PVA B 2t frfia B R F AT R AT 5 4 Ak 2

Fy

Immobilization of SRB on PVA (Polyvinyl Alcohol)

for the Removal of:Copper in Wastewater

SR RERE Y-
Ly hEE B

P33 R 4Lt mELo



Immobilization of SRB on PVA (Polyvinyl Alcohol)

for the Removal of Copper in Wastewater

Student : Yu-Sheng Jhuo

Advisor . Dr. Jih-Gaw Lin

A Thesis
Submitted to Instituterof Environmental Engineering
College of Engineering
National Chiao Tung University
In Partial Fulfillment of the Requirements
For a Degree of
Master of Science
In
Environmental Engineering
October 2008

Hsinchu, Taiwan, Republic of China



PVA A2 £if B R AR AL § dr sk 2 7

ERETY: hyae kA

Bl R4 BB ]
&

T & k> 24 ik (bio-precipitation) ok * gk iE R ) (sulfate
reducing bacteria, SRB) 2 7 B e M2 B € £ IER DT Ak 5 - E4p
BEREA DL P RIJLRE R BR R L G 5 6 F AR e et MR
bep iR A A s 3 4e SRB SR B 5 4 SRB & 12 Fod (£% 1B 4o & & AJE ok

CE o

NS

AR MR Y ER (polyvinyl alcohol, PVA) & % % % SRB %@ & PVA # z_it
AR F sz 2 P RREMI 72 PVA S Rk F &) hixi2
T o # SRB 2 K| R F SR R RT3 ok Sk 0 T 0Ed ¢
£ & %% 3% (central composite design, CCD) 4| F % e 2 % iF 2879
B o PVA & B2 4 8 rp] WPVA B M m a2 30 72 €5 280 7 %
#.%] SRB 7z & 4 %" 19-235 mg VSS/L 7 % PVA 2. 3-v 5;7'”1‘% i3+ 0.16-1.94
mg > KR AL R R F B A 5 10-100 mg/L o 1=t F Bt i PVA B 2 FEE
3pR 2 PVA 76 32 A 8 > BT FE 447 & #5% 22 pH -~ ORP ~ frps B
PR 2 4F a3 ER 2% o 1M FE W % 2 (response surface method, RSM) 4
645 M B AT R AR A B ik gk (FiE 2 o

FERESHT T PVA Bl ARk e iy 168 | pF > ik BE R

599% b @ ARAET ER BT 1 mg/l o & PVA 26 dk 2 HB LT %
FEFPEALARL - PVA it AL EF AP URTR S 22 FELE 1
FIEJEF I E I (5B IER) 2 4 F TS 30 o BRA TGS 2 I
QLB (FRIET ) R A 17.0-64.6% 0 @ 2 Fak R A 35.4-83% o o

T ACE & RAR AT 2Rk T 2 P2 B e dede i TR P iR

II



e AR TR T B v o 40 59.4-79.9% T A R FG (1) A
BE K P BET S TR (D) AR AT 2 () AR
I EBLTF AL TH

§ CCD 4 %% % 5 ANOVA A {55 % Bim Ry f 5 5% o @ RSM A
Fr BT SR e 6 R R AR E 0 R E b T2 P ER 136 mg
VSS/L (18 % - ?’7’]‘ e 1.12mg) o 43+ kR 579 mg/L > ® F R B 30:2°C
P BB AL B R R 2 F B K 4 0.0423 b e g R i oA 49 7 AR

PRRLF it FF S B R R % RS 85.1% -

MAEF 23tk PVA B FMAE  mEBRE P L EARFF

III



Immobilization of SRB on PVA (Polyvinyl Alcohol) for the Removal
Copper in Wastewater
Student: Yu-Sheng Jhuo Advisor: Dr. Jih-Gaw Lin
Institute of Environmental Engineering
National Chiao Tung University
Abstract

Heavy metals are present in wastewaters released from battery, paint and chemical
manufacturing industries. Also, considerable portion of heavy metal containing
wastewater is discharged from mining industry i.e. acid mine drainage. Heavy metal
disposal problems require urgent solution to avoid serious environmental
contamination. The activity of sulfate reducing bacteria (SRB) offers interesting
potentials for metal removal and recovery. In the present work, utilization of PVA as a
gel matrix for immobilization of SRB was investigated. This study was also focused
on the optimization of bio-precipitation-process, using a statistical method to provide
information concerning the effect of amount of SRB immobilized on PVA and copper
concentration in biotic experiments. A central composite (CCD) was used to develop a
model for the responses. Response surface methodology (RSM) was used to optimize
the amount of SRB immobilized (19-235 mg VSS/L), and copper concentrations
(10-100 mg/L).

The objective of this research consists of two parts. In the first part, the amount of
SRB immobilized on PVA and the copper concentration are considered study their
effect on SRB during bioprecipitation experiments as designed by CCD. In the second
part, the four responses such as biological copper removal (R;), chemical precipitation
and adsorption (R;), specific sulfate reduction (R3) and reaction rate constant (R4) are
considered to optimize the amount of SRB immobilized on PVA and copper

concentration using RSM.

v



The bioprecipitation experimental results showed that the sulfate removal was more
than 99% and residual copper concentration was less than 1 mg/L in all experimental
runs within 7 days. The results demonstrated that the copper removal was by
bioprecipitation and adsorption on PVA beads. The blank PVA adsorption experiments
indicated that the blank PVA and SRB immobilized PVA have copper adsorption
capacities of 0.355 and 0.363 mg-Cu®/g PVA beads, respectively. According to the
results of RSM, R; and R, responses were not significant but R3 and R4 responses
were significant. Result of R4 showed better convergence in the contour plot. The
optimal quantity of SRB immobilized on PVA and copper concentration were
observed these as 136 mg VSS/L (equivalent to 1.12 mg protein) and 57.9 mg/L,
respectively. At there conditions the highest sulfate reaction rate constant (k) as per

first-order kinetic was observed as.0.0423 h™' in 30+2°C.

Keywords: Bioprecipitation, dmmobilization;, SRB, Central composite design,

Response surface method, Heavy metal
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Table 2-1 Characteristics of some passive bioreactors reported in the literature

Reactor Total ' pH SO4* (mg/L)
Organic matter source References
scale volume (L) Influent Effluent  Influent  Effluent
Single source or mixture of sewage sludge, leaf
) Waybrant et al.
Batch 0.5-1 mulch, wood chips, sheep manure, sawdust, and 2.5-6 6.5-7  1200-4800 <35 (1998)
cellulose
Laboratory Jong and Parry
. 4.8 Lactate 4.52 7.2 2280-2315 <400
bioreactor (2003)
Spent mushroom compost, oak chips, spent oak Chang et al.
Column 0.25 : : 6.8 7-8.5 2580 200-650
sludge, and organic-rich soil (2000)
Christensen et
Batch 31 Whey 3.0-44 35-60 857-936  715-960
al. (1996)
Single source or mixture of maple wood chips,
_ Zagury et al.
Batch 2 sphagnum peat moss, leaf compost, conifer 4 6.5-8.5 4244 163-2354 (2006)
compost poultry manure, and conifer sawdust




Table 2-1 Metal removal in some passive bioreactors reported in the literature (Continued)

Fe?* Mn”* cu®’ cd* NiZ* Zn>* Total As®
References

Inf! Removal®> Inf Removal Inf. Removal Inf. Removal Inf Removal Inf. Removal Inf. Removal

1080  >99 _ _ ) ] 135  >99 480 >99 081 100 ; ] Waybrant et al.
(1998)

50.8 82 ] ] 503 >978 - . 499 >975 504 >978 506 >71.7 Jongé‘gg;))a“y

500  >60 _ _ 50 >90 - ] L _ 100 >99 _ ] Chang et al., (2000)

29.0 89 189 886 988 >82.8 - ; 4 ! 108 >672 - ] Christensen et al.,
(1996)

1683 >926 14 >97.1 - ] 83 3088 ' 15 92 15 >939 - ; Zagury et al., (2006)

'Inf.: influent, unit: mg/L
2Removal, unit: %

Total As including As*” and As™"
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23 FEBRELM A2 B

Frpe BRI TR SR G RIRE T A A e Y T S IR gy i R
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H £ 2. /g_}i%ﬂﬂ* 25-37°C > BB R 5 33°Co kg &4 L2 pH 5 ¢
Mo H % /;L,%v*xi # ¢ Thermodesulfovibrio H # & g & # F & 30-70°C » #if
B R G 55°C # v F M4 - Desulfotomaculum f= Archaeoglobus % (Thauer et al.,
2007) 0 i AR LA F AL ARE BB 0 bAc BIpARS A EARS
BTRRRRE B R RRB S T A B EACK
B2 Bk AR HY B R R E (B 2005) -

iR R A A AR ¥ A (heterotrophy) F Bkt R E iE 2 (En<-200
mv) TG A G DA MA TR S e i TR c IR E
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= o MR R R T E ARSI R F T
”}5 éli’_%‘fipirﬁ&@ﬁ?ﬁf}*f féﬁ?im'é‘$b—"*;’7'-a-f“} 3
& (Hao et al., 1994; Karnachuk et al., 2003; Karri et al., 2006; Loka Bharathi et al.,

fon

1990; Poulson et al., 1997; Song et al., 1998; Utgikar et al., 2001) > | & &5 &1
2ok TR BEIEAF > HY 3 LA Manlk R 4o Table 2-2 #7510 2 B £ 4

B e REam kR R A Hoc kR £ 3 B oo Utgikar et al. (2001) # 3 4F 3
THRERAZMEERFA L F PR R 5 12 mg/L 2t & Song et al. (1998)
FFy%%73 28 > Songetal (1998) & 3 drdp+ iR s B R A4 2 3 ok
ERF®E 100 mg/L> His Fxmy e Haph Fdd & ook RRA
*+ 4-32.2 mg/L - Karnachuk et al. (2003) ¥ 7 4F &+ %+ *;35] Desulfovibrion strain
R2 & 2 & Maafisik B ) 43 50-70 mg/L o F}t AT 3 43552 R R ER T %2
$r 3+ kR F  4 F 10-100 mg/L -

10



Table 2-2 Heavy metal toxicity to SRB

Toxic concentration,

Metal SRB strain Reference
mg/L
Mixed culture 12 Utgikar et al. (2001)
Mixed culture 100 Song et al. (1998)
_ : Karnachuk et al.
Cu Desulfovibrion strain R2 50-70 (2003)
Mixed culture 4-20 Hao et al. (1994)
Mixed culture 32.2 Karri et al. (2006)
Mixed culture 20 Utgikar et al. (2001)
Zn Mixed culture 25-40 Hao et al. (1994)
Desulfovibrio 13 Poulson et al. (1997)
desulfuricans
Mixed culture 75-80 Hao et al. (1994)
Pb )
. Loka Bharathi et al.
Strain L-60 125 (1990)
Mixed culture 80 Song et al. (1998)
Cr
Mixed culture 60 Hao et al. (1994)
Mixed culture >4-20 Hao et al. (1994)
Cd )
. Loka Bharathi et al.
Strain L-60 54 (1990)
Mixed culture 10-20 Hao et al. (1994)
Ni I
Desulfovibrio 10 Poulson et al. (1997)
desulfuricans
He Strain L-60 74 Loka Bharathi et al.

(1990)
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2.4 F i 2 P IpR T

FE K BPRBEFLD FRE - LA iRt £hk o bldcd A
FlERRE TR EF %Hf'iﬁléi%é_imﬁg/}ﬁ”éﬁ#"? =
5ok R B Tk cng § s AR 2 _iunggg SRR RS LY )
SLELZ R 45 E AT FL o 1T A R AT A K AR AR A K kg2
BORR AL F 5 - BB A B 4 4 4R (immobilization
technology) # #f2A- s -k 4 F A d2raF hE B HF A2 %> 1 B R F 53 HE
3 PRl R ATk SR Al R R g Bl S ARk Bt i &
SR I LKL P RIE kS

Pt P REEEE R 0 % A 80 & Ao F ikt 2 ez dp B

o

AXF o do LA SL-F 4 Wi 2 S BE7 3 LA R gL A 0 ¥
7R 27 5] (£ F > 1996) 0 80 £ R {5 0 F T HATRE T TR e

g—”mm{g,ﬂgﬁuﬁr'?a? WoEZ D AERRILE F B YA PR S K
4 ESRAT A Y D AR 0 B s

241 R E AN

B it A flmre 2 £ RS P e U AR 2 B i A P e
e E O EM A 5 A2 A S (biofilm) 2 e dr BT ERM PR @ 2 s 1
¥ (biocatalysts) o B Z_ it ficd kAL RF A L p RF i (self-attachment
immobilization) % 4 1 ] Z_i* (artificial immobilization) = #& % F 3] i (Cohen
etal., 2001) -

(1) p Z2R# 2t (self-attachment immobilization)

PARRFTZ AR s REDFFTRALT LI P wep R F
(attachment) 2 % (aggregation) ** X 34 N EM A 6 & F VRPN L
TR X
(2) A 2 H=Z_it (artificial immobilization)

IR BRI A3 AR FEEL A P e RO ER TR L &
BN FRA AR A e P e AR L hF I 2 R e
(microencapsulation) ~ % i 4& % iz (covalent bonding) ~ 2 ¥z (covalent

crosslinking) % & 12 ;% (entrapment) o H # x 12 & @ & 5 § & o Table 2-3 5 %

12



P4 1 B R 21t & (Cohenetal., 2001) » ¥ 4 it 4o o

(M) f e Bz A Bt e Ak TR S H0 ) Rk F Beoo- AR
W MR R EIZN S 10-100 pme @ iFHcA PV AHCOREPN A I B T
PEEE MBS ERDEFTERELE o 3 FRRG B SERZ M
Ll eip gk R H P ITEAAL R RERPYHRAF R F I 5
B Bl 2 MR R R R K AP & i s 8
AL FHMET o ERM R -

(B) £ dtipiz 1" 0 ALl 5 2 PR T iAo AgERwH 20 8
PR EOERT A BA LS TSR GAER &0 BTL L HF o
OB DR T AR RS R R R > L AR B AESPE NI D
CEF o EREM SR

(C) 2wz B AWRSN = Fav&F AR > B2 P fad ~ (B4
) AREE oAz AR Bk E 3 RRRS o B - AT A UV %
PRot o I FOORITL R A TR L 0 EE R E T
LR st RV R B R R BRI FM AR 0 AP b AR

V kBT SRR e SR o
(D) & daj2 A2 i fo R iR 393 R L83 W B ke < a3

chd P FAke AN A LK a ) A FER VR RPN &

—-\

Y

AR FF e 2R @R e E L 20 0 7 e WIEAR A H 2
X “WW%LMHE‘%ﬁﬁ&i’% FEBF ADHL 2 E L — o

TR E R e R AR 2

13
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Table 2-3 A comparison between the different methods for the artificial immobilization of microorganisms to bedding material

Biomass Complexity of the
Method Diffusion restriction _ Toxicity problems Mechanical stability _
concentration application
Suffer from severe Low — the capsules
Microencapsulation Relatively low High o Complex
toxicity problems tend to rupture

. Suffer from severe . .
Covalent bonding No Low - High Simple
toXicity problems

o Suffer from severe ' '
Covalent cross-linking No Moderate v High Simple
toxicity problems

o Relatively high — varies with o _ ‘
Entrapment within o ‘ Moderate toxicity Varies greatly with _
the polymer material kind High ) Simple
polymers ) problems the kind of polymer
and construction

Reference: Cohen et al., 2001.



242 A1 B2 BB
AL R BTIET BR IR AR Y S E o A E P AR R TO NG

AL E R BACKAJEAERA Y AL B 2 £ LM B BRAeT

(Bt > 2000) :

(1) * 3 B P> L Rk 5 0 B REME e o il F 8 F
F Rt ? o e Age ks Bkt kR

Q) 2 2 B PR > TRBF B FRFREF O kS By
o S FE R AR A SIERS Y B G FEERZ DA o

() dT s 32 BHAFER kA BTRFRFS B LR G5E £ 7
L %ﬁJ,@ﬁﬁ£¢§ﬁ¢@‘¢§%uiﬁﬁo

SHEMIER AR R E > B R ERRA Y A S S RA
‘RS RE

(5) EHERETT > PR FHERRI I BTG T 204 0 F F1 ke
RTIEIT -

(6) ¥ ~ g FEAE
30% o FUAt AR R A2 P R

(7) * &4rf p RE T 4 P kb Jp 7 sadF P 415 % (back-washing) » ® 7

F_*

—&b\

G

-:m'%

’ Im;/nﬁ f" (18 «b/r- }iﬁ Vi /Z‘JT >3 ,}iﬁ v 2 20-

A A PR Ea B ALK TR AT o

(8) A B Tehfied o fB4F - T AU AC KL A E R B OB FE S FA KA
AR RECR N A 0 U F AIE S .
BEARA LR R HEE i S0 B (e AR BT b g AR B E L

FAcrp gy

Ik

(1) e 4 g 4 1L BRI {8 > Vil & s 4 B kno s o

Q) P M2 pE SR LR AMEEL S o

G)FERP B AL FDRAEF T S HE TR EEME M B o

(4) AL HEHHL PRk mEFAAFE - A A2 HL 223 7iFL
PRBRFEAELIAT FRIEY o

(5) it * i5 o AR FHATIE L RIT AL
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243 A1 FHE itz
I EEHA G e R R B pr £ & A T A
By B TALER NREERRGALCHTHE R
(4> 1993 ; £ % > 1996) -
(1) TR -RB 3R T 23 ET F B
(2) R -
(B) Bzt 2% 5584 -
(4) BB Tuy > aAlii -
(5) FHMAI P EF .
(6) LHEREP GG S | 2 g o
(7) ¥ F »x# GHcA 0P -

u—&&#iklﬁiﬂ%%éz%aé’ﬂﬁiﬂﬁﬁ?ﬁé%%%4l

i
W
=
';\Ei
o

)
\\?{r
<l
=
Sk

EXehg A+ R EF Do X Rt dodh F 9440 (Ca-alginate) ~ 3§ *5 (agar) %
A& %" (carrageenan) > H {5 Rap R V5355 > WARIE b BLA o AR P b - B 40
WAL R A RE AR ITRGE k% (polyacrylamide) ~ ki B &+
(urethane prepolymer) ~ = ﬁ’& 4 s (cellulose triacetate) ~ H ¢ TF f%  (polyvinyl
alcohol, PVA) ~ = f& (polyethylene glycol, PEG) % 8 ~ 3+ R &4 F 51 - &
PR ff fie?% (polyacrylamide) % "ifin # & # (urethane prepolymer) #fic2
Z &g > @ = frpd e (cellulose triacetate) A% % = Aj3pie » 7 L @i §
W H T2 2 Fea PVARIAR T > 222t AT FplELs
MR R FHTCARREGE PR HT AP EME YRR DA (T
1993 7 £ % 5 1996)  Flpt A7 7 £ PVA 2 Hl T it figd S EW2 H58L -

244 PVA B Z_i- iF ¥ ARk AR 2

TR AR AR ASZ S & 0 2 PVA G H A A& Rz Ap M Ep
3 dE 5 2% (Chang and Tseng, 1998; Chen et al., 1998; Chen and Lin, 1994;
Long et al., 2004; Rostron et al., 2001)> # Bz it * ;¥ ¥ & Zw fi: 2 & ¥ PVA %
AR RRY HEOo AR R B A RB R R E A w2 Bt
Table 2-4 A*3Z > 4 fEF 2 it 3 2 2 g * & 4T o
(1) PVA #2pc ®] 2 it ;2 : Longetal. (2004) #7312 8% (W/V) PVA 3% » i » 3 7
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3% FEEE 2% & 45p R 0 e 4°C T dF 24 pPEF AR REE
Acidithiobacillus ferrooxidans > & #& * # % & & &, (packed-bed reactor) ide
FLABYT AR R EF R AT E 038 HBET F i R4 2 1.89
g/L/h § s de H ed@ s o fed 2t B Eit 2k AmER R Y Fie ki 24
+%’%ﬁi%%%ﬁ*°

(2) PVA Bifitfin 2  Chenetal. (1994) 7 F 12 4-22% (w/v) PVA % 3% » if » 48 r
FRRLA R 05 PF > ARk LB 2 05 M BEfE B A RA L 1 P A
& ¢ fona ,;qﬁ BEAARBAK BEEFRRLF 2 AERL S
FE 9% et E 2 WHTICAERSGED At AMEREEEE > A G F
B AFT L L PVA BBk fig 2 WL1F PVA B A -

(3) PVA #'p& # 2_i ;# : Chang and Tseng (1998) # 3 ™ 8% (w/v) PVA %% » f
33 50% (Wiv) FEERAE 1% & AT 1) PE o ¢ Bl AL S A A

FEBACK > BRMARHEFI AL RS T 0% L

(4) PVA 4 i w8 F] %_1“j# : Rostron et al. (2001) # % 12 20% (w/v) PVA i3 i >
¢ A it F (25 g VSS/L ) B > 220°C 22 5k & 39 o] B oo FRis B
TR R 24 ] pE s Ftr o (08 AR MR BIR L A E § Ak S
BEon AL IR 2 A f 59036 %2 20.70 Kg/Nm'/d o e gt Bz
ﬂﬁ@ﬁﬁﬁﬁawﬁ@ﬂ’z@%%ﬁ%’iﬁﬁﬁ’fﬁ R &

ik
Fd

i
*ﬂ

e

Ne
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Table 2-4 Cell immobilizations within PVA carriers

Reactor

Cell culture

PVA carriers

Wastewater

Efficiency

Reference

Packed-bed reactor

CSTR!

CSTR!

Batch reactor

CSTR!

Acidithiobacillus

ferrooxidans

Denitrifying

bacteria

Sludge

Alcaligenes
eutrophus
Nitrifying

bacteria

PVA-boric acid beads

Phosphorylated PVA beads

Phosphorylated PVA beads

PVA-sodium nitrate beads

PVA-freeze-thawing
beads

Synthetic ferrous

iron wastewater

Synthetic nitrate

wastewater

Synthetic municipal

wastewater
Synthetic nitrate
wastewater

Synthetic ammonia

wastewater

Fe” oxidation rate of
1.89 g/L/h was
achieved at dilution
rate 0.38 h™!

Run for 32 days, nitrate
removal of more than
99%

More than 90% COD
removal in COD
loading rate lower 2.0 g
COD/L/d

Run for 32 days, nitrate
removal over 90%
Volumetric nitrification
rates added from 0.36
to 0.70 Kg/Nm’/d

Long et al., 2004

Chen and Lin, 1994

Chen et al., 1998

Chang and Tseng, 1998

Rostron et al., 2001

'CSTR: continuously stirred tank reactor



25 FERKE
25.1 ¢ & & 233+ (Central composite design, CCD)
T I AP M o b 2 % ¥k (dependent and independent) I & * b B
Boo g - FF Y A AR BT RN BV S 2 Rz FE g
S E X TR F
- F)F Y & & 2% A 4o Figure 2-1 %957 - CCD ¢ § 1 - B 25 %3 %
PR E) 2 BB (BB e N B S EER S E T B o
Yok ¥t E BF)SF koo ¢ S BET| A F]F TR RLeEEIR R ] BH = P¢ s ghT)
B AjELpE S 4 a0 Bt |a| >1-CCD & % 37 Fl#cd Benk A58 &3
B AR Y F RIS OEUE (Bfoi) e 20 MIFEREME o B2 CCD 7+
PP et Mo Aok 0 FF A RFF RPN e B RTE S a= (29"
M= FF %5 b K=2 P] a=1.414 (Techapun et al., 2002) -
CCD 9 %% el N=2X+2K+1> 829 K &4 55 ik
B B TS RHE b K= 2342077 %637 % &#ic s 4 2 (Diaz et al,, 2003) > £
et d g B £ o PR Sk S 1L
507 EaE ROk Bcfed) it (visualization) BB FEch F PR o 0 B2 T
=+ ‘%ﬁ(ml\ﬁqﬁlﬁﬁ;d 7 2-1 A (normalized) f-1.414 3] 1.414 » gb i 3t
AR L AL AR w R Rl R MR oo E 2 B T

Xn = X_X, (% 2-1)
(X max— X min)/2

X b $hE e

R THEE
Xmax @ ®F#cik* @
Xmin : % #iki | @
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*
*- @k
*

Figure 2-1 General diagram of & CCD for two factors.

25.2 F B¢ &2 (Response surface method, RSM)
FJsd G2 (RSM) #Fe¥ @ & & 2335 7 [ F 20 i 248 chF Ji
2ol BRER RGP BRF RN BB R R F R F s
(Y) 3 F%]+ 5 PVA Bl & i AHELE (3¢ f;‘r e B) (X)) R AFAETOER
Xo)  PIF R BB R F id ¥ s PVA B it AT (39
) 2 RAET kR S H s drst 2-2 5
Y= f(X,X,)+e (% 22)
HY g RAMMBRRLF BEFFRY ¢ TRBI L o dok B N1
FY = F(XX,) 0 BL 2 ARSI L chd G e R F W oo {17 RSM L ¥
B AP T O T] G B R TR A R
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2R RmRMEES 2

31 B s H

AR B2 i A2 H4e Figure 3-1 #1751 » @ £ 4% PVA gififig i i (Chen and
Lin, 1994) & aepe:® R Fl % PVA B2 Ak > 5 7 2 PVA B2 fH
Az ¢ B P X BRREEBFREFERAHERA S EY (RERERT)
2 e R TORE SRR 2 PVA B FHDERE (B9 ?ﬁ’l‘ﬁ ia

&

BA BT+ > 1P BkE 2 ¢ L £ 2% (central composite design, CCD) it
TR R R RS LR Sl U RA IR E AR YT 2

“,ITT P B A Pt BRI o RS BFHRESELE BY & 2 (response surface

—\

method, RSM) 4 7 » 1;‘%:* Minitab fu;L@iﬁ?ﬁﬁ?Q 1535 S kg & * » PVA
AR BORE & BT R R A PR BT iR © 8
N5 2 PVA Fl 2 A E (F0 Fp‘r LR ) BAREE T R R il (TR o
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Prepare SRB-PVA gel beads

y
Ascertaining the operational factors

Protein amount of

Copper concentration immobilized SRB by PVA

| |
!

Central composite design

A 4

Mixed SRB cultures reactor

A

Sampling

h 4

Sulfate, sulfide,
protein, copper,
pH, ORP

Sample analysis

\ 4

A 4

Response surface method

A 4

Establishing the optimum
operating conditions

Figure 3-1 Flowchart of experiment
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3.2 #x

AR Y R Y ER (polyvinyl alcohol, PVA) &5 Bl it 11 ¢ RarpR R F
B & PVA H & it AR PVA LD £ F5 7 22 ik > Hdk it & (hydrolysis)
% 99.4-99.8 mole% ; NaH,POy4 « HO~Na,HPO, « 7TH,O ¢ M p 48 B Merk = & 5

HBO; Rt p % B Panreac =~ & » @ H U 2 0 F L3 E% b oo

33 EMBIFL kRE B A
331 kRS A

SRE R TR Y 2B E AL i PRI R R A2 £ 2 SRBI
medium (White and Gadd, 1996) > 2 2 & = = % @ 5 fi4p (Lactate) ~ Yeast extract
Na,;SO4 ~ NaHCO; ~ KH,PO,4 ~ NH4CI ~ CaCl, « 6H,0 ~ FeCls « 6H,O > H # 5L A4
SHA LT 2R H S A kR 4r Table 3-1 #7577 o33 % A 3 MR A% (EA-635,
EASTERN MEDICAL) 121°C » 1.5 Kg/cmz ey *];ﬁ 15 ~45ts » iES £ R R ﬁﬁ

@ F o

Table 3-1 Composition of SRB1 medium

Composition Concentration (g/L)
Lactate (70%) 3.5
Yeast extract 0.1
Na,SO4 2.66
NaHCOs3 2.52
NH,4C1 1.0
KH,PO, 0.25
CaCl, » 6H,O 0.06
FeCl; « 6H,0 0.04
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332 REFR2Z P23 H

hEm g oerie AR R F AR R ATH D K BACKSRE GRS B
pefl>tmpi B R A2 £ 23 % 2 SRBl medium ie (FE 5% » B i g%
14 2 > U -Rip EHRFERITHI L 30°C, MEFT - PABE - FALF R R
A3 %A HCIAEPpH I 7501 HFRF §F 930 241 5~ F BH° >
TUBRHEO N EFERS  BARF i pH 2 ORP 2 WL 47 AT
% pH /3 7.0-7.5 2 ORP 3% -350 mV o

3.4PVA Bl & i R RER 2

~#1% & 5 Chen and Lin (1994) PVA Bipe fin 1 72 L 17 B it Ffspk 2 4
% inAE4e Figure 3-2 #777 o F L3 PVA 4c #3300k ¢ > @ PVA B (20%,
w/v) 5 L gr D 30-40°C 14 0 F 2k ienpi B R 7T Rk (20 g VSSIL) AR
For 1D 1RE XI55 o e ML PVA- AR S0k 0 A3 R T
BN A ACRREL R P 0 1A, SAE R o 430 A 4B (504 PVA SERL G iR B
*A ok AL o SRR 0 R RSRRR AT pH X S S Ris e (0.5
M Na,HPO; : 0.5 M NaH,PO3; = 1.5.1)" % | -] PEoie 7 PVA Bifkfig 1t 2 29 (8% o
Bofs BB A g oRb ke > JWRRIC Y L 3-4 mm 0 PVA B 2 i AR

o a2 PVA it BN R St ATE S £ AR o 3 FERE R £ 8
|EEP R TSR
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Mixed SRB culture (20 g VSS/L) PVA aqueous solution (20%, w/v)

| |
v

Mix of volume ratio of 1:1

A

Drop into saturated boric acid for 30 min

A 4
Allow to harden in phosphate solution for 1 h (pH 5)

A
Rinse with tap water

A 4

PVA gel beads

Figure 3-2 Preparation of immobilized - SRB. by phosphorylated PVA method

35PVA Hlz it AL E 2 Gl kR Wit R Rt 2 9 %
351 ¥ L sk

Utgikar et al. (2001) 3 £ 2 B kR HmpR R AT P REPFEY > ik
mg/L 2#pF mgl 22 2L BHERERFAI IR > B¢ Ngpds o

FEER o kAT EBHETHARER AL LS kAR A 10-100

mg/L o 2 PVA B2 R L R4 F i ¢ M2 b B 0 B mipid R
¥k o ¥ PVA B it BRI L BT » PR SRR R FRAL 4 F2 F
ER-T- LN - Sl A A P2 gh e SERAELEHHYF ERZ PVA BT A
IR R PR BREB RS A £ £ R R BE A EY 2 A
F (k=2) 2 ¢ & &£ A%E (CCD) Rilm-9 5wl o

E R TS REE G S BORERR X T R PVA B B
Mgk s Rampe R R E o Ky mpl R FAME 4 19-235 mg VSS/L » ks
P E-0 Fips R (X)) 490 0.16-1.94mg  grdEF RR (X2) 43¢ 10-100 mg/L -
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H o enp 2R % ¥k (natural levels) % %75 % ¥ (coded levels) 4r Table 3-2 #f
oo Gd A3k Minitab 0P L L AR PP HEPF I ke EE 0 ¢

BB E R 11 29 % 0 H3=xF %5 74e Table 3-3 #7577 o

Table 3-2 The CCD experimental range and levels of the independent variables

Code levels

Variables
-a (-1.414) -1 0 +1 4o (+1.414)

X, protein amount of
immobilized SRB by PVA (mg)

X3, copper concnetration (mg/L) 10 232 55 86.8 100

0.16 042 1.05 1.68 1.94

Table 3-3 Sequence of runs for;the central composite design

qued Operated condition
. variable
Experiment run = - oy -
X X Protein amount of immobilized Copper concnetration
: ’ SRB by PVA (ing) (mg/L)
1 -1 -1 0.42 23.2
2 0 -1414 1.05 10
3 -1 1 0.42 86.8
4 -1414 0 0.16 55
5 1 1 1.68 86.8
6 0 0 1.05 55
7 0 1414 1.05 100
8 0 0 1.05 55
9 1414 0 1.94 55
10 0 0 1.05 55
11 1 -1 1.68 23.2
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352 FkiE

AF sk * 250mL 2 Brr = AEFT G F B 0 B 2 % ik Table3-4 k&
fe @l 8 #x SRB1 medium > (§= F &= FiepelAp e ix 2 R & > ¥ %-pH £
3754001 4t b E & B s (k& 4e Table 3-3 %) fefl 150 mL 2
A bRk R Bl T H i E PVA B2 ALY v 2 7 £ % Table

SR E PR R FAE e~ 2 PVA B FHEITRSE 204 » PVA
B ARSI F R F 10 A ERIEIT R BRE R o M 0 Kigr B
HoRNERRIRAREFF o F BREAESIE30£2°Co F BRTE S G
100 rpm > FRi5A B3 F BERF 02612244896 % 168 /] p& » % £ -
LB AT SEALTF Y F F R Fr B 2 e (7 pH ~ ORP Rl 2>
K02 um RN (S BRI B AT S AT S AT ER AT R 2
HFid ke 0 PVA B2 AR E T 39 FRR 47 o & 27 % B 1L PVA
FORRIAR R FSRIEE TSR R

Table 3-4 Composition of modified SRB1 medium for CCD runs

Composition Concentration (g/L)
Lactate (70%) 3.5
Yeast extract 0.1
Na,S04 0.44
NaHCOs3 2.52
NH,4C1 1.0
KH,PO4 0.25
CaCl, + 6H,O 0.06
FeCl; « 6H,0O 0.04
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3.6 #¥73 p 2 * &
3.6.1pH 2 ORP

pH % ORP |z A~ 4 * pH %4 (SUNREX > [ #) 2 ORP % &
(SUNTEX » & #) fsgr B fcis = Tie 78

3.6.2 BT ~ FIMET 2 4F 3T

AR B RS S R AFd4ES A 472 2 % & Standard Methods
(APHA et al., 2005) 2 Brigrr > 4 2 {832 > B L IE A 4573 2 2 3 % ] B
Table 3-5 #7177 o @ #7F ehfk & o 475039 * 0.2 um g " (Advantec, Japan)

Wipfe 1 &7 AT o

Table 3-5 Samples analysis and instruments

Items Unit Methodology Instruments

Sulfate  mg/L Trubidimetric'method Spectrophotometer (HITACHI, U3210)

Sulfide mg/L Methylene blue method Spectrophotometer (HITACHI, U3210)

Flame Atomic Absorption Flame atomic absorption

Copper  mg/L Spectrometric Method spectrophotometer (HITACHI, Z-8100)

3.6.3PVA HZ i A FMER T
PVA F it FMAE R F i E 2 R LR 3 TR 0 Bd B TR
Wz wENFTHUE < | & -
(1) 35 Fpla- 2
A% F-9 FRl 4% Bradford ] €% (Bradford Protein Assay) (Bradford,
1976) o H % 582 A 45 5 % 4o F Sif
(A) % 5 3o F 4 & (protein assay dye) 2 F-v & 2 & (bovine serum albumin
standard ; 3-v ?fr JE R 10mg/mL) > B % K Bio-Rad = &
(B) # 477 % @ 11 = =i-k (distilled, deionized water) #-3F-d T A HHFRFI 5 o B
10 L &3 AL RS - 4e » 200 pL 35 A AR R I55 R
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{8232 THEE S 4E 1A kLR (Packard SpectraCount, BS 1000) »%
AE 600 nm TRIH B KR o 0L Fd JORR R R (PR S fF T Ged
FERHS LR 2 #E M (4 Figure 3-3 #777) o

o
~
[

y=0.001x+0.0017
R? =0.9975

Absorbance (600 nm)
o
(U8)

0 100 200 300 400 500 600
Protein concentration (mg/L)

Figure 3-3 Relationship of protein concentration and absorbance at 600 nm

() BiFFMZ R TE TR AT

Fefl? bk B2 5045k 2Pl 8 VSS kA5 > B L5 mL hEREA R 0 1
12470 x g » 4°C > drow 10 # 45 - “f—i R L Ao r kRS 0 £ RS
M ER Aot F RABF R 3 X 0 4 ~ i £ sodium dodecyl sulfate (SDS)
FherZ kR AMBER TR & RFEREER L T 1% 99 SDS» #
PR R AR AR 2P JEd SDS iR Rim i BEA mie Ao 1L KB e
B oBed B e B o=tz 12470 x g0 4°C 0 s 20 A4 Bt B R T A TR D LS
mL > £ §]* F if Bradford ;2 /-2t Bk ¥ v %‘rm,}a& @ FERY R0
EL P AERMMA R RRY 9 FER > M mgprotein £ o ¥ ¢h o BRIk
REVAMBEAEAE (15mL) T2 FRtcr? TAME - B2 R ERASZESR
RERVLFHR TEIRFLE (mgVSS) #477 3% FE (mgprotein) 2 % &

& > dr Figure 3-4 #7177 o
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0.2

0.15

protein (mg)
=)

0.05 y = 0.0549x + 0.0027

R? =0.9923

0 0.5 1 1.5 2 2.5 3 3.5
VSS (mg)

Figure 3-4 Relationship of protein and VSS

(3) PVA i BT F0 iRl 2 m
P~ 0.3 g ch PVA B 2 FilaR 10 B oo sookdmds A g 2 8 A A
o BB oo 7 PURIEE SR P R 2 15mL G E P oo
IDRDE =i :’(’J(FF'-;;*&? B2 i o T ik — 1 4 )\;érg oo ¥ R4r D ok
2 SDSipie > @B EHEEY 2 MUMANSE 15 mL ® § 1% SDS . &% it
FRITH B FRR o Bl BERMA LU BERL F9 FRATLZ 03 gib
PVA F #_i* F#3p 7 7 hd—v £ (mgprotein)>d st v {FH =& PVA Ha_i
FRSER P g9 B 7 £ (mg protein/g PVA beads) °
(4)PVA Az it A Fiis o X
d B2 Himd PVA Rt AHSEE? kv 77 £ (mg protein/g
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2. ORP> 8L Bk Jb % 48 [ BFN T' 3 400 mV 2+ > 2 {8 i{ a4F & -370 2
450mV 2. B3 F RS L BorampiiR R f%]"'}i—iiii‘# 4R uhkAvEES 0 Tl A
FYRE KRR o @ % 425 % 722 ORP A 43 168 % 96 /] fF4 T 1 -399
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Figure 4-1 Variation of pH in CCD experiment.
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Figure 4-2 Variation of ORP in CCD experiment.
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412 B BER B

Frps BB R 5 (sulfate reduction efficiency, SRE) ¥+ 3% % riph & = Fi& 12
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R AR IEBRER Z R R T %lLi'r%ﬂynsé%%ﬁW% TR 4% TR
2 tho B kREk e bR b 48 [ PR > FRETE B /€ 3042 £ 2.8 mg/L T %
13-234mg/L > FifeiB R & 4% 92.3:99.6% o & h ¥ 168 | FF » 74 REh LA
WBRE B 09% b oH P R 4 e Bk BT 48 ) P15 4 % R 7€_289.6 mg/L
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Figure 4-3 Variation of sulfate concentration in CCD experiment.
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Figure 4-4 Variation of sulfate reduction efficiency in CCD experiment.
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Figure 4-5 Variation of total VVSS calculated from the protein concentration in

CCD experimen.
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Figure 4-6 Variation of specific sulfate reduction rate in CCD experiment.

414 AT ER B

T &R a2 £ 2
AP gTA L R R A R S B R

JdLig = F IR Bt o g E

-+

F
B
N=

422 gl

EHfIr BB R e

R EER AL £

Y XL

R L - L
AL SR

4

s t

—\\
&y
e

]



Figure 4-7 3 2@k mirip+ LR 25T o ¥ 402 5T w2 0
HU@sah 48 | PR 4Fdp+ kRS )3 Img/ll 17 > 7 LAif il R b
HERE? DGR FRBEEAZL oA $ 482 TeAF R4S BN FT
ERRIVRL T m % 48 PR AR R R LT o JER At AR
ERARA LA AL T o ERCR Y Fa S B2 K R B E B
Powkm FRORG BB ALRBERR AR TR

14
Cu: 10 mg/L Cu: 23.2 mg/L
3 121 2 30 )
) —@— Run 2 (protein: 1.05 mg) o —@— Run [ (protein: 0.42 mg)
£ 10 O~ Blank £ —W%— Run 11 (protein: 1.68 mg)
g @) = —O— Blank
2 ¢| ®@o0--0 o o) £ 5|
g 8 £ 20 T
= =
5 g b {3
Q 6 4 )
g =]
S S
2 49 5 10
& & v
© 24 O
0 - — o e | of‘ﬁgosro‘ — ¢
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Time (h) Time (h)
60
Cu: 55 mg/L 30 - Cu: 86.8 mg/L
’\._T 50 - —@— Run 4 (protein: 0.16 mg) 3 70 | —@— Run 3 (protein: 0.42 mg)
?:P —W— Run 9 (protein: 1.94 mg) 0 —W%— Run 5 (protein: 1.68 mg)
= 40 1 —— Central point (protein: 1.05 mg) S 604 5L —O— Blank
8 —O— Blank g 0 o)
g £50
5% i % 5 40
g =]
S 20 1 S 30 1
Qo 15}
& £ 20 A
S 101 S 1o |
0 — — 0
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Time (h) Time (h)
100
Cu: 100 mg/L
% 80 A —@— Run 7 (protein: 1.05 mg)
g O Blank
g
= 60 -
£ O O
=
8
§ 40 -
o}
9
& 20 A
@]

0 20 40 60 80 100 120 140 160 180
Time (h)

Figure 4-7 Variation of copper concentration in CCD experiment.
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Figure 4-8 Variation of biological copper removal in CCD experiment.
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Figure 4-9 Comparisons of variation of copper concentration with adsorption
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Table 4-1 Experimental and theoretical (stoichiometric) comparisons of sulfate reduction concentration in CCD experiments

T Run 1 Run 2 Run 3 Run 4 Run 5 Run 7 Run 9 Run 11 Central point
(h) Exp.! Theo” Exp.! Theo’ Exp.! Theo. Exp.! Theo.”> Exp.! Theo’ Exp.! Theo.”> Exp.! Theo.’ Exp.! Theo.”> Exp.! Theo.

0 - - - - - - - - - - - - - - - - - -

2 113 1435 1.7 4.0 - - - - 1.1 59.2 - - 4.8 1.2 10.2 6.4 1.8 7.7

6 327 1130 148 3.0 243 235 - - 8.4 14.2 - - 0.5 1.3 729 150 0.5 1.3
12 767 0.03 189 2.8 58.1  33.0 - - 144 1.0 - - 2.8 14 1048 02 293 15.8
24 1740 0.79 1920 04 465 18.1 - - - - 10.9 34 258 125 739 0.8 54.9 16.2
48 - - - - 1548 53 16.2 45 - - 5.2 5.6 - - 429 0.3 2209 1.7
96 - - - - - - 25.0 230 - - 204.1 484 - - - - -
168 - - - - - 263.2 151 - - 68.3 14.1 - - - - -

All concentrations are in mg/L
'Exp.: experimental sulfate reduction concentration.

*Theo.: theoretical required sulfate concentration for bio-precipitation of copper.
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Bmiity 5 M) HApBE B AeT

¥ 2 Ak R R = 10mg/L o B¢ T A B v sk S 5 83%
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Tk e FIAFAE S A S R R o SRS kR 5 6138 mg/L H
Je & (recovery) 3 61.3% > H ¥ &Rk w2 Fr i€ Tt ¥ 4o Table 4-2 #777 >
d AT L RS e R T R B 2w e A3 59.4-79.9% 0 3R T A R Fl AR
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Figure 4-10 Variation of sulfide production in CCD experiment.
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Table 4-2 Experimental and theoretical comparisons of theoretical sulfide and measured sulfide in experiments

Sulfate
Run con(c;lnt/r]il)tlon Theory sulfide Max. sulfide Initial copper Bio. Copper Smew  Recovery
£ production (mg/L)  production (mg/L) concentration (mg/L) removal' (%) (mg/L) (%)
Initial Final
2 305.1 4.7 100.1 57.2 10 83.0 4.2 61.3
3 305.4 3.2 100.7 42.4 86.8 61.1 26.7 68.6
4 307.9 1.3 102.2 50:0 55 55.6 15.4 64.0
5 303.4 1.6 100.6 53.7 86.8 60.9 26.6 79.9
7 303.7 3.8 100.0 348 100 48.9 24.6 59.4
9 304.3 3.6 100.2 53.2 55 35.4 9.8 62.9
11 309 4.6 101.5 55.6 23.2 71.9 8.4 63.0
Central 3093 11 102.7 52.0 55 54.9 152 654
point

i Up ¢ _CUPVA f
'Bio. copper removal (%) =——" D)

x100, Cu;: Initial copper concentration (mg/L), Cu, . : Final blank copper concentration (mg/L),

i
CUpya 1, : Final copper concentration (mg/L)

*Smewa = Sulfide used in precipitating copper from solution.



427¢ & & ARFRHERE A AT
421 #=RHE
AT ERHRS 2P IURE (R) ST ISR (ZRriTr)
T R)VEERERSF R) 2 mp @R R F BEF ¥l Ry) = B3R 4p
o d g g2 FRESHIF Y 6 2 ARSI kot ipiRs ko
FiTIERE o @ g#gfgifﬁngi;sj.éé%&r'f :
(1) 4=+ 2 ke (R):
PR - R e BY S A SR E (%)

Cu, ., —Cu
R, = bmc PYAD % 100% (3% 4-6)
u.

Cu, : 2k A~ ho2 dF s+ kR (mg/L)
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Cu, —Cu xV
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U @ & RER A2 43+ kR (mg/L)
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Table 4-3 experimental results of the central composite design

Coded value Natural value Dependent variables

StdOrder Protein amount of Copper R R
X X immobilized SRB by PVA  concnetration R, (%) 2 2, 1. Ry

mg Cu/gbead) (mg SOs /mg VSd

1 -1 -1 0.42 232 82.8 0.211 0.69 0.0280
2 0 -1.414 1.05 10.0 83.0 0.054 0.26 0.0271
3 -1 1 0.42 86.8 61.1 3.054 0.69 0.0310
4 -1.414 0 0.16 55.0 55.6 5.810 1.91 0.0276
5 1 1 1.68 86.8 60.9 0.581 0.17 0.0363
6 0 0 1.05 55.0 55.0 0.694 0.25 0.0420
7 0 1.414 1.05 100.0 48.9 1.849 0.28 0.0248
8 0 0 1.05 550 54.9 0.694 0.24 0.0459
9 1.414 0 1.94 55.0 354 0.607 0.14 0.0314
10 0 0 1.05 55.0 55.0 0.694 0.27 0.0387
11 1 -1 1.68 232 71.9 0.116 0.22 0.0268




Table 4-4 Results of ANOVA analysis in CCD experiment

Responses R-Sq (%) P-value Significant'
Biological copper removal, R; 78.6 0.0898 No
Chemical precipitalgizon and adsorption, 2291 0.0592 No
Specific sulfate reduction rate, R 85.95 0.0343 Yes
Reaction rate constant, R4 85.13 0.0392 Yes

'P-value < 0.05 is significant at o = 0.05

15

1.0
R3

05

0.0

Copper concentration, mg/L

Protein amount of immobilization SRB by PVA, mg

Figure 4-11 Response surface for specific sulfate reduction rate using RSM.
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Figure 4-12 Contour plots for specific sulfate reduction rate using RSM.
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Figure 4-13 Response surface for reaction rate constant using RSM.
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Figure 4-14 Contour plot for reaction rate constant using RSM.
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(hierarchy principle » f2dp § -3¢ & 7 — B [F78 L F IR = F 130 chdr
FESE) o RS AR RS 0 B FIRZE o # BF
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Y F it F ¥ % (b))
Xi : PVA H Z_i* #4834 & (protein amount of immobilized SRB by PVA, mg)
X, AFdESF B R (mg/L)

Table 4-5 Coefficient estimates by the regression for optimization study

Source DF Seq SS Adi SS Adj MS F P
Regression 5 0.000418  0.000418  0.000084 5.72 0.039
Linear 2 0.000022  0.000216  0.000108 4.70 0.032
Square 2 0.000385  0.000385  0.000193 13.20 0.010
Interaction 1 0.000011  0.000011  0.000011 0.72 0.414
Residual 5 0.000073  0.000073  0.000015
Lack-of-Fit 3 0.000047  0.000047  0.000016 1.21 0.483
Pure Error 2 0.000026% 0.000026  0.000013
Total 10 0000491

Table 4-6 Estimated Regression Coefficients for reaction rate constant

Term Coef SE Coef T P
Constant 0.005021 0.008564 0.586 0.583

X' 0.027353 0.010233 2.673 0.044

X, 0.000757 0.000206 3.682 0.014
Xi1* X -0.014253 0.004058 -3.512 0.017
Xo* Xs -0.000007 0.000002 -4.616 0.006
X1* X 0.000081 0.000095 0.850 0.434

R-Sq=285.1%

'X,: Protein amount of immobilized SRB by PVA (mg)

*X,: Copper concentration (mg/L)
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Normal Probability Plot of the Residuals
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Figure 4-16 Normal probability plot of the residuals for reaction rate constant
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