the

v



application study of this hybrid system, when 4-cholophenol and
secondary effluent were used, respectively. The inactivation or toxicity of
photocatalyst was no obvious when the chloride ion was formed after
photodegradation of 4-chlorophenol, because the tremendous active sites
onto the surface of the suspended photocatalyst could offer and suitable
operating conditions, e.g. pH value and dissolved oxygen, were
performed. Moreover, organic fouling materials, e.g. biopolymer and
humic acids, in the secondary effluent were photodegraded using this
hybrid system to improve the filtration ability of UF membrane by a batch
stirred cell test.

Therefore, the proposed hybrid system in which a non-woven
membrane could replace microporous membrane in a PMR system was
used to separate completely suspended photocatalysts and to
photodegrade effectively model compounds. At the same time, low TMP
and stable applied flux in this hybrid system was expected to reduce
dramatically membrane fouling potential after the optimum pore size of
non-woven membrane was selected and the porous cake layer was

formed on the surface of non-woven membrane.

Keywords
Photocatalysis, Photocatalytic  Membrane Reactor, Non-woven

membrane; TMP; Flux; Specific Flux
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1.1

Fujishima

(substrate)

1929

Honda

70

(TiOy)

refractive index 3.87

1972

(Platinum, Pt)
(1]

80
1977 Frank Bard

cyanide
[2]

(3] (4]

[5]



1.2

2
3
4-
(1)
pH
(2)
(specific flux ) (permeate)
(residual turbidity)
pH air intensity
(3)
(pore cake layer)
(pore narrowing) (pore blocking)
(4)



(inactivation)

1.3

TiO,



Batch stirred cell test UF

Langmuir -Hinshelwood

TMP

TOC

batch-stirred cell test

UF






2.1

carrier material slurry

photocatalytic reactor, SPC SPC
el 7 18] membrane

filtration 1"
pH
barrier membrane coupled
photocatalytic reactor, MCPR MCPR (1)
()
3)

(microporous membrane)  microfiltration (MF) ultrafiltration (UF) membrane
distillation (MD) (dense membrane) NF nanofiltration
MCPR

Palermo Molinari (2]



UF NF

2003 10

DAIO

(18]

(1)

(2)

(photo-cat )

[14]

recycle)

[16]

(31 Molinari

2003
Photo-Cat

slurry

(filtration for suspended photocatalyst

(Hm)

(filtration for reactant and

suspended photocatalyst recycle)

(171

recycle)

(8]

crossflow membrane)

MCPR

(membrane fouling)

(fixed bed photocatalyst and reactant

(photocatalyst immobilized on

(9]



MCPR
MCPR
MCPR

MCPR
MCPR

(20]
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oS
BLB lamp ot
7 Suction
Reactor
um
(500 L) SF 4 .

Pressure Flowmeter
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o ) Lo

Feed pump TiO, Submerged Membrane
particle (hollow fiber module)
4
Mozia [20] (direct contact
membrane distillation, DCMD) TiO,
(distillate flux) Doll [21]

cross-flow microfiltration (CMF)
(retention time)

(inactivation)
Xi [19] CMF TiO,

cross-flow velocity transmembrane

pressure, TMP  pH permeate flux
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TiO,

microporous membrane UF

MF NF
Degussa P 25 primary
particle 20-30 nm
micron range (secondary particle)
5
interfacial effect
iso-electric
point, IEP
[22] 5
(macroporous membrane)
[23]
[24] [25826]
[278&28] [29]
(1) (2) 3)
(4) )

MCPR
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aqueous media
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2.2

(sieve filtration

mechanism) B! 6

8 (fiber filtration
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12



*
'

*
r
K
[
o
!
»
]

’Nn‘? *"wu»‘, im
=~ 4" N ("
“" '..’jf“‘!" “"

MV :

overlap fiber

13



(irreversible
(pressure

(entrapped blocking resistance)

fouling)

drop)

(cake

)

resistance

(33]
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[32]

(2)

3)

(dm) (dp)

(inertia collision)

(diffusion)

(interception)

(sedimentation)
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(5) (electrostatic attachment)

(dead-end)

(coarse filtration)

(crossflow)
[34]
(deep filtration)
(pore blocking)
[35]
2.3
[36&37]
(recombination)
138] Zhang®®  Mrira
10 nm 1t Porter ! 15-25 nm
Langlet*?
TiO, primary particle

d/A
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d: A uv 350 nm
10 nm
Egerton [43] TiO,
Degussa P 25
TiO,
Pavlova-Verevkina 4]
(HCI) TiO,
Kagaya 71 pH 8-9 TiO,
TiO, HCI
TiO, TiO,
Choi ~ ™l
(doping) (quantum size) TiO,
Brezova 46} (sol-gel) He  TiO,
Franch 17l
(pH 3.0) (Degussa P25)
;  pH
Zhang®®  Tmokiewicz!*®!
TiO, (lattice)

TiO,

[38&49]

17



[50&51]

Ranijit?®"!

TiO,

[52]

(binder)P*

B5 [54]
i BB B he (7
pH (  9)
[55] pH[56&57]
[60861]
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1.8% (wt)

TiO,

TiO,

g

[58&59]



3.1

3.1.1
4-
(1) Aldrich Chemical Co.
1 10mg/L
(2) 4- Aldrich Chemical Co. CeHsCIO
128.56 10 30 mg/L
(3) Ruhleben
A/O
100 pm
1 [62]
1
pH DO DOC UVas SUVA
NTU mg/L mglL cm” Lm'mg’ mg/L mg/L
7.2 1.7 49 117 0.3 2.3 10.9 4.6
3.1.2

19

02 20 200



um

Materials, U.S.A.
(KNH Co. Ltd., Taiwan)

air bubble

Automated perm porometer, Porous

2
2.0 ym
9 0.02m* 10
cm x10 cm x 2 (spacer)
10
300 um 1 mm
membrane |membrane| membrane
A B C
PET PET PP
(um) 0.2 1.7 17-22
(Tensile strength) -~ > 20 >8
(kg/25 mm)
(Elongation rate) -~ 30-35 130-140
(%)
(Tear strength) -~ >15 >15
(kg/cm?

20



9 (2 ym pore size)

10 SEM (2 uym pore size)
3.1.3
TiO, anatase rutile
anatase (photocatalytic activity)
[63]
11 TiO, rutile  anatase unit cell
(tetragonal) Ti* 0%
rutile

(orthorhombic distortion) anatase
rutile

10

21



anatase

o4l TiO,

anatase TiO,

Degussa P 25 Degussa P 25
Degussa 3
AEROSIL® process 80% anatase 20% rutile
(nano-scale) TiO, Degussa P 25
SEM 12 (aggregate)
(average primary particle size) 21 nm

Rutile
large sphere O small sphere Ti

11 TiO, rutile  anatase unit cell

22



3 Degussa P 25 TiO,

(BET) 50 + 15 m?/g

21 nm

* (approx. value) acc. to DIN EN

ISO 787/11, August 1983

approx. 130 g/L

*2 hours at 105°C <1.5wt.%
., 2 hours at 1000°C, based on
<2.0wt.%
material dried for 2 hours at 105°C
pH ,in 4% dispersion 35-45

, based on ignited material| > 99.50 wt.%

Al,O3 , based on ignited material < 0.300 wt.%
SiO, , based on ignited material <0.200 wt.%
Fe,O; , based on ignited material <0.010 wt.%
HCI , based on ignited material < 0.300 wt.%

(by Mocker, 45 um),
acc. to DIN EN ISO 787/18, April 1984

< 0.050 wt.%

* The data represents typical values and not production parameters.

23




SEI 3.0kv  X5,000 1um_ WD 3.4mm SEl 30KY X50,000 100nm WD 3.4mm

12 Degussa P25 SEM
( 5,000X (), 50,000X ( ))

3.2

3.2.1

(1) 1~10 mg/L
Spectrophotometer) 200-800 nm
TOC (Liqui TOC, Elementar)
(2) 4- 10~30 mg/L

24

(UV-VIS

230 nm



(High Performance Liquid Chromatography, HPLC )

Incelligent 500  UV-2075 Incelligent UV/Vis Detector mobil

phase (CH3;OH/H,O0=50 50 added 1% CH;COOH ) Column:
YMC-Pack Pro C1g R.S. (150 mm x 4.6 mm [.D. S-5 ym)

lonic Chromatography,

IC (ICS-90 Chromatography system, DIONEX)
(3) Ruhleben (Berlin, Germany)
Rosenberger [63] Dubois [66]
(color labelling) 4 cm
490 nm Rosenberger
Lowry (671 (color
labelling) 4 cm 750 nm

Perkin Elmaer UV/VIS Spectrometer Lambda 12
(Perkin-Elmer GmbH, Berlin, Germany)
DOC High TOC meter (Elementar Analysensysteme)
0.45 pm (Sartorius, Gottingen, Germany)

DOC size
exclusion chromatography UVos4 (LC-OCD

system by DOC-Labor Dr. Huber, Karlsruhe/Germany; SEC column:
Toyopearl® HW-55S by Tosoh Bioscience, Tokyo/Japan)

168] Everrett®  Hongve!™”
polystyrene sulfonates (PSSs) 7]
LC-OCD 13 ( EPS)
(teiution = 35-55 min) (telution = 55-64 min)

25



(telution > 64 mm)

LC-OCD 0.45 pm

Gottingen, Germany)

3.2.2

LC-OCD

(Sartorius,

10
8 - humic substances
6 - low molecular weight
= acids and neutrals
S
D4
8 biopolymers
2 |
0 I T
20 40 60 80 100 120
elution time [min]
13 LC-OCD
streaming potential
(1 mM KClI) pH (2-12)

zeta potential

TiO,

26

1,000 mg/L  TiO,



3.2.3

20.0 um

15
50 cm

6.5 8.5

0.2 2.0
14
15cm x 15cm x
12L 8L

10 cm x 10 cm x 2

(HACH2100P TURBIDIMETER)
(Degussa P25) 1000 mg/L
( 2.0 um) pH 4.5
pH
0.02 0.07 0.14  0.21 m*m?%min
250 500 1,000

2,000 3,000 mg/L

3

5.0 NL/min

NL/min

2.0 20.0 ym

TMP
( 0.5 m*/m*min) 10
5.0
20
0.2
16
TMP

(filtration resistance)

27



(total resistance, R;)
(membrane resistance, R,) (cake resistance, R.)

(reversible pore narrowing or pore narrowing

resistance, Rp) (irreversible pore
narrowing or pore narrowing resistance, R;) Rm
( ) 3 m*m?/day 1.5
NL/min 8 TMP Rm
1000 mg/L TiO, 3
m*/m?/day 1.5 NL/min 8
TMP R¢
1.5 NL/min 5 NL/min 2
3 m®m?%day 1.5 NL/min 8
TMP Re 5 NL/min
2 (backwashing)
3 m*/m?/day 1.5 NL/min
8 TMP Rp Ri Ry

28



Vacuum Flow
gauge meter

F Permeate
— @

Suction pump

Flow meter | F

Membrane
module

L4 4444 os
[

f M__g— Air

Feed Non-woven membrane reactor
Blower

Feed tank

14

15
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-

l—>
l—>

'
l—>
'

l—>

membrane
re5|stance

total
re5|stance

cake
resistance
(Ry)

reversible
resistance

(Ry)

16

40 °C

8 TMP
=1.5 L/min
=3.0 m/day

8 TMP
=1.5 L/min
=3.0 m/day

2
=5.0 L/min

8 TMP
=1.5 L/min
=3.0 m/day

2
=1.5 L/min
=5.0 L/min
=3.0 m/day

8
=1.5 L/min T™P
=3.0 m/day

3

40 °C

30



3.2.4

TiO, (Degussa P 25)
17 Pyrex
23 cm 23 cm 8L
4  Pyrex 6 cm 40 cm

1 4~8 W 365 nm 5 mW/cm?
UVA 200 rpm TiO,

(diffuser)

pH DO

0.45 pm (GE osmonics, DDR04T3000, Cameo syringe Filter, Nylon
30 mm)

17

3.2.5

(submerged type)

31



18 Pyrex
28 cm (L) x 20 cm (W) x 45 cm(H) 40 cm
22.4 L
20cm (H) x 20cm (W) x

45 cm (H) 16 L; 8cm (L) x 20
cm (W) x 45 cm (H) 6.4 L
TiO, (Degussa P
25) 200 rpm
TiO, (diffuser)
4 4 Pyrex
6 cm 40 cm 1 4-8
w 365 nm 5 mW/cm?  UVA
PET

22 cm x 19 cm X
756 cm? (pore size) 2 um
pH
19

32



1 raw wastewater
2 flux =1.0 m/day, pH = 8.5, light =4 W x 4 lamps
3 flux = 1.0 m/day, pH = 6.5, light =4 W x 4 lamps
4 flux = 1.0 m/day, pH = 4.5, light =4 W x 4 lamps
5 flux = 1.0 m/day, pH = 6.5, light = 8 W x 4 lamps
6 flux = 0.25 m/day, pH = 6.5, light = 8 W x 4 lamps
7 flux = 0.5 m/day, pH = 6.5, light = 8 W x 4 lamps
8 flux = 2.0 m/day, pH = 6.5, light = 8 W x 4 lamps
: TiO, = 2,000 mg/L, = 0.14 m°/m*/min)
d
baffle 1 i \7 E;i ]_‘ -&L flange
BN }FSOA 3 Fsoﬂ Vi colr(?t\lfslller FSO* $SZE
@ . ) ~ et
qj| cEEieiEe i
T 200 | —380 —» v } v |
op view ° " IJ‘U |
4 45 j 45° % 4
Side view
18
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19

3.2.6
(1) (2
AP
J= (1)
“ (Rc+Rn+Rb+Rm)
AP (Pa), u (Pa.s) J (m*/m?/s)
Re. R, Ry Rm (cake resistance)

irreversible resistance
(reversible resistance) (membrane
resistance) (m™)
J

Ss= 2
AP )

S specific flux  (m*m?/day/kPa)

34



(membrane permeateability) J

(m*/m?day) AP (kPa).

3.2.7 UF

batch stirred cell test (Amicon 8200 dead-end stirred cells,

Millipore, USA) UF

20 21 0.45 um (Sartorius, Gottingen, Germany)
NADIR (Germany) UF
(UP150) 5 UF 24
5
UF
5°C UF

5 Batch stirred cell test UF
NADIR@ UP150,Germany

polyester
150 kDa (MWCO)
28.7 cm?

35



pressure
gauge

release
value

membranecs<x
—
N, gas pressured mixer balapce
steel vessel Amicon cell |
cylinder

Computer

20 Batch stirred cell test

21 Batch stirred cell test

36



4.1 pH

22
pH IEP
pH 6.3 Shim [73] pH
22
IEP pH 5.8 um pH
42 3.7 ym IEP
[74] 23 2.0 um 1 mM KCI
pH pH
3.2 1000 mg/L TiO, IEP pH 3.2 5.5

23 IEP  pH IEP  pH

37



Average particle size (um)

°
o
<o
o
[ )
< Partcle size
@ Zeta potential
)
4.5 6.5 8.5
pH
22 pH

TiO, = 1000 mg/L,

38

= 8.4 m*/m?hr

Zeta potential (mV)



Zeta potential (mv)

60

40 |

20 |

-@- non-woven mem
- non-woven mem. w/TiO2

23
=2 um

39

pH
pH
=1 mM KCI

14



4.2

(melt brown method)

24 (A)
[75]
(porous cake layer)
25
13 NTU 1 NTU
25
100 NTU 3 NTU
3.5 kPa

Al-Malack

40

24 (B)

6.0 m*/m?day

[76]

MF

20

UF



Residual Turbidity (NTU)

[E
IS

[y
N

[E
o

oo

WD 7.7 m;ﬁ

100um

24 SEM

LEI 3.0kV X250 100um WD 7.7mm

—&- Turbidity

- TMP

—=— Turbidity
—o—"TMP

TMP (kPa)

TMP (kPa)

10 20 30 40 50 60 70 80
Elapsed time (mins)
25
TiO, =500 mgl/L,
= 8.4 m*/m?/hr,

pH = 8.5

41

90 100 110 120

= 6.0 m*/m?/day,
= 2.0 uym,



4.3

4.3.1
(fouling)
(specific flux)
0.2 20 20.0
MM 1000 mgTiO,/L  pH 8.5
8.4 m*/m?hr 3.0 m*/m?/day 6

0.17 0.89 0.94
m*/m?/day/kPa 0.2 pym

20.0
MM 2.0 ym

20.0 ym

2.0 ym 2.0 ym

42



(Wm)
0.2 2.0 20.0
membrane A membrane B membrane C
m°/m*/day/kPa 0.17 0.89 0.94
(LMH/kPa) (7.1) (37.1) (39.2)
NTU 0.3 0.4 52.0
TiO, = 1,000 mg/L, = 8.4 m*m?%hr, pH = 8.5
4.3.2
pH
1. pH
pH
pH
(filtration resistance) 26
pH pH
pH 6.5 pH
6.3
pH 4.5

8.5 pPH 65 ( 22

43



6.0 m*/m?/day
pH

(drag force)

pH
2.
[77]
27
3.0
m>/m?/day (250-3000 mg/L)
Mozia [20] 100 500 mg/L
Sopajaree
UF
500-3000 mg/L
[77] 3.0 m¥m?%day
(78]
3.0 m*/m?/day
0.14

m3/m?/min

44



Filtration resistance (1011m'1)

©
—

0.01

25

'y m 2
n| A °
A O
o
- A
o) o)
m6
A5 A
o4 0O
03
A2
O 1 m"3/m*2/day
4.5 6.5 8.5
pH
26 pH
TiO, = 1000 mg/L, = 2.0 um,
= 8.4 m*m?hr, =2 hrs

45

10.5



Filtration resistence (1011m'1)

10
-0~ 3 m3/m2/day
——4
-5
—-©-6

:

01 |
o—=0 —1— O —0
0.01

0 250 500 1000 1500 2000 2500 3000 3500

Concentration of TiO, (mg/L)

27
= 0.14 m*/m?/min, 2.0
Mm, =2 hours pH=8.5

46



(cake formation)

(pore narrowing) (pore blocking)
[79]
28

3.0
m*/m?/day

[80] 4
m*/m?/day

Wisniewaki

(81]
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Filtration resistence (1011m'1)

10

[N

e
-—

0.01

——1 m3/m2/day o2
-0-3 —-4
-5 -6

lx.k

,0——/
S a

<& o
O {1 —{1 |
% 1 —0
0.02 0.07 0.14 0.21
Aeration intensity (m3/m2/min)
28
TiO, = 1000 mg/L, =2.0 ym,

=2 hours , pH 8.5

48



4.4

29
2.0 ym
Ititani MF

B2 Seminario
(particle capture) MF

(0.2 2.0 20.0 um)

49

(20.0 ym)
(5 NL/min)

(pore blocking)

(83]

(support layer)



4.5

(net-like structure)

(23]

1 NTU
2.0 ym

50

80



Percentage of membrane fouling (%)

100

80

60

40

20

M cake formation
Opore blocking (reversible)
Opore blocking (irreversible)

0.2 20 20.0

non-woven membrane pore size (um)

29
TiO, = 1,000 mg/L, =0.14
m>/m?/min, pH = 8.5, =3.0
m°/m?/day

51



5.1

TiO, (Deggusa P 25) 500 mg/L
10 mg/L
0.45 pm UV/VIS
200-800 nm 30
290 665 nm 8.5
31 UV/IVIS
665 nm
3
32 pH
pH CO,
CO,
33
6

Deggusa P 25

52



30

2.0

1.5
3
3
5 10
3
<
0.5
0.0
200 300 400 500 600 700 800
Wavelength (nm)
TiO, = 500 mg/L =10 mg/L
2.0 — —
-
c
(o]
(o]
©
()
O
[
®©
2
(@)
0
0
<
0 1 2 3 4 5
Elapsed Time (hrs)
31
TiO, = 500 mg/L =10 mg/L
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Conductivity(us/cm)

50
45 | - Conductivity :
a0 | —-pH |
% %
30 [ 1
25 } 1
20 }
15 W
10 | 1
5 | |
0

0 2 4 6 8 10

Elapsed time (hrs)
32 pH
Ti0, =500 mg/L =10 mg/L

N
o

N W b~ OO0 O N 00 ©

s 100 1.5 20 3.0 4.0 6.0 8.

ot

O hrs

TiO, = 500 mg/L =10 mg/L

54

pH



(first-order rate law) In(C/Cy) = -kt
k  -0.8256 hr

Langmuir-Hinshelwood

34

UV/TIO,

[84]

(3)

O
Ka[A] << 1

Langmuir-Hinshelwood

UV/TIO,

dlA] kKl A]
; ——= .'-.'l,.l'f .
ol I+"t":.'|‘!|
[A] kr
- _M =k 0=k K, | A|
ol
Ka[A]>>1  (3)
d| Al
FeE e =,
dt
Hinshelwood

(8]

55

Ka

Langmuir-

(pseudo-first-order)



In (C/Co)

0.00
-1.00
-2.00
-3.00
-4.00
-5.00

-6.00

34

y=-0.8056x - 0.513
R?=0.972

2 3 4 5 6
Reaction Time (hrs)

56



5.2

5.2.1
(5 mg/L) (5 mL/min)
35
(6Wx4)

6Wx4 4Wx4

5.2.2

36
(5 mL/min)

(50 mL/min)

57



5.2.3

37

1 mg/L

5 mg/L
10 mg/L

58

37



Absorbance (665 nm)

0.12

0.10

0.08

0.06

0.04

0.02

0.00

’ -
,‘a‘ " P
““‘ .
L
] ] ] ]
|
-] -] -]
& 4Wx4
= m6Wx4
0 50 100 150 200 250
Elapsed Time (hrs)
35 uv
=5 mg/L, = 5 mL/min,
TiO, =350 mg/L, =2.0 ym
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Absorbence (665 nm)

1.40

1.20

1.00

0.80

0.60

0.40

020 |

0.00

.
.
*e
¢ 50 mL/min
® 5 mL/min
.
o/e
[ IR [TTTIIII I F N Wi a
10 20 30 40 50 60 70 80
Elapsed Time (hrs)
36 uv
=5 mg/L, TiO, = 350 mg/L,
UVA =4 W x4, =2.0 um
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\
)

methylene blue conc. (mg/L

@ influrent- 1 mg/L
m influrent- 5 mg/L
A influrent- 10 mg/L

.-
— -
- -
.-t

UVA

15 20
Elapsed Time (hrs)

= 50 mL/min, TiO,
=4 W x4,

61

= 350 mg/L,
=2.0 ym



5.2.4

38 5 10 20 mL/min
SS 5 mL/min
SS 320 mg/L
SS (20 mL/min) SS
200 mg/L SS
1 NTU SS
SS
Oak Ridge Laboratories
8] Altman 1671
(precoating) 'k & % v £ (hydrous zirconium oxide)
Cai 168}
(polyethylene) (MnO,)
5-20 um MF  UF
5.2.5 TMP
39 TMP
0.095 0.19 0.38 m%m?day

3.5 kPa

62



(0.095 m*/m?.day)
3.3 kPa

Sopajaree 7 UF

5.3

Hinshelwood

3 kPa

63

24

Lee

"M UF

Langmuir-



SS (mg/L)

150

100

50

64

—e > - -
- . 4
e, B 2 ’
3 o
N o
Tis A A
&5 mL/min
m 10 mL/min
A 20 mL/min
50 100 150 200
Elapsed Time (hrs)
., SS
TiO, = 350 mgl/L, -omalb
UVA =6 W x4, - 20Hm

250



4.0

35 -
& a8 - B - B - B - - — -
30
*0— -
25 |
20
15 -
flux (m¥m?2.day):
— ¢ —0.095
1.0 - - :- -0.19
—a—0.381
05 -
0.0
0 50 100 150 200
Elapsed Time (hrs)
39 TMP
TiO, = 350 mg/L, =5 mg/L,
UVA =6 W x4, =2.0 um

65

250



6.1

0.5 1.0

(initial applied flux) TMP

(4-CP)
40

3 5

56 7 8
2.0 m*/m?/day 4-

[89]

4- 28.8 mg/L
6 4-

66

0.25

92
4.9 mg/L

60



6.1.2 TOC

41 TOC
TOC 4- ( 40)
4- TOC 7 TOC
4- 10 20 4-
(hydroquinone CgHgO5)
(hydroxyhydroquinone CgHgO3) '
7 4- TOC
2 3 4 5 6 7 8
4-CP (%) 48 52 61 69 92 85 33
TOC (%) 27 31 52 51 81 65 20

6.1.3

[91]

[92]

(93]

67

42



Conc. of 4-chlorophenol (mg/L)

w
()]

=
&

30 - E;so
T :O, s —+—4-chlorophenol
25 | ELZD
20 | 5 s T
15 - T T ’ ° 20ElapsedtTome (mg/L)“0 ” K
1
T
10 | -
St =
0
Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8
Run No.
40 4-
4- = 28.8 mg/L, TiO, = 2000 mg/L,
= 0.14 m*¥m?/min, =2.0 ym,

68




A A A
N bR OO @

Conc. of TOC (mg/L)
=

.
.l_ 1
I t
I 1
f
Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8
Run No.
41 TOC
4- = 28.8 mg/L, TiO, = 2000 mg/L,
= 0.14 m*m?/min, =2.0 ym,
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Conc. of CI" (mg/L)

—_
»

70

14 | I
12
10 . E
8 | B T
6 £
Al
21
0

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8

Run No.
42
4- = 28.8 mg/L, TiO, = 2000 mg/L,
= 0.14 m*/m?min, =2.0 um,




6.1.4

2.0 ym PMR
43 SS
05 1.5 NTU
MF - YRR
[95]
6.1.5
MF  UF
[78] 025 05 1.0 2.0 m¥m%day
44
10 kPa
[93]
MF UF
[21] TiO,/silica [96]

PMR

71



Residual Turbidity (NTU)

=
HH

HH

Run 1 Run 2 Run 3 Run 4 Run 5
Run No.

43

4- = 28.8 mg/L, TiO,

= 0.14 m*/m?/min,

72

Run 6 Run 7 Run 8

= 2000 mg/L,
=2.0 ym,




—=—Run 2 Run 3 Run 4 —*-Run b5
16 1 ——Run 6 —+—Run7 —Run 8
14 |
12 |

TMP (kPa)

0 250 500 750 1000 1250
elapsed time(mins)

44
4- = 28.8 mg/L, TiO, = 2000 mg/L,
= 0.14 m*m?/min, = 2.0 ym,
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6.2

batch stirred cell test UF
6.2.1
1.
130 Hz
1000 mg/L
45
(protein)
(polysaccharide) biopolymer DOC SUVA UV 254
30
(ppb ) (ppm )

(180 )

74



2. pH

46

pH
6 "
. . 6.5
pH
pH
6.5
pH
pH

75

6.5

[97]



100

Removal (%)

—i— biopolymer
- - polysaccaride
80 | —e—UVv254
--O - protein
—4—DOC
60 1 ..a- suva
40
20 oF 9 8% A — Q-
0
0 30 60 90 120 150 180
Adsorption time (mins)
45
TiO, = 1000 mg/L, pH =7.2, =130 Hz,

76



Removal (%)

100

A biopolymer

-0 Uv254
80 | --O- protein
—m— polysaccaride
—e—DOC
60 | A —A— SUVA
A
A A
40 O

20 |
0
3.5 4.5 5.5 6.5 7.5 8.5
pH value
46 pH
TiO, = 1000 mg/L, = 30 min,

130 Hz,

77

9.5



3. pH

(extracellular polymeric substances, EPS)

microbial products, SMP)

mg/L

40

[98]

58
[99] pH

47

78

18

soluble

1000

9.5

pH

47



100

9.5

~ O Polysaccharide
80 | —l— protein
< 60|
©
3
§ |
20 |
O
0
3.5 4.5 5.5 6.5 7.5 8.5
pH value
47 pH
TiO, = 1000 mg/L, UVA =4 W x4, =
150 rpm, = 96 watt-hr,

79

=6 hrs



(humic acids) (dissolved organic

carbon, DOC) [100] 48 pH
DOC oH DOC
DOC UV 54 SUVA
48 DOC
pH Palmer!™"
Bekbolet ~ ['% pH
DOC pH
pH

(bicarbonate)

[103]

4. (energy input)
pH

500 1000 2000 mg/L 49
DOC UVasy
(96 watt-hr)

[20]

1000 2000 mg/L

50
96 watt-hr (4 Wx4x6

80



) 48 watt-hr (4 Wx2x6

Palmer

[101]

pH (pH 5.5) (O )

pH
pH
pH 7.2 5.5
DOC
(pH 7.2)
1000 mg/L

0.5

4.5

81

51

pH55 45

30



Removal (%)

100

--DOC

80 —A- UV254
60 |
40
20
0

3.5 4.5 5.5 6.5 7.5 8.5

pH value

48 DOC UV, pH

TiO, = 1000 mg/L, UVA =4 W x4,

150 rpm, = 96 watt-hr, =6 hrs

82



Removal (%)

100

80 |
60 |
-O
40 | ©
o O Polysaccharide
—l— protein
20 | —e—DOC
—A— UV254
0
0 500 1000 1500 2000 2500
TiO, concentration (mg/L)
49
UVA =4 W x4, =150 rpm, =96

watt-hr, =6 hrs, pH =5.5
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Removal (%)

100

80

60

20

O Polysaccharide
—— protein
i —e—DOC
—A—UV254
12 24 36 48 60 72 84 96 108
Energy input (watt-hr)
50
TiO, = 1000 mg/L, UVA =4 W x 4, =

150 rpm, pH = 5.5

84



ODOC (mg/L)
% protein (mg/L
B polysaccharide (mg/L)
8t # SUVA (L/m/mgq)

m UV254 (cm”-1

6 |
4 |
2 |
Inf. 0 (pH adjustment) 0.5 20 4.0 6.0
time (hrs)
51
TiO, = 1000 mg/L, UVA =4 W x4, =150
rom, pH=5.5

85



6. pH LC-OCD

DOC size exclusion
chromatography UVosy
LC-OCD ( EPS)
(elution time)
08 Haberkamp™® Zheng [62]
LC-OCD
52 pH
LC-OCD 40
LC-OCD pH (6.5
55 4.5) 40
LC-OCD 8
306 ug C/L 6.5 55 45 pH
72 61 54 ug C/L pH
82.3 60
52
pH pH
1. LC-OCD
pH LC-OCD 53
40 pH (pH
55) O 0.5 2 4 6

LC-OCD

86



54

92.7

30

30

53

438

32 ug CIL

LC-OCD

87

6

87.7



12

10 1 — Secondary eff.
8 - —pH=6.5
T —pH=5.5
2 o
3 —pH=45
@)
4 -
2 -
0 a T T T
30 40 50 60 70 80 90 100
retention time [min]
52 pH LC-OCD
TiO, = 1000 mg/L, UVA =4 W x4, =
150 rpm, =6
10 - = = *Secondary eff.
—O0 hr
8 =— =0.5hr
— =2hrs
= — =4 hrs
c 67 ——6 hrs
2
e
O
o 4
2 _
0 . ONISE AN
20 30 40 50 60 70 80 90

retention time [min]

53 LC-OCD
TiO, = 1000 mg/L, UVA =4 W x4,
=150 rpom, pH=5.5
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Conc. of biopolymer ( ug C/L)

500

400

300

200

100

54

Secondary 0 hr (pH 0.5 hr (after 2 hrs 4 hrs 6 hrs
eff. adjustment) T|02
adsorption)
time
TiO, = 1000 mg/L, UVA =4 W x4,

150 rpm, pH = 5.5

89




pH 4.5 pH 5.5 pH 6.5

(ug C/L) 306 54 61 72
(%) -- 82.3 80.1 76.5
8 UF
pH
(colloids)
(infra-colloids)!'*  EPS®® MF UF
[105] RO
RO Abdessemd
COD
(solutes) 1041 Wang UF

(apparent molecular weight

distribution, AMWD) [108]
LC-OCD
UF
0.45 ym
UF MWCO 150 kDa (0.02 pm) batch-stirred cell
test (Amicon 8200, Millipore, USA)
normalized flux decline specific cumulative
permeate volume batch-stirred

cell test

90



[62]

55 pH

175 LIm?
UF
pH (4.5 55 6.5
UF
(fouling potential) 56 57
10
LC-OCD
batch-stirred cell test
UF
UF
UF
UF
58
70 pH
pH 7.2 5.5 UF
1000 mg/L pH 5.5 30

30

91

60

UF

UF

10

70



10

batch-stirred cell test

92

UF

UF



T+ Oz 29 a b a4 A Z. - S S S .Ao nomomOmOmOm O
= 0.8 * . .
) * .
q_? 06 1 a pH:45 e .. .
*e
D = pH=5.5
N 04 0“’00000
g . © pH=6.5 ML TICN
o) + Secondary eff.
2 02 Y
0 I I I I I
0 30 60 90 120 150
Specific cumulative permeate volume [I/m2]
55 pH

= PES UF, TMP = 1 bar, , =
27.8 cm?, =150 rpm, Jo =

93



Normalized flux [J/Jg]

1 IA-AOIA.IQIQ)%-O '<>'<>-0°5.5'0-<>' » <>‘ o-o.lo.l& [ % <.> g . % Q>..<>.
A A
A
0.8 - N .,
A A A
A A A
0.6 - YV
AAA
= Ti02=500 mg/L SRCYVYN
A
04 o Ti02=1000 mg/L VY
e TiO2=2000 mg/L
a Secondary eff.
0.2 - i
O T T T T T
0 30 60 90 120 150
Specific cumulative permeate volume [I/m2]
56
= PES UF, TMP = 1 bair, : =27.8
cm?, =150 rpm, Jo = ,pH=5.5

94



Normalized flux [J/J (]

o o 0 0& g 0o @@ 0n g on g MoRoPor®a®®

R
A A
0.8 - A a
A
A, N
06 7 A A A A A A
o 24 Watt-hr honna rda
J 48 Watt-h Aba
0.4 : 96 W;tt-hrr AAAAAAAAAAAAAAAAAA
s Secondary eff.
0.2 1
0
0 30 60 90 120 150
Specific cumulative permeate volume [I/m2]
57
= PES UF, TMP = 1 bair, : =
27.8 cm?, =150 rpm, Jo =

95



Normalized flux [J/J;]

o ¢) ®Ce® 6 o 6 O 0 O O O 8 o e

;%%g:-......-l.llllllll.l..
g o A AR PN o
o A 5 0
0.8 o A AR RPN
o A A O O IS o
=R N A AR
0.6 - 0o dan
® 6 hrs “Toofdaa,
04 hrs 0o Aan
0.4 = 2 hrs Dnﬁngééééé%
' 0.5 hr LG LTIV
o0 hr
0.2 1 A Secondary eff.
0 T T T
0 30 60 90 120 150
Specific cumulative permeate volume [I/m?]
58
= PES UF, TMP =1 bair, : =
27.8 cm?, =150 rpm, Jo =

96



6.2.2

TiO,
[107]
16.6 33.3 50.0 LMH 24
protein
polysaccharide biopolymer DOC SUVA UV
59

60

batch stirred cell test UF

61 60
10

97



Value

12

10 | i

2 DOC (mg/L)

& protein (mg/L)
B polysaccaride (mg/L)
& SUVA (L/m/mg)
W UV254 (cm”™-1)

secondary eff. 16.6
Applied flux (LMH)

59

33.3 50.0

TiO, = 1000 mg/L, pH =7.2,
UVA =4 Wx4,

98

=2.0 ym

=150 rpm,



400

350

300

250

200

150

100

Conc. of biopolymer (ug C/L)

50

0

—&— Biopolymer
= removal

Secondary effluent

60

TiO,

16.6

33.3

Applied flux (LMH)

= 1000 mg/L, pH = 7.2,

= 4 Wx4,

99

= 2.0 ym

100
1 80
9
©
3
S
()
(14
0
50
=150 rpm, UVA



Normalized flux [J/Jo]

R A = S
% D. D.C’ononooocwclogooﬁtu 33 t & &.g.g.g.,g.,f.n.::m
°

61

S
A A
0.8 S e
.0 A A LA
A A A A
ADBDA A
0.6 - £ ABA AL
AANDAA Ap
e Applied flux=16.6 L/m~2/hr A AAAAAAAAAA
0.4 1 o Applied flux=33.3 L/m"2/hr
¢ Applied flux=50.0 L/m”2/hr
0.2+ A Secondary eff.
0 T T T T T
0 30 60 90 120 150
Specific cumulative permeate volume [I/m?]
=PES UF, TMP = 1bar, =278
cm?, =150 rpm, Jo =

100



(TMP) 9 T™P
33.3 LMH T™MP
2.7 kPa 50.0 LMH T™MP
16.0 kPa T™MP
T™MP
(9 1 NTU

16.6 50.0 LMH

128.5 3.1 LMH/kPa TMP
16.0 kPa 3.1 LMH/kPa
33.3 LMH
9
TMP

(LMH) (kPa) (NTU) (LMH/kPa)

16.6 0.1 1.0 128.5

33.3 2.7 0.8 12.5

50.0 16.0 0.7 3.1

101



6.3
4-
6( flux = 0.25 m/day, pH = 6.5, light = 8 W x 4 lamps)
92 TOC

10
UF 33.3
LMH

102



7.1

2.0 um

80
10

Langmuir-Hinshelwood

SS

103



7.2

uv
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