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ABSTRACT

The rapidly diminishing reserves of fossil fuels and resulting global climate change,
environmental pollution and health problems by their combustion make the current
energy structure face a significant challenge. Hydrogen, which is of high combustion
efficiency with high caloric value and can be directly used in fuel cells, is considered as
one of the most promising alternatives to fossil fuels. Bio-hydrogen production from
organic pollutants leads a solution for the confliction of environmental protection and
energy requirements and has a bright future due to its moderate reaction condition and
low energy consumption. Compared with hydrogen production by dark-fermentation,
the photo-fermentation process has attracted intensive attention due to high purity of the
produced hydrogen, high theoretical substrate conversion efficiency and no O,-evolving
activity which causes O, inactivation in green algae hydrogen production systems. The
biofilm method, as one of the cell immobilization technologies, not only effectively
improves the biomass amount per unit volume, the tolerance ability of bacteria and the
hydrogen production rate, but also bear the advantages of high mass transfer rate, good
light penetration and simple operation.

In a typical biofilm-based bioreactor, substrate diffuses from bulk liquid into
biofilm, while end-products transports inversely into the bulk liquid. It can be expected
that the biofilm structure is a critical factor affecting the mass transport substrates and
products as well as the overall performance of the reactor. Focusing on photo-hydrogen
production by biofilm technology, visualization flat-panel photobioreactors with
indigenous Rhodoseudomonas palustris CQK 01 were constructed in the present study
for observation on biofilm structure and hydrogen production performances, and the
effect of the structure of photosynthetic bacterial (PSB) biofilm formed under different
illumination intensities, illumination wavelengths, influent flow rates and substrate
concentrations were then discussed on the substrate transport and hydrogen production
performance in the bioreactor. Based on the experimental works, a two-dimensional
model with the diffusion-reaction equations and cellular automata rules combined with
the previously obtained growth kinetics parameters of PSB was established to simulate
PSB growth and biofilm formation on the solid carrier. As a result, the effects of
illumination intensity, substrate concentration, operation temperature, pH and initial

inoculation were numerical predicted on the biofilm growth and structure on the solid
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surface. The main outcomes of the present study were shown as following:

1. The predominant morphology of the bacteria in the biofilm was short rods,
while a few long rods were also observed. The biofilm structures formed under different
star-up conditions significantly affected hydrogen production performance of the
photobioreactor during steady operation process.

2. The PSB biofilm formed under illumination wavelength 590 nm and
illumination intensity 5000 Ix had larger bacterial size, higher porosity, higher
biomass dry weight (0.915 mg/cm?) and biofilm thickness (18.7 um), resulting in the
best hydrogen production performance during steady operation process. The biofilm
formed under illumination wavelength 470 nm gained the highest biomass dry weight
(1.013 mg/cm?) and biofilm thickness (27.8 pum); however, it led to inferior hydrogen
production performance during steady operation process due to the lowest porosity.

3. The PSB biofilm structure turned to be dense with the increase in influent flow
rate. The biofilm formed under influent flow rate 38 ml/h obtained the highest thickness
(19.1 pum) due to low shear force, while the biomass was insufficient. The biofilm
formed under 228 ml/h gained larger bacterial size and moderate porosity, leading to the
highest hydrogen production performance during the steady operation process.

4. The PSB biofilm turned to loose with increasing influent substrate
concentration. The biofilm formed under 110 mmol/l of substrate concentration had the
largest porosity, while the highest biomass dry weight and biofilm thickness were
achieved by the biofilm formed under 60 mmol/l of substrate concentration inducing
the best hydrogen production performance during steady operation process.

5. During the steady operation process, the hydrogen production rate of the PSB
biofilm increased with increasing illumination wavelength, illumination intensity,
influent flow rate and substrate concentration to achieve a peak value and then dropped
when these parameters were further increased. The maximum hydrogen production rate
was 11.2 mmol/m?h. The hydrogen yields of biofilms continuously dropped with the
increase in influent substrate concentration and the maximal hydrogen yield was 0.66
mol Hy/mol glucose. The light conversion efficiency of the reactor decreased with
enhancing illumination intensity and the maximum value achieved to 28.1%.

6. The simulation results from the PSB biofilm growth model indicated that the
biofilm porosity decreased during the biofilm formation process, while the surface
roughness reached a stable value after a certain time of growth, and the biofilm
thickness increased as time progressed. The optimal growth condition for the PSB
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biofilm formation was 5000 Ix of illumination intensity, 10.0 g/l of substrate
concentration, 30 °C of temperature, 7.0 of pH and 500 of initial inoculation.

Keywords: photo bio-hydrogen production, biofilm structure, light utilization, cellular
automata, hydrogen production rate
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FIVR 2T 21 82 1% (Rhodospirillum rubrum)2 . b PUFh A= 9 E02 5T B inR 11T



H R RS 22 8 3

R L1 ARSI TT 5

Table.1.1 Comparision of different bio-hydrogen production methods
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S DR R A5 T A0 R L S 27 3 2 M G U T AR T AL
@K IR AR TH

JEME S AREREARR, e HFEENAELER B MYEERH, WTH
TAARHANING,  F A AT 2 A B TR R R IR DR B s O A A X S
HA AP V6 AARZR B TR, AL TR 4R KRB A1 B -4
JeA B B [E AT & DI RE, MG LR AE Iy SR E IR 6 R R
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1.1 Jeaann A s

Fig 1.1 The principle of hydrogen production of PSB
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T A B P SR N, 3 R B A [ R AT AT, RO RO
N, +8¢” +8H" +16ATP— 2NH, + H, +16ADP+16Pi (1.10)
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T AR B AR B S R I BR B 1 B, B R MO-ATP K AR(E R A& 18 34
BREE VR > T RO R R, i FE R B 0 TI8 R Hoo 78 [ RN =St
far, BAXNTEEE —EMHENER, EEYUERR, NADP)H, 1/ H L4
1 [ B TR SR Rk HM, ] AR A Noo NH, " PSB P & th g
— M, FER N NH 85 e & e, o [ U A B A E A, 2
HlAEsEE, RIS IEER, eah, ARO[ RS A BT IR TR
i S 1] 26U ) 2 e R0 BF A0 3 s R SR I A7 A A B T P R AR i v L,

A B AL SE /A IS, FrA I [ 500 40 B A A gl T AR
ARG AR D e B AN [R5y W S A R e, e N AR
THFE R [ B T A AR PTG, BERTEAG Hp 7= 28 AT = AR 1 Hp,
R RRN: 2H" +2e° <> H, . EGIRKMFT, S AR W
TAE, RN TR TIERT ATP, b 78 [ EUR ST 75 fis B S 40 N i SR
[R5 TIFE SBISE 460F R, PSB EBE ARG ML AR T R Bk s <. co fn
Oy Mo S BHE P 4/ FARSR, BHRAEM AR, JeB415 R. rubrum H777E CO
ARG RETT 52 CO ISR, 7 B %1 A CO A KK H i CO, FIA
/_:h[18] .

AT TR R VG T, A R SIS (R AT R AT SR ) BERE (2. H
FILARESE) . HERMEY(FERE . KPR R RS ANBR(IKS T H
BENRFRIR Wi AR BR S = IR IA rh ) & P A HLER) #R T H THOL BB =&l &
FRE HLADBCIR E NG A A B ARy R E R, DLRTEIRA &M NI BUL 5 M
HYREJIANE], DRI 2 3 B0 & MBI IR A 7= A Re ST A . & 4l R H & B A L
A=A R T R

HEHE: C,H,0, +2H,0 >12H, +6CO, (1.11)
BEIIR: C,H,0, +4H,0 —»4CO, +7H, (1.12)
¥ERER: C,H,0, +3H,0—>4CO, +6H, (1.13)
T#: C,H,0,+6H,0—>4CO,+10H, (1.14)
Z.f%: CH,COOH+2H,0 —2CO, +4H, (1.15)
FL#%: C,H,0,+3H,0>3CO, +6H, (1.16)
FERZ: C,H,0, +2H,0—2CO, +4H, (1.17)

BRI C.H,NO, +6H,0 —»5C0O, + NH, +9H, (1.18)
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133 EHEEEMER

NP EDCE M SR ENOCRER AR, &2 E AR T H#AT 7K
BT WHRREID SR SN FERRAT =70 —=2mz 574
Fy [ G AR P SRS P (0 NHS ™y O2 1 N2 55); R AMBIB AT F M (E T R
WG A . IR BLRREE . K J126A . pH R R SE); — & RNV A4t
T ROCIEAT B N 35 14 B 5%

MICHME SN UG H, JCEE NS5 =20 [ & A AT 10 S b
PESZE] NH, . O 1 N [ . Ak, T 5t 3 i ik 2 PR e s A R eadt e
B ARG LR EDGRE PR, T i H B v = S RE 28 S T Pk« Kondo 260
MEF A 7 & 4l Rhodobacter sphaeroides RV ik 28 S5 BB kR MTP4, Mk
PLAZ R PR R T SR S = SRR N 270 0l BB AE AR ) 41%70 49%,
SRR S E (LH) M 0D E R E B (LH) & E8UE, 2 HARE —E
YO G ISR N S5 B AR TR ARAE 2 o PR OB AR I, R I A AR
50%, 15t B — 8 3R R R i B IR R 2% 7 S RE T B — Rl T

B Yl R S BN T 7 Be EAE SR )43 ) O E SRR A LA R S At
I B B B AL TE . 50GE T EAH R I B AR IR A L [ AN AT R 2Lk
125, G NEEEEAETEIEE, St a A ma m 2, B oA
YHHE NiFe &g, CO WMAMEM EEEMRL], Wik, B4 E e EanE 4t
Ko WA R A AT . M R PR Tk TR LB Z
MR — R R AU AE K . A SRR S R, e R Bk Fe® T LA
R A LD E G T, BB ER Fe™ i Fh B bR i 7= S R 2 il
IBFPIXTIRALR) 1.32 1550 2.8 1, A& BIASIX IR 1.42 {550 1.54 f%5; Ni**
N9 umol/l IS 3 3 ol T ik 77 AU B 2 3k BT I AL 1.48 570 1.96 1555 24 Ni®*
WEEHN 12 pmol/l B, PAEUEME 2B — e R R . Fe* A1 NiZ X BRI b
KA YR, 426 nm AL ZIERE Fe® R B B N An Ni* s inmi v o<, 1
Wm T PEANE . 7 PR A R B R 3 A i Nk T e A A I B £ 4
RIS 1, R v R AR R S T 2 s Wi 2] R0

Dt IR AR 5 FEE ' A BT R AR K S A R LI . X2 & 4
A — RO IR R AR R AR, TR E SR T IAIER G .
Yang 2P B e SO AR AT PR BB T R OO S ME N R REL RS
FEFIPE AE B 5 A5 20 21 S N o0 B Re AR L], RN 00 38 R B adh 5 1t Hb R SO
IR B P e R LA PR R4 W K3 R 2 (R Rl . Naakada 2522 VfT 7 v 4
TR G A IR O RE B R PE A SR RE, RIS SN B iR A
F 2N 600-780 nm H xS (e 1E ), Ty 800-850 nm HDGAE i X AR A
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AIFETT L T 25 Xu PR 1 e 74438 3 S R O I 0k o & L T8
MR b (A% e Re B AR, A T R N A0 B R AR S0 & AR
2o VER ORI —B o B PAR I B2 B, 1 AE O e 1 o T 1 2
B DUE R BIEERS, BEHROt 1, DT N IRIER: 55— 8870 MR At ok
oA R SR E S, BRE S Bl )5S R AR 4 [ A
fMEkER, ERTFERESEANSREON B THESHE%RED, FALEBHRI
B R ATP BBl e A B s Jir B ot 7 W7 [ 808 4R 2k B 1 B2 AR Hao
Sasikala 2P I SR H ' IR R P 2 B Ol 2 40 1 A K TS B R TR AR I R
Vi, ESCIFM T AR T RS PR, FPEAE GRS 5000 Ix
A BT, Wakayama P RIRERE 7T 7 AR PHGIE 6 A 4 i 7= A ERE, 15
ST KGR MR AL, 5 B I S K1 5 [ B2 o DG o A 2 5
e 2 B (v e, 7 S 3 008 I AH B () AN

BN 2 52 e ' & A i AR K ANH S B R R R ALE w4 K H
A RCEIR, NH HIREE R T4 mmol/LiF, 24 [E U5 #4328 % s &k
[ G, WA RO AE CBRIRIDCH” RN, PR AT DA PR BT BN H,
J3£ (11 BR800 5 AR PP ZhusSBOFIPLL, PEIRITGCI = R4kl 5 A7~ 4
&4 # Rhodobacter sphaeroides PABH IENH, 6 F= & ik o, H45 B R a1
T TGCIAEL AR VR AP0 B 40 8 76 NH, 77 T 1= 2 1 78 W 2 T B T B
I HR B £ A0 B - Fang S8 Y RS I 26 A0 T 1R 3R R U, BF 72 A Rl 9746 pH(5.0-10.0)
1R FE (BE R £ 800-4100 mg/l, T FRh: 1000-5100 mg/l)%f 7= & ERE A, 24
W IR #h AT R #h v B2 43 3] 980011000 mg/Ii , 5 K7™ 45 %43 7l 92.5 mol Hz/mol
acetate 1 3.7 mol Hi/mol butyrate . Barbosa %5 % %} Rhodopseudomonas sp. ,
Rhodopseudomonas palustris I & H1G A 40 B = FhAS F # AR LR . SERER. TR
R AN R SR VYRR B IRAE 9 A, 8] R PR AR AN FH O R i B NS IR #h A E A 132
EFFE P A AE, 256 % BIRhodopseudomonas sp. LA B i IR = A MERE,  7E G IR R
J& 29680 pmol photons/m?/sif, # KF=E0E 2% 925 ml H, /L/h;  JGHESREE 943 pmol
photons/m?/si, 55 i A i 49 80 16.2%. 1 2 33U F L LR AT WL YRR 4T
B Z AR AT R B P AN, 13 AR R AR RS P e, 7R AR
RIUFPF R . BRI iR bk, BehhE . SR A BRI B 4 A K
AP IR . 241 T 70 mmol/L Z. RN 15mmol/LAS B4R, 7= &%
PEBE S YDUR BE (3G I 38 0, 1 A Z R B = T 15 mmol/LES, BTl BINH,"
I, P A I 57 B A 1 SRR T A A . R R AR R AEIR L T
1)19.4 mL/L/h. LinZB9FIRETE T CLREREVE BRI, AN [RICINLERS =Sl P RE 1
SN, S5 RR Y CINLL HATEY, F K= S0 e /= S 153555 71118 £4.8 mol Ho/mol
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sucrosef1270 mmol Ho/L day, AHEL T2 FH 4045 73 N 17 500%F180% . 1X &K NG
JEFICIN EL A 2 ) AR 5 S A R T =207 AT .

FeA = E0d AR R, A pH B R AE ) A KA BRI ) — A E A
o X2 BN IE A KT AR TR LA P A R AR A S S AR e R, T 3K
{8 R RET I BE AT pH B #RA — N A @ Ve R, AR AN pH A B U B
LR B RS 1 R OAFAE TSN, AT O SR 23 T R 43 7 RS, R ks
Wi it 5 SR 45 o 3o v B AR R BE N pH (DK 25 5 i R i, 33 T (R
BT IR, SR G . BENT 5 B T pH G A 4R R 2 B
RIS, s BRI B pH (E N 6.80, 7EMERIE pH E T, ZEANEmMACE
N 99.3%, ASHIFEARE N 0.91 mol Hymol ZF:, &K EEE N 34.6
mL/(g-VSS.d), feEib iR 22.8%. Tk DBV 5T T 4 e S B4
15 B P A M RE RO R, AP pH A 8.0, TRE N 25 °C I, AR AR R
K, AHIETEZLE— DB 5 E A6 6 T 7 AR R R 52

AN P E R B A DLSE B G A A K AR 7R S S = A3 E, ot
AR AT PR PR A R IE %, FEHGE. EHRE. RNYRE,
BRARG. RN TS B SRR E SR N3 0 05 /2 fe 8 4 1
7 PRI DURIE G & 40 1 IE 3 AR BRAC, B RS R TR 5L,
375 B TR T S BE  B2 0A 5 A B S ORI S I 2% PN 0 0 20 A 350 50 1, B R BR B 3
mICEE AR S A, R AR R BRI R . B A 2
5% ) N A R AT R B 5 TR TR 7 A
O

FEAE S N2 SRR, B AR 7 AR AR R 5 (e I B 51 RO
WKL, AT 6508 I S 28 G R o A ¥ &), b T B 2 5 AR AR X,
BRAR L= BE /1B, NS AT B e, AT SR e e L R T AR A e R W
PO BT N 48 . Kondo P8t T 2 2 AW S B 3 AT FR 2 ol %
KA I A R, S5 R AR PR A RE PR AR AR 2 . A
H %i#k Rhodobacter sphaeroides RV 774, i K~ E0HFiAH] 2.0 Lim?h. Yo &4
RN G R SR A I B, AN AR B (AT . AT WU mER T
& I A ADAT TR K BH 658 ) 7= A8 B[R] 90 [ o A 0T ' A 20 BT 7 R b BRI AL RIS
24750 . Chen 25P% R palustris WP3-5 [IWLISO I EAT T 3338,  RILEA 73
KA RO E AR ZER . SLI0HI ELER T P B Y6 4F (SLOF). 4442
JT(TL) p & T (HL) A48 s 46 4T (OF-MH) R B 61, anid 1.2 Fr.
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(8}
-3
=
@ 08
2
2
g a4+
n2F v
00 ] ] 1
10 z n"'\ b}
j.f L
08k [ Halogen lamp
=
@ H
= I
£ or i i
-l‘-:l -t
=y
= i Tungsten
2 0d L H t  flament lamp
m
2
02k
DO L L CLA |
200 400 oo f0d 1000

Wavelength (nm)
[€]1.2 (a) R.palustris WP3-5IWL O (D)F5XT, BIEAT, 4 pabhT it & o it
Fig. 1.2 (a) Absorption spectrum of intact cells of R. palustris WP3-5 and (b) light emission

spectrum of tungsten filament lamp (—), halogen lamp (- - -), and metal halide lamp ( - - )&

54 EROGHEALL, OF-HL #2487 £ IE1(625 ml), HEmitRes bRk
2 (1.8%) FHH a1 &5 %.(1.19 mol Ho/mol acetic acid). 1 76 Fr A 8GR
HL 75 31 5 sy B S A H = SE0E 2, 707104 8.68 ml/I/h A1 3.01 mi/h/g cell.
il OF-MH R4 FBUEREMN A, RIDGEKAEBOGEX OGS S dEH EE
1. PIFRASRDGIR A AR BB RO & &, Rl & 24 N BDREF AN LR —
A, WECE OF-HL #1 TL 878 7 i EAIS R FEE M L = A s 25
54 2.64 mol Hy/mol acetic acid, 17.06 mi/h/l A1 9.47mi/h/g cell . T i i 2 A R
(944 ml) RISt BEFE AL A3 (1.42%) 2 7 W9 A1 2R Y 1) Dl 21 3L [R] 4 H] (OF-HL/OF-MH) i
HAfF. HMFFAERMAE TEREG . BT WA MR SRS
FEARAT . LED St HARCRI A 038 IR PGS IR & 4w 34T 1 S ERERTE AL
[40-42]
@) #5428

H R TP A S S 3 R B () PR R 1 R, k() =0
SN A FE T AR G AR Y R T E, WG A T 4H T 5 5%, mT DLZEAG R o i AR
EEREAR TR, HE SO ARG PR R BN R TG RE TR

11
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SRIFLRUEA RORZ R 5200, AE A 515 B8], 38 980 BRI WS #9523
SR, HEk SO R B EHE S AR T R R s BT R B A
Py, RS 5HAMM T R&RE, BRI SLI AN, HARMEEFRLT
WA, A EHARESG LR R R, NG Dok, BA &SRO EE
RN RN, OO EE A )X Bt SCEHmn
R GE A, JeRe IR ZE, KA LR RIHZE KT 10%E 6549
PRAFARA BA A7 L. Zabut 2R 4 Rhodobacter sphaeroides 0.U.001 Al
Halobacterium salinarum B #kIF7E 400 ml K& ARG AW I B 25 itk AT 77 A s
K, SRBWHIXMES RG-SR T 4 3 6 %, HEEEar LR e
PR BRI AR, R AR 0.6% 5% 2.25%. Hoekema 21444 T
— P B RO R RS S R AR A . Modigell 2610Vt 3of #5524 B
F I E D I B 2305 FE R AE 45 °C FIRAIE L 9% B9 R BH Y AR A A4 B 25 1) A5 i
B U BB, TR TR B i 2 R Hp 2l AR % e 1 T 3B LA B — i A1 =07
W, PEAEREA A RN IR B, TR A R AR BRI BR T LA
SRANBE RS . AR EIAERRY . %R B A RS FE &
) 40 1/m?g d, Ao K FHYG ISR 2% 4 4

ENEME HI SRR R ZH AN FER, ZIOLEHE AR E —
fRfik, 3 =8 B A R FIG f 4 i A KR VIR 6 RE R 208, i P2 E IR HDE A
RIS RN T AR o AFF 78 3% W 22 380 e 498 o s . 28 S A7 R R 1) A 40 e 0 )
[F) A DA i = S M R, T 5 3 T Bl A ) S I 8 45 M AT GYR R B8 e R R
RCRWT, T R v 4 A A N g 12 B IS T P B A 8 v A I S AL A
1.3.4 mAAEIE HHI SR AR R RITR

29 e ] e A A R FH P R B A 27 T B 40 1 0 L B (TR ) B S T A
WAL G, BHRE TA RS XN, SRR EDEE, EEEN
S AE TR AT AR B I S A IR A — P AR AR 1R, a0 R 4 AR 2 201 4060
FEAR LT I 2 AT A AT SR, HattoriZs N & Yk SEI K T B i I 2 Ak o e 32
BT TR R . #1125, FIERRAEF55. ME TR BT R KK IR
JeH 288, ZEARBE DI T EA YR KA J5 TR R FL . 76 [ 2 40 B A 2
Bt FErh, AR M R AR B e BB, H AT TS AR A =Kk
| N NN S R T R S R S By = R N Gk S i e e o8 G R e A rS e ES A NS I
WOREE, PIEEES, V. W R FERENE, SEBUKIE R, FLIRE
NRTHRERE, thE, XTAEYIEMER RS EERER.

S AL, AR AR T e T 50 O g A KR
7048 125 ) AR UE A= ) J 0 2 P 8 v (P A MR B, b s I s (2 P e 44

12
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il 5E, AarcAERKERANSE; @0 BaifbdBEHEANRIBRT > ERS:; @
e b A T KB E ST, Bribg s iR 2%, FEnTSCILE SR A B B 3%
i, AT AR 202 . 40 ] A 7 V2 R ERT DLy R B . R
S G AR A A Bk Y A 2K S,

OW Bk AT I RE Y A M AN B AR 2 TR I FL . SR TR S AN B 0/
R, A0 Y 4 B[] 58 7E 20 3R T AN A S AR P . AR SRR 1 mT L2y )
R AR 5 - 4 IR o o A R o i o A AR P 4 R B AN TS T K I A
T A 7%, WS UE R . 2L R, WA A
WO AN 2 FLRE S . B 1 W B T R R GAE D A0 B A A 2 DS T R vl 5| 0 [ T
A A S AT I B AT . WS LA DEAE-A4E % . CM-4F4E %
o WRPVEER R R . AT EAEE R R AN SRR A H
FAMIS, (H T2 AR A E SRR, AR TR, Mo R R A RA,
2 5 18 R A ) N BAR V% o [ e A AT B 1) 45 A B DA AR D T B2 AR R S AT
RTMAR T ALK

@Y% R & TR A T2 B R AN, g Bt
JEI N2 (I A= A N R A N s <7/ D R W 7/ ST NS S S w DA S o { = 3 0
MHEMAS . ZITIEN B TEERZ MR N, S, BRI, 4 i bl e
TR BRI 5, AL BT BH TR, X R 431 TR AT e B i IR AN K I&E H

O Gk HAN AR T IR BRE RN AL 3 8] e A B i R s 42
e R L ThRE (AR AL . IR AN IR 55 ) R[] A SZHEY) 2R 10 s 7 35 [ TR T
Ak 2 LA B AR 2, DN S 20 i 3 A B 7 v o 1 ] B AR S Rk
E IR HA G v, HET B b Vg, w5 e R E s, Him
PR T B AE Wi 1

OREBRE: BRI A S BA WA BEE A BLEE g8 H R
I, A5 TR A A B 3% R R 5 A AT A 30 [ A AR ) H . LSBT 2 A K
TR WERBCORIEE .. BGEEE M AR, e L, A N
A4 RE T, (HACHOE RN E AR, AEDEER BOR RIS, (RIS B
FIbbE & o, BRI TZ AR R

TE SEBRAIT 5T 5 N T o DA B 3ok R B2 FH 5t 22, Zhang Z5P7E 54N IR 4R
T IR 5 % A K FH AR W05 Ve AR RIURE V5 Ye 125 K 8 ) B e A N R S5, FFt
FE T 7K 4% BRI AL A E DR B o) P S 52« Lee 25 P15 Y 1 8260 DR S8 00k Y5 Ve 13t
TP ERE TS, AEK 5 BT R D 0.5 h Rk I EERIK 4 20 g CODI/L i, Jo v %8
AR E s R 2 7.3 L/h/L, 5K E 15 %4 3.03 mol Hy/mol sucrose, “<AH
S B R R A SR [RIRE 43 IR 1 40%F1 90%. Tian £ 0157 F AL HE R4 4 21

13
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TR [8 2 7E PVA-BERS R R, JEIF0 T 6. WOl JRPIRE . R pH X4
IR .

TENAED M A B ARH, X GBS M A A — R, TR vk ]
SEMIATIEE e E 2, AP RMRAME MR TE (OB I, SEmae A far ik i 2 L0
s Y UK AL BIRE 77 a8 A 0RE 3 BEAIS, AR Y B & o PR e
USRI AR R R BORL ) B R Rk S R e MR 22, 4RI AT & S BUBURL Bt
WA . AR A 2 B B s T R TR, AR R T A
Wil A B ARSI E AL, LN, AR Eed
VIR %, RNAFRA SR IS BV E G IR 5-20 £ BRAEIRITE
PEmr, JoALSEOR AR E R A B s OGP R BEAS, &Gtk RE L
Bg, 5T SOl E e A E & S0 T, Fipler 4 IO 2k Ak B 40 A
Rhodopseudomonas palustris DSM 131 [# & 7 R &k, Fraili R & BiF il
S 2 4%, Chang Bt A= SR LA NN 1 /2 B 1 B AR AR IR I Gk
B, Ak RORIORG 1) ORI M AR KRN P24, 4 SRR BDRG H ANEE IR TS I A R v
PRETT I, SR R NG A R 67.2-50.9% A1 37.2-32.5% . A FKG LN
PI935 v, IR IREERRIK A 1000 mg COD/I, =&k F AR5 5l N
28.5 ml/h/1 1 2.97 mol Hp/mol acetate. 4R HECE P B A AR HB IR, =&
AR FN1FZ 5 TIA F 43.8 mi/h/l AT 3.63 mol Ha/mol acetate . B 2. i T A S AFF 78 TR
WL . Yokoi 25 A\ U 40, 1195 70 2 TH W 192K+ Enterobacter aerogenes strain
HO-39 [# & 73 AR HEAR B 2 FLIEBSBR LT EAT Po 2l Sh s, SE gl R W fh 4
REEWEA e m H =AMk . E70 pH #HIFBESR T, [BE £ 2 LR I 1
AL IEATIR B 28 1R 7 S0 22 RN 45 22 AR ] o T B MR 4 Jise P9 R o 1 s I 2 1) 77
VERE RS, S % IA T 850 mI/(L>h) (HRT =1 h). Tian 2275 38 75 Kt e 4 2
B DAAE P 7 2 E AR B Bk b I R I S AR O R 4 R 7 il B N 21 1.74
mmol/I/h F1 56%.

A VIR N — R R 4 i [ e A B AR A R A TR S 32 A,
Fo= AR B TR /K R A HLA 0 Ik 3 57 P N B 5 A KA R T 1 A=
VNN, ARG AEAE VIR N B AR P E R A LTS Gt o AR o = AR AR, A
I A VIR USCE R BN A MR AR AR, HIER. SHRHIE R
N JTE R AR O R A O E AR

1.4 EPIEE KRBTV
A A R Y K R ] 5 S R P R TR BB 2 K S el 4 4
53 WA FA T 91 3 £ 0 R (EPS) (i 40 IO IREF AR A 45 54, TR RSB, 3
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ol A T W R TR AR AE A B 26 A e FRBE = L SIS R AR, BATIR SR
FOI LSS, IR A R p (B TE A AR KA R R R L 2 B
PR AT AL . BRI, SR 90% LA E LV A Ar e, —T7
TS SRS K, BB, AR TS K AR B0 R #id, 3b mTdEAT s Qe 3R
B, FIH = SN VR SN e AR R A< 5, BURA Rt R]
ELARAE NIRRT B R BRI, 80— R G A . LA
WHE—BERMAED . BB P& TRERA G A

AT o — DO IE A HI ARG N . AR T AR BRI A HE
HOWS I B — A s Y.

(1) ZEVDRRG YT - e A0 T 18 Sokl I BB AR, )8 SRR AE VIR TE
ASIE AN /DR EPS B, K B0 T LAEET I NI BOIRAS, R
R P A T

(2) VAR dHECRE I RIEA RS, WAL RRE, AR
I 3 KRR EPS, I Xt R 1 XY B 5 e BAT AN mJ 380 o 1 R ) ARG 2532 3
JSCAN T P DR BRIl Vi AN W HE AR (58 A2 e ) 52 5 77 ] A A 5

(3) ZEWRE Y] AT AL IR AE e DO AN P ORG B SR 2 N Y], A AR )
AT v P R AL A 2 4

(4) VIR A A AR A AE T sh B A B, s SR B )
ISR A A BRI o AR AR T S AE A0 R R T T B 2
T S5 7 AT AR R SR T R I 4 T I A R A K A R
AT AT BRI A 2R 1T T R A2 PR B B AR HE L

I S N2 P AR R AT RS BRI UAE 2R, BRI L S i ZE )
A AR (10 R R AR = X AL R S5 A 25 I D RE RS 17 AE AN R K 2 i o ik 78 2R 1
MR 7K AT AR R il S B A 2O SR A BRI 5 TR DB
%[65] .

R ERDR AE VIS [EON R IRRE RS, B8 BB MM, I
F 248 1) o A A A AR AL B A T RE AR A, SRR SRR R B A AR TR IR AN B S e S 36
SR S5 T B PERAE . BEE BB BOR (I3 R AR R HOL B R (CSLM))
KIESMA, AT LA SIS BRI A 5 B e IR BB g AR R i, X
TEEL TR PR AE AT P R85 1 25 KD, Wimpenny V4 i 45 1 4 A= 4 15 45 ) (R
FOCHRIG > S DA =R BB R AR o B R TR AR R AN B
RPN AT AE S FEAN R A IR B, 3 = T AR A 550 0 v Bl 10 22 Jook 5
NASRIEHAI . HET, H TR E YR S E Y B 1 AT R A (B 705
JiENTe L B BT, B A5 & FaR A VIR A A% JTURT S B Al o) 5 REEAT 5,
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RS HOT E R LER . TS FIIREMIR M

LI AN & A — A HA B ARRSK T, %8 —2 /R
UM, 7E B E T ) 4E EEHMTE B ¥ RS, &FT 20 tH4D 60 EARH Von
Neumann 5 A$2H, HTHEIEY RS+ HHLRE SRR —FBA, 1992
4, Colasanti 517 ek To I B SN 807 i 5] N AR IRAR 0L A LR AE
S . Hermanowicz!®5E SCT 5 76 M A KA B AU A o M E B HLBE Y, 4
SR ILIK I3 5 )Z R 3 52 VR R o AR W IR A WA S LR, AN
Ji B A7 B PR, A A Ky — R TP i s R 1 5 2 I
AL TRAS BB SRIN, AR RN — R A IR . Picioreanu!®45 F A v I Ak
SRR EBI (AR, SR 25 (8] 5347 R s BE-4 8O &P 7 R, A
TG R A A R A R R A AR K O R, R e B S 2 A&
(I BORN 2 A o ASEHDLES 280 1) 6 B A0RE PR JE A7 R A6 A0 Rk FEE AT 5 S B & T
b A P T Aol 28 8 ORI D) AT DL T 75 AN [ JE A R 2 R B A i) — e el =
U3 A . Laspidou A1 Rittmannl™ O 7 T AR ARG MEBET- W0 « S5 A A R
EVIRELEN SR — 2 45 oo i B B HUVBLRL DA 5T AE VI 25 BEFITE A, ISR
ZE LSS REAT T bR, B T AR AR K B e, S A I AR
FEPIST A B SR, 5 YRR AR B B ) E S AR PR BB
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Fig. 2.1 The structure of the flat-panel photobioreactor for hydrogen production
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Fig. 2.2 Electron micrograph of PSB by negative dyeing
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Fig. 2.3 Schematic of the experimental setup
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K] 2.4 R. palustris CQK 01 A= 434 Fi - S Ak 8] v (7 2000 47 60009
Fig. 2.4 Scanning electron micrographs of R. palustris CQK 01 biofilms
(Left: 2000 Right: 6000x)
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Fig. 2.5 Effect of illumination intensity on dry weight and thickness of R. palustris CQK 01 biofilm
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Fig. 2.6 Effect of illumination wavelength A on average H, production rate of biofilm formed under

different illumination intensities (Ir=5000 Ix, Vg=70 mi/h, Cr=60 mmol/I)
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Fig. 2.7 Effect of illumination wavelength Az on H, yield of biofilm formed under different

illumination intensities (Ig=5000 Ix, Vg=70 ml/h, Cr=60 mmol/l)
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Fig. 2.8 Effect of illumination wavelength A on light conversion efficiency of biofilm formed under

different illumination intensities (Iz=5000 Ix, Vg=70 mi/h, Cr=60 mmol/I)
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Fig. 2.9 Absorption spectrum of intact cells of Rhodoseudomonas palustris CQK 01
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Fig. 2.10 Effect of illumination intensity Ir on average H, production rate of biofilm formed under

different illumination intensities (A\g=590 nm, Vg=70 ml/h, Cr=60 mmol/I)
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Fig. 2.11 Effect of illumination intensity Iz on H; yield of biofilm formed under different

illumination intensities (Ag=590 nm, Vg=70 ml/h, Cr=60 mmol/Il)
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Fig. 2.12 Effect of illumination intensity Ir on light conversion efficiency of biofilm formed under

different illumination intensities (A\z=590 nm, Vg=70 ml/h, Cg=60 mmol/l)
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Fig. 2.13 Effect of flow rate Vg on average H, production rate of biofilm formed under different

illumination intensities (A\g=590 nm, 1g=5000 Ix, Cg=60 mmol/l)
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Fig. 2.14 Effect of flow rate Vg on H; yield of biofilm formed under different illumination intensities
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Fig. 2.15 Effect of flow rate Vg on light conversion efficiency of biofilm formed under different

illumination intensities (A\g=590 nm, 1g=5000 Ix, Cg=60 mmol/l)
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Fig. 2.16 Effect of substrate concentration Cg on average H; production rate of biofilm formed under

different illumination intensities (\g=590 nm, 1g=5000 IX, Vg=70 mi/h)
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Fig. 2.17 Effect of substrate concentration Cr on H, yield of biofilm formed under different

illumination intensities (A\g=590 nm, 1g=5000 Ix, Vr=70 ml/h)
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Fig. 2.18 Effect of substrate concentration Cg on light conversion efficiency of biofilm formed under

different illumination intensities (A\g=590 nm, 1g=5000 IXx, Vg=70 mi/h)
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Fig 2.19 Scanning electron micrographs of R. palustris CQK 01 biofilms
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Fig. 2.21 Effect of illumination wavelength Ar on average H, production rate of biofilm formed

under different illumination wavelengths (Irz=5000 Ix, Vg=70 ml/h, Cg=60 mmol/l)
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Fig. 2.22 Effect of illumination wavelength Ar on H, yield of biofilm formed under different
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Fig. 2.23 Effect of illumination wavelength Ar on light conversion efficiency of biofilm formed
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Fig. 2.24 Effect of illumination intensity Ir on average H, production rate of biofilm formed under

different illumination wavelengths (Ag=590 nm, Vg=70 ml/h, Cg=60 mmol/l)
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Fig. 2.25 Effect of illumination intensity Ir on H, yield of biofilm formed under different

illumination wavelengths (Ag=590 nm, V=70 mi/h, Cg=60 mmol/l)
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Fig. 2.26 Effect of illumination intensity I on light conversion efficiency of biofilm formed under

different illumination wavelengths (Azg=590 nm, Vg=70 ml/h, Cg=60 mmol/l)

e R 5 5 A ] 6 BRI K T e AE IR P A M BE RIS AN B 2.24-2.26.
BRI 2456 HEER RS B 1000 Ix #9n%) 5000 Ix B, 470, 590 A1 630 nm &K~

TR A O R = S R NS 2 G s e BRI A T 5000 I J5, — AP & T
(R A= D R = S R RN AR 26 S T B Xt IRR B & 4H TR R. palustris CQK 01 76

PR 5504 5000 Ix 4. HHIE 2.26 A%, 470, 590 Al 630 nm Y6 IE K T i 4=
WITE G RE % Ak S e B Y I SR B R I I RR 4R R %, Ho o RAEAE G R BRE 4 1000 Ix
WEFAF, 43N 7.7%. 28.1%F1 24.6%, XM H TERGEEE T, —HHts
B A RO GRE, 51— J7 i B R G R GE A E . SRSk, 590
nm G T IR AV R B B i A E, LR RIS, HeE:
CERIEWAPFa =

& 2.27-2.29 FTLLE H, BEE ST DR ERIE M, 470, 590 F1 630 nm
FEHRUE K NI R AE DR = SR 2 AR AL R AR B N 5 T R
s, ROREFEREN 70 mih B 3R15 . Mk DR ERRE, SEnmE, K&
VI AL AR 2 08, P EUR OB, o R S B O s ] A
BIME—EEE, REALESRIEMY BUE NEME, (FbEME A6
TR LRI I,  ATTXS 66 4l B =R A4 . 590 nm FEHE SR B AP =
S RERH R 5 T 470 1630 nm T T L AR P I R U e o DRI, E 1R E6 590 nm
JERRUEA T B A I = A RE R R M BN B B, IX B SR AT N AR
B BRORFLIRER . A B T 25 R X 450 /0N PR AR A st S BE /s 1 AR DR P Jes P A =

40



2 PR A ) SR O £ A R R S

VI A& BH 77 -
14 T T T T T

= 4}}\43:470 nm ]
T 121 226=590 nm 1
= e As=630

g 10l s nm 1
£

o 8r .
©

5 of ]
5 ]
S 4t 1
e ]
[oN |
< 2 ]

20 40 60 80 100 120
V. (mih)

K] 2.27 i Ve AASEDEREA T T B A= I 7 S0 26 1) 521 (A =590 nm, 1g=5000 Ix,
Cr=60 mmol/l)
Fig. 2.27 Effect of flow rate Vg on average H, production rate of biofilm formed under different
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Fig. 2.29 Effect of flow rate Vs on light conversion efficiency of biofilm formed under different

illumination wavelengths (A\g=590 nm, 1g=5000 Ix, Cg=60 mmol/l)
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Fig. 2.30 Effect of substrate concentration Cg on average H; production rate of biofilm formed under

different illumination wavelengths (A\z=590 nm, Ig=5000 Ix, Vg=70 ml/h)
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Fig. 2.31 Effect of substrate concentration Cr on H, yield of biofilm formed under different

illumination wavelengths (Ag=590 nm, 1g=5000 Ix, Vr=70 ml/h)
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Fig. 2.32 Effect of substrate concentration Cg on light conversion efficiency of biofilm formed under

different illumination wavelengths (Azk=590 nm, Ig=5000 Ix, Vg=70 ml/h)
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Fig. 2.33 Scanning electron micrographs of R. palustris CQK 01 biofilms
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Fig. 2.35 Effect of flow rate Vg on average H, production rate of biofilm formed under different flow

rates (Ag=590 nm, 1g=5000 Ix, Cg=60 mmol/l)
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+V =1080 ml/h |

H, yield (mol Hy/mol glucose)

20 4IO 6IO 8I0 160 120
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K 2.36 it i Ve XA FIEE TN ARV 205 2 12 (L=590 nm, 1;=5000 Ix,
Cr=60 mmol/l)
Fig. 2.36 Effect of flow rate Vg on H; yield of biofilm formed under different flow rates (Ag=590 hm,
1rR=5000 Ix, Cr=60 mmol/I)
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Fig. 2.37 Effect of flow rate Vg on light conversion efficiency of biofilm formed under different flow

rates (Ag=590 nm, 1g=5000 Ix, Cg=60 mmol/I)
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Fig. 2.38 Effect of substrate concentration Cg on average H; production rate of biofilm formed under

different flow rates (\g=590 nm, Ig=5000 IX, Vg=70 ml/h)
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K] 2.39 JERAIAFE Cr XA R & T T B R AR P 5= S 45 26 IR 520 (Ar=590 nm, 1g=5000 Ix,
Vg=70 ml/h)
Fig. 2.39 Effect of substrate concentration Cg on H, yield of biofilm formed under different flow

rates (A\g=590 nm, 1g=5000 Ix, Vr=70 ml/h)
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K] 2.40 IR E Cr WANRIR & N T8 B AE PR RE e AL RCR IR BE IR (Ae=590 nm, 1g=5000 Ix,
Vr=70 ml/h)
Fig. 2.40 Effect of substrate concentration Cg on light conversion efficiency of biofilm formed under

different flow rates (A\g=590 nm, Ig=5000 Ix, Vg=70 ml/h)
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K] 2.41 R. palustris CQK 01 A= 414 it 7 2.5 B Jy (7 2000 452 6000
Fig. 2.41 Scanning electron micrographs of R. palustris CQK 01 biofilms
(Left: 2000 Right: 6000
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K] 2.42 JEYIUEERT R. palustris CQK 01 A= 4 i1 5 A1 5 FEF F 520
Fig. 2.42 Effect of substrate concentration on dry weight and thickness of R. palustris CQK 01

biofilm
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Fig. 2.43 Effect of flow rate Vg on average H, production rate of biofilm formed under different

substrate concentrations (Ag=590 nm, 1g=5000 Ix, Cr=60 mmol/l)
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Cr=60 mmol/l)
Fig. 2.44 Effect of flow rate Vg on H, yield of biofilm formed under different substrate

concentrations (Ag=590 nm, 1g=5000 Ix, Cg=60 mmol/I)
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Fig. 2.45 Effect of flow rate Vs on light conversion efficiency of biofilm formed under different

substrate concentrations (Ag=590 nm, 1g=5000 Ix, Cr=60 mmol/l)
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Vg=70 ml/h)
Fig. 2.46 Effect of substrate concentration Cg on average H; production rate of biofilm formed under

different substrate concentrations (A\z=590 nm, 1g=5000 Ix, Vr=70 ml/h)
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Fig. 2.47 Effect of substrate concentration Cg on H, yield of biofilm formed under different substrate

concentrations (Ag=590 nm, 1g=5000 Ix, Vr=70 ml/h)
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Fig. 2.48 Effect of substrate concentration Cg on light conversion efficiency of biofilm formed under

different substrate concentrations (A\z=590 nm, 1g=5000 Ix, Vr=70 ml/h)
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Fig. 3.1 Schematic of the morphology of biofilm in biofilm-based reactor
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Fig. 3.2 Schematic of the growth of PSB biofilm
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FEE A E DA S MR BE NN e — Ay, R

d oA 7S BB TR (8 AN B 5 1 ¢, x, v=1), W2 B e L AR Jm b —
A BRI EE A1 oA, B EE B A= 0I5 2R 1) Bl 1 AN e B 5

e WA E A (b)-(d)7E H B2 A h
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| | | |
3.3 Moore 14} &

Fig. 3.3 Moore-type neighbors

5) FFLAL

N T R A A A RE R AE YR S RS R AR, SN IEAR R R E
A A
a VIR SLER %

A R 3 A5, Y max J9 515 R A/ i 4 W 2, U 2R W R LB 58 SO

N-1 Ymax -1

D Dy
e=1-X02 Y0 (3.14)
N-Y...
b A= W5k T RE s
A A R T 24 R RE T 5 SO A IR S 25 Y 5P B ALY ¢ ) B4 0] R 2
(o)

L1 o
Z‘Y —Yf"Cf,Y
_ Y=
1
ZCf,Y
Y=o
t IF 1 B0 S [E AR AR AN Y A ) AR ) B AT ity b P42 25 B oy AISP AR RS AT Y 1

1
Cry == Ciyy (3.16)

o, (3.15)

A (3.17)

FE XCRTHE EAH R R M o -
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o=t (3.18)
Y«
c AEWIEESE
AR E N Ymax 5 Y 5 [ BT BE ) e
S=Y_ -dY (3.19)

3.3 HEMHESE

KA BRZE AN A (B.5)BEAT B L,  Herp 5N I ARRR S TR — B A L 1
FEONE, YTENIUR RS BE R R0 22 00

S;fA\: _S;,Y _ [(S;(Jrl,v _ZS;(,Y +S§(—1,Y)+(S;(,Y+l_28;,Y +S;(,Y—l)]

At ° (L, dX)? (L,dY)?

S (3.20)
Iy e 2 o)
YX/S S0 7S+Sx v Cso
Cso 1
1M 2 (3.7) 2K 1) i R v oK i«
Cu ™ =Cy V4 px (Cy v, S5 v )5, (3.21)

X nE(3.20) AERR S Z ALY B S I N TR, AR A R AUk U, SR A
48 I )RR 1 A 52 B I TR) 20K B BB PR 1) s TSR A e g i, —
PRBOTFEN TN MR, BRI E TEREM YR ke gs Riaoe ik
A T TAR R, ERANART7 M) 2351k A TDMA(tridiagonal matrix method)
BEAT B R AR, i F A 1) % B R OR AR 22 B 7 a1 Ba X 7% ADI(alternating
direction implicit)#E47 3K fiFt «

RN T7 1) EEB LA A% D [6] 1] B A B X7 VSR A — I, TSR SR PR I e il —
AN 2 A i -
72 X 71 b, 2(3.20) Al LA

(t+AL) (t+AL) (t+AL))
S(HA%)_St -D At SX+1,/$ _ZSX,YA +Sx-1,/$ S;,Y+1_ZS§(,Y +S;(,Y—1
X, Y x.v =Ds —-[( 2 ( 2 )
2 (LydX) (L,dY)
3.22)
At u, Cy. S, Cypn (
SISt KL_FLC;,Y -my)]
2 Yys Cso s 4 gt Cso
X, Y
Cso
BHEAR.
a SV +a,55 P+, =b, X=0...N-1 (3.23)
A
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Ds
L,d 2 (L,dX)* _ L,dX L, dX
b, = L dY X, V41 [At XD _Z(LXdY)Z]S;(,Y +(Lde)2 X, vt (3.24)
S Y Y
— (LXdX)2 ( lum CXm C’[ S;( Y Xm Ct m )
X, Y X, Y
Ds YX/S Cso K +St Cso
Cso
EYﬁﬁL,ﬁGmﬂ%ﬁ
siop —sip -, My TSI, S 2 i
S (L, dX)? (L, dY)?
c g (t+At/2) c (3.25)
__[( Hn n.C x YL—F - C; Y 'ms)]
2 Yxss Cso Y K—+SX”$“2) Cso Y
CSO Y
L SLEGELIF
aSyyy +a,S8{ W +a,8¢ ) =b,, Y =0...L-1 (3.26)
e
2 (L.,dY)?
=a, =-1 a =24+——
& 3 4 At D,
L. dY 2 (Lydy)® _ L.dY,, L., dY
b, = (—Y 2g(trat/2)  r & A=y S(t+At/2) Y 2g(tat/2) (3_27)
= () SIS () S
— (LYdY) ( Hyn Cym ZXm ot S>(<t+$t/2) + Cym Ct . .m )
Ds Y5 Cso o K + §t+At/2) Cso S
X, Y
Cso Y
XF LG AF A (3.A3) R s B 22 7 RIE 3
-3S, ,+4S,,-S
(dAY)Y:O _ X.,0 ZAXx,l X2 _q (3.28)

HARSKAE L BT -

@ fE t=0 W ZI, ERTRMAVIAER I & no, FFRF AT o5 95 (1) BT RS
WA 1. [FNPIIRI R TTHIREE ST, |

@ M At ZRIREYDIIR EE I THE N (R 2P A Eﬁumﬁ%%ﬁm%ﬂfﬁ?%

@ M ot R AR THERRIE K, HRTt+ Ot I 2 S ook Ay &%
}-‘— C (t+c5tc) .

C)ﬁﬁ%%%%&%CAMWE%$i%E%EMdﬁ$

® mHMARES, C M EEOD-@, HEBIIBCE W THEN A A

T 7E A AR R, A A K R 28 /N TR0 ORI RE RO 1), B At i
N St o BT B IEHIRIES, |, I, BOEHEMRC, , FIERE e, &

FFARAEGEH At <1s, St.=10005).
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PR R T S B0 Ak 3.1 Fos

® 3.1 BAHE TSR

Table 3.1 Parameters used for model prediction

2000

28 I8 FLAT
THEIX 3RS Ly (2x107%)>(0.4<10%) m
B HUL IR N> 500100
Monod L1 %/ Ks 5.204 kg-m
R Ds 1.68x107 m%h*
AT Y s 0.61
RKAEYEIRE Cxm 20 kg-m
RS GHRSR B (1 opt 6000 Ix
AENSEHR A (D) opt 590 nm
5 fE pH/ (PH)opt 70
BRI (T)opt 30.0 °C
P HOL SR Ly 4.0x10° m
34 HHERSITL
3.4.1 £YREKIHIE
e R géummmg:%?h wm)u‘oo Taoo e Too a0 O PR “‘(:h U bttt boelicn o
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P 3.4 't 20 T AR ) HELAE ] AR ik o 3 T A K A
Fig. 3.4 The growth of PSB biofilm on solid surface
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Fig. 3.5 (a) the porosity and (b) roughness of biofilm versus time

CA HRIUBLLL AR M RELE ] 44 56 o 2 T AR KO AR B 45 R 3.4 Fiom e R ] 44
R R FAT WIE AN S, DA 4 B B oA 5 3R T b AR AR I 242 ] Hh W P 2
T by fERIEA P a5 ), IR aa i 2R R B 1) AR, Bl
B[R] EAT . AR IR i, eAh, BT E RS AR X 5 A X A7 AE
—E RV EERRRE, AR R T & s R ADIR B A AR R . BRI FE R R A
B AE K MR RURAL, AHEE AR KA ST B0, AT 3¢k o A= 0 o 2 T T ol
B — SR R . AT WAE RN B E R IE e, SR SckBY e 2
FOIAT BT BB TR 45 R 5% SCHEEAT TR, SR 35 Fin . WA
AIDAE e AR5 15 1 10 A 4 B L S 25 0 9 THUREL RS 52 I A [ P AR A B A 5 S
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Fig. 3.6 Effect of illumination intensity on the growth of biofilm (12 days)
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0.6 - (b)
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04l ¥
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Fig. 3.7 Effect of illumination intensity on characteristic parameters (a) porosity, (b) roughness

, (¢) thickness of biofilm

JERE R BE X G A R AR VI AR KO AR B an ] 3.6 A 3.7 B, AR AR A
JRPIHEE N 10.0 g/l, IEE N 30°C, pH N 7.0, WIahEFNE N 500, FREGEE 5 A
>4 1000, 3000. 5000. 6000 F1 8000 Ix. H1/& 3.6 A%, FHAHEHEEREE T ARG
Hr AR AR YR Y BE I TR AR IR TG 0, AEAH R A (8] Y, 5000 A1 6000 Ix D't HE 5 i
THAYER REE, 18000 Ix FHAYEMR SRR, HE 3.7@)F~w, 1EAEY
JEAEKHT 5 KA, SPGB M ZIAZMRA; £ 5 KU
Ja . JGRESRIE A 8000 Ix T AP AE K FLIR 2 5 HoptDOB 9B FE T AR K AP IEAH
ZEERRER K, X5 S IR FE M B I R IHA— B, H A B R LS R i
B IECEHE B &I ARG P AR FLIR 2 . s, Fobpol
R R I AR P AL R 2 38 Bt A5 O R i B2 R 38 hn B2 R s/ N 34 . BT 3.7(b)
AT, MO RER BE TR R AR M R TRDREDRE FE il I (R A2 Se 15 m,  IFEAK 4 KU
J& AT — P AR RPIRAS, 10 O e A= ) B R TR BT A= K A0 1 -5 B v 4t v ik 31—
APERZES . W 37T 50, SelRsR S AR H B, EMFEEK
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AT, JGRE SRS 5000 A1 6000 Ix T A 4 16 J5 R — FRe R T HoAth = ol e 5
FETF AR RS, fEAKR] 12 RIS, JEREGRAEDY 5000 Ix 1) E KA Pk 5 B
N 220 pm, JEREGRSEE Y 8000 Ix TR SARAYIIEIE N 120 pm, 1B G R A
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Fig. 3.8 Effect of substrate concentration on the growth of biofilm (12 days)
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Fig. 3.9 Effect of substrate concentration on characteristic parameters (a) porosity, (b) roughness

, (¢) thickness of biofilm

JEADIR BE XS S B A R AR VI AR KO AR B o (] 3.8 A 3.9 o, AR AR
Je RS S 5000 Ix, $EESN 30°C, pH A 7.0, WIdGEFiEN 500, JEADIRIE 735
79 0.5, 5.0, 10.0 #120.0 g/l HHI&] 3.8 AT 4N, fEAKH] 12 KIF, JRAHKEH 0.5 g/l
N AEKPAEMEER SO AEY R, MAEIRYIKERSEMm, A a2 s
W2, 10.0 F1 20.0 g/l JEYDIKEE NI EIEAR—F, (HI S5 T HALP MR
e, A 3.9 AT, fEJ6E AR AR R AR I [R] Y, DU R A FE 26 41 T 1 AR
VIR FLIR AR BN RIS, R IR E R WE Nt E 6 RULEBTRE, &
VIR JEFE S 2 B . AN 3.9(c) i T LLE H, TEANEEEKRT 5 K, IRMIKIE
S 20.0 g/l 254 P A A0 s JE 55 A R T A e ] P oK, T R 4 B 2B Kl 5 K
JEADA 9 10.0 g/l 254 N BV R FE fe ok, R W e IR FEAE WS 2 (R it A= 4
B AER, (BAE AR R E I IFAN IR IR . AR 12 RIS, 10.09/1 T 5 &
AR EE N 220 um, 0.5 g/l N IBRARAEEE N 96 pm.
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Fig. 3.10 Effect of pH on the growth of biofilm (12 days)

A ARV A K2 pH ERZmIRR, HARLEs R an &l 3.10 #1 3.11 i,
PRAUL I AR FP O B 5RO 5000 Ix, JEFEN 30 °C, JEMIIREN 10.0 ofl, WIMhREERhE
9500, pH {45179 5.0, 6.0, 7.0 #18.0. /& 3.10 AJ %1, 7E pH=7.0 L&
AT A A DL B U, pH=5.0 B RVERR SR T 7 B BRI 1 AR I A=, 1T #E pH=6.0
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W pH N 7.0 4. B 3.11 fow, PUFR pH S0 T B A0 AL BT AR AR [ A2 A I
[F] PN 350 522 T B gk A, T 3 TR REL RS BB S 38 ok a T Aae, BRI 2 BTt
IR, A, MIE 3.11a)F1(C)FT 4N, pH=7.0 644 T A W L I 28 B A T J5 1
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Fig. 3.11 Effect of pH on characteristic parameters (a) porosity, (b) roughness

, (¢) thickness of biofilm
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Fig. 3.12 Effect of temperature on the growth of biofilm (12 days)
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A KA YTHEFE & — RV S A BRI 45 R, B IR IR BTG A 40 3 40 B Y O i
PEE e MR, REASE B B R fE TR 30 °C s BOG A W AR AR, X
T UIRBERT, MR EAE ARSI, BV VA 2 DU R B K 24 T iR
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Fig. 3.13 Effect of temperature on characteristic parameters (a) porosity, (b) roughness

(c) thickness of biofilm
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Fig. 3.14 Effect of initial inoculation on the growth of biofilm (12 days)
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Fig. 3.15 Effect of initial inoculation on characteristic parameters (a) porosity, (b) roughness

(c) thickness of biofilm
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FIAGHAD & 6 & 4 B AE IR AE KRN RHE S 30 ) s o (] 3.14 0 3.15 P,
B FE OB REBR B O 5000 Ix, pH {EA 7.0, JRAIIREE A 10.0 g/l iRFEH 30 °C,
WIiG ARy 4 100, 250, 500 #1750, HII& 3.14(a) Al %1, 4¥IaaHFN &N 100
i, MAHE KR 6 KRG, AU BT B HER AN B BV SRR
—ild, BEECEMERIAREAK, AR B HEIR A B B VR A — TR A
B BERAEE. HE 3.14 I LUE H, WIMGHEM Ry 500 B A9 A4E K A
DLt tE, BARAVE m B R R A R AR K R e . TR A AN R A SRR, B
A FIRE R ILBE G FE A B 3 0, = St R R o s i A B B R R, LR
A AT RE A SR DL A A B s T R BRI IEBIE N, R AR SR )
SOEHIARM R, IR 3.5 WA, = AEAE AR YL R . M
Fits PR EL B 5 oAb e (R AL, gkAh, M 3.15(b) T LAE AN AR 441 T
(100 £ 7 FEREL IS P52 0 A ) A A B [ P B A — B

3.5 ARENGE

TR 8-S N AT, Monod A2 Ak [ N 5 724 AT E SN, dSroeaam
TR A2 P A [ R T AR T A A I A . L = AR R I T

1. SRR A RIS FR 45 AR I AR KRN S g FE B2, E 6 FERFE 4 5000
Ix, JEADIKFEE N 10.0 o/l I AEMIRAKAG DliRF, BARZ A ENEE.

2. IRFEA pH XA 4H B 40 A B A T R e E A, BB iR
FERT pH #2s FR 1 S L BGE P, AT sEm A& A b AR YA K . B i I
pH 244435124 30 °C 1 7.0,

3. VI R EARET, AR AR KA 3 DL B HE IR A o B VA v 2. B
BV BRI, oA aNE AV A KR A LT . H m ) a6 R 8
SR EA A P 2K o AR SCBLS B & VI a6 H: b &8 no=500.
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