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A65tract--Extrace11u1ar p01ymer5 (ECP) p1ay an 1mp0rtant r01e 1n 6101091ca1 wa5tewater treatment. 7hey 
are 6e11eved t0 6e re5p0n5161e f0r the f0rmat10n5 0f f10ccu1ent act1vated 51ud9e a5 we11 a5 anaer061c 
9ranu1e5.1n th15 5tudy, the ECP character15t1c5 0f tw0 type5 0f enr1chment cu1ture5 were exam1ned. 0ne 
enr1ched cu1ture wa5 c0mp05ed 0f hydr09en0tr0ph1c methan09en5 (HM) a10ne wh11e the 0ther wa5 
c0mp05ed 0f HM and hydr09en0tr0ph1c 5u1fate-reduc1n9 6acter1a (H5R). 80th cu1ture5 were enr1ched 
thr0u9h a 5er1e5 0f 107 repeated 6atche5 u51n9 HJC02 p1u5, 1n the HM/H5R 5er1e5, 5u1fate and nutr1ent5. 
At var10u5 5ta9e5 0f the enr1chment pr0ce55, the ECP were extracted fr0m the 51ud9e 5amp1e5 and ana1y2ed 
f0r the1r pr0te1n (ECPp) and car60hydrate (ECPc) c0ntent5. Re5u1t5 5h0wed that 1n the m1xed cu1ture HM 
c0n5umed 67% 0f hydr09en and H5R 33%. 7he net y1e1d5 0f 610ma55 f0r HM and H5R cu1ture5 were 
0.046 9-V55/9-C0D and 0.059 9-V55/9-C0D, re5pect1ve1y. Pr0duct10n5 0f ECP were dependent up0n 
5u65trate. 61uc05e-de9rad1n9 51ud9e pr0duced m0re ECP than the HM cu1ture, wh1ch 1n turn pr0duced 
m0re than the H5R cu1ture. 7he net ECP y1e1d5 f0r HM cu1ture were 1.06m9-ECPp/9-C0D and 
0.64 m9-ECPc/9-C0D, re5pect1ve1y; the c0rre5p0nd1n9 y1e1d5 f0r H5R cu1ture were 0.74 m9-ECPp/9-C0D 
and 0.52 m9-ECP¢/9-C0D. F0r the enr1ched HM cu1ture, m0re ECPp, a5 we11 a5 ECPc 6ut t0 a 1e55er 
de9ree, were pr0duced at the 6e91nn1n9 0f each 6atch when h19h c0ncentrat10n 0f hydr09en wa5 ava11a61e. 
7h15 wa5, h0wever, n0t n0t1cea61e f0r the H5R cu1ture. C0pyr19ht • 1996 E15ev1er 5c1ence Ltd 

Key w0rd5--anaer06e5, car60hydrate5, ECP, extrace11u1ar p01ymer5, hydr09en0tr0ph5, methan09en1c, 
pr0te1n, 5u1fate-reduc1n9 

1N7R0Duc710N 
1n 6101091ca1 wa5tewater treatment, 6acter1a tend t0 
a99re9ate f0rm1n9 f10c5, 610f11m5 and even 9ranu1e5. 
7h15 a110w5 the react0r t0 reta1n m0re 610ma55 and t0 
reduce the tendency 0f 6acter1a wa5h0ut. 7hu5, 1t 15 
cr1t1ca1 f0r an act1vated 51ud9e treatment p1ant t0 
pr0duce f10ccu1ent 51ud9e5. H0wever, the prec15e 
mechan15m5 1nv01ved 1n th15 610f10ccu1at10n pr0ce55 
have n0t 6een fu11y under5t00d, even th0u9h extra- 
ce11u1ar p01ymer5 (ECP) have 6een 6e11eved t0 p1ay a 
cr1t1ca1 r01e. ECP are meta6011c pr0duct5 0f 6acter1a 
wh1ch excreted fr0m the ce11 0nt0 the ce11 5urface 
(M0r9an et aL, 1990). 7enney and 5tumm (1968) 
6e11eved that 1nteract10n5 0f the5e p01ymer5 6etween 
ce115 a110w5 adjacent 6acter1a t0 a99re9ate and t0 
f0rm f10c5. Many mechan15m5 have 6een pr0p05ed 
f0r 5uch a 610f10ccu1at10n pr0ce55 (7enney and 
5tumm, 1968; 8u5ch and 5tumm, 1968; Henn1n9 
Ry550v-N1e150n, 1975; 5uther1and, 1985) 6y ana1y2- 
1n9 the c0mp1ex e1ectr05tat1c and chem1ca1 1nter- 
act10n5 6etween ECP 0f adjacent ce115. H0wever, 

*Auth0r t0 wh0m a11 c0rre5p0ndence 5h0u1d 6e addre55ed 
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5tud1e5 0f 610f10ccu1at10n have 6een m05t1y 11m1ted t0 
aer061c pr0ce55e5. 

Anaer061c techn0109y, 0n the 0ther hand, ha5 
matured 1n the pa5t tw0 decade5 a5 a v1a61e a1terna- 
t1ve t0 the aer061c pr0ce55e5 f0r the treatment 0f 
c0ncentrated 1ndu5tr1a1 wa5tewater5. Anaer061c pr0- 
ce55e5 have tw0 1ntr1n51c advanta9e5. 7hey n0t 0n1y 
5ave the ener9y re4u1red f0r aerat10n 6ut a150 c0nvert 
wa5te5 1nt0 a u5efu1 fue1, methane; furtherm0re, they 
pr0duce 1e55 51ud9e than the aer061c c0unterpart5 
and, thu5, 519n1f1cant1y reduce the c05t re1ated t0 
51ud9e hand11n9 and d15p05a1. Am0n9 the h19h-rate 
anaer061c react0r5 deve10ped 1n recent year5, the 
upf10w anaer061c 51ud9e 61anket (UA58) react0r 
(Lett1n9a et a1., 1980; Fan9 and Chu1, 1993; Fan9 
et a1., 1995) ha5 pr06a61y rece1ved m05t c0mmerc1a1 
1ntere5t5, e5pec1a11y 1n Eur0pe and, m0re recent1y, 1n 
A51a. 1n the UA58 react0r, 6acter1a a99re9ate t0 
f0rm 6109ranu1e5 wh1ch have h19h act1v1ty and a150 
5ett1e we11. 

R055 (1984) 5u99e5ted that the 610f10ccu1at10n 
mechan15m5 pr0p05ed f0r the aer061c pr0ce55e5 may 
a150 6e app11ca61e t0 the f0rmat10n 0f anaer061c 
9ranu1e5. H0wever, re5earch 0n the ECP pr0duct10n 
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0f anaer061c 51ud9e 15 5t111 very 11m1ted. H a r a d a  et  a1. 

(1988) exam1ned the avera9e 512e and  mechan1ca1 
5tren9th 0f  tw0 type5 0f U A 5 8  9ranu1e5: 0ne de- 
9raded car60hydrate5 and the 0ther  de9raded 5h0rt 
cha1n fatty ac1d5. 7hey  f0und tha t  the f0rmer  wa5 
1ar9er 1n 512e and  have h19her mechan1ca1 5tren9th 
than the 1atter; m0re ECP pr0duced 6y the f0rmer  
9ranu1e5 wa5 6e11eved the rea50n. 5am-500n  et  a1. 

(1987, 1991), 0n the 0ther  hand,  5pecu1ated that  h19h 
hydr09en pre55ure w0u1d 1nduce hydr09en-ut11121n9 
methan09en5 t0 pr0duce ECP, thu5 6005t1n9 51ud9e 
9ranu1at10n. M 0 r 9 a n  et  a1. (1990) 5h0wed that  the 
ECP c0ncentrat10n5, a5 we11 a5 the e1ectr1c char9e, 0n 
the 6acter1a1 ce11 5urface affected the 5tructure 5ta6- 
111ty 0f the anaer061c 9ranu1e5. Neverthe1e55, the 
prec15e r01e 0f  ECP 1n 9ranu1at10n 0f  anaer061c 
51ud9e 15 5t111 n0t  fu11y under5t00d.  

7h15 5tudy wa5 c0nducted t0 exam1ne the f0rma- 
t10n 0f  ECP f0r tw0 type5 0f  enr1chment cu1ture5: 0ne 
wa5 c0mp05ed 0f  hydr09en0tr0ph1c meth0n9en5 
(HM)  a10ne wh11e the 0 ther  wa5 a m1xed cu1ture 
c0mpr151n9 H M  and hydr09en0tr0ph1c 5u1fate- 
reduc1n9 6acter1a (H5R).  Re5u1t5 fr0m th15 5tudy, 
h0pefu11y, w0u1d 1ead t0 a 6etter  under5tand1n9 0f  the 
9ranu1at10n mechan15m 0f  anaer061c 51ud9e. 

MA7ER1AL5 AND ME7H0D5 

1n th15 5tudy, tw0 5er1e5 0f cu1ture enr1chment exper1ment5 
were c0nducted 1n para11e11n 135 m1 91a55 5erum v1a15.80th 
5er1e5 were run 1n dup11cate t0 dem0n5trate the repr0duc1611- 
1ty. Run5 1 and 1a were c0nducted f0r the enr1chment 0f 
HM, wh11e Run5 2 and 2a were f0r m1xed cu1ture 0fHM and 
H5R. Each v1a1 wa5 5eeded w1th 100 m1 0f f10ccu1ent 51ud9e 
06ta1ned fr0m the 61anket 20ne 0f a UA58 react0r, wh1ch 
wa5 0perated at 5.0 9-C0D/1 d u51n9 91uc05e a5 5u65trate. 
7he 9a5 m1xture 0f hydr09en and car60n d10x1de wa5 u5ed 
a5 5u65trate5 1n 60th 5er1e5, 1n each 0f wh1ch the 6atch 
0perat10n wa5 repeated 107 t1me5. 1n each 6atch, 5.0 m1 0f 
m1xed 114u0r wa5 rem0ved fr0m the v1a1, and wa5 rep1en- 
15hed w1th an e4ua1 v01ume 0f a4ue0u5 501ut10n 0f 
pH 6.%7.3 c0nta1n1n9 nutr1ent5 and trace meta15 u51n9 the 
f0rmu1at10n de5cr16ed 1n prev10u5 5tud1e5 (Ku6a et a1., 1990; 
J1a et a1., 1991). F0r Run5 2 and 2a, an extra 80 m9 0f 5u1fate 
wa5 a150 added 1n a11 6atche5. Meanwh11e, the vap0ur pha5e 
1n each v1a1 wa5 rep1en15hed w1th a fre5h m1xture 0f hydr0- 
9en and car60n d10x1de at the rat10 0f H2:C02 = 4: 1. A 
t0ta1 82 m1 0f 9a5 m1xture at r00m temperature (20°C) and 
atm05pher1c pre55ure wa5 1njected 1nt0 each v1a1 u51n9 a 
5yr1n9e, the am0unt 0f hydr09en added c0rre5p0nd1n9 t0 
50 m9 0f C0D. 

5amp1e5 taken fr0m the vap0ur pha5e 0f each v1a1 were 
per10d1ca11y checked f0r the hydr09en and methane c0ntent5 
u51n9 a 9a5 chr0mat09raph (6C; 5h1mad2u 6C-8AP7) 
e4u1pped w1th a therma1 c0nduct1v1ty detect0r u51n9 n1tr0- 
9en a5 the carr1er 9a5. A 6atch wa5 a55umed 6e1n9 c0mp1eted 
when hydr09en wa5 dep1eted fr0m the vap0ur pha5e. 0ne 
6atch cyc1e w0u1d take 5even h0ur5 1n the ear1y 6atche5, 
6ut 1e55 than three h0ur5 1n the 1ater 6atche5 a5 hydr09en- 
ut11121n9 cu1ture5 were 9radua11y enr1ched. 7hr0u9h0ut the 
exper1ment, a11 v1a15 were 5u6mer9ed 1n a 35~C water 6atch 
51tt1n9 0n a rec1pr0ca1 5haker ta61e (35 m m x  125 5tr0ke5 
m1n-L); the v190r0u5 5hak1n9 m0t10n enhanced the d15501- 
ut10n 0f hydr09en and car60n d10x1de fr0m the vap0ur 
pha5e t0 the m1xed 114u0r. 

7hr0u9h0ut the 107-6atch exper1ment5, m1xed 114u0r 
5amp1e5 taken at the end 0f the 6atch were ana1y2ed f0r the 

c0ntent5 0f v01at11e 5u5pended 5011d5 (V55), pr0te1naee0u5 
ECP (ECPp) and car60hydrate ECP (ECPc). 7he rate5 
0f hydr09en dep1et10n a5 we11 a5 methane pr0duct10n dur1n9 
the 6atch 0perat10n were a150 c105e1y m0n1t0red 1n a num6er 
0f 5e1ected 6atche5. F0r the5e 6atche5, 1n 0rder t0 06ta1n 
accurate methane and hydr09en c0ncentrat10n data, the 
re51dua1 vap0ur 1n each v1a1 wa5 f1u5hed 0ff 6y n1tr09en 
6ef0re a fre5h m1xture 0f hydr09en and car60n d10x1de wa5 
1njected. 7he part1a1 pre55ure5 0f hydr09en and methane 
were then c105e1y m0n1t0red 6y 6 C  ana1y515. 8a5ed 0n 
the5e data, the 5pec1f1c hydr09en-ut11121n9 and methan09en1c 
act1v1t1e5 0f the enr1ched cu1ture5 were ca1cu1ated. 

7he V55 c0ntent5 were mea5ured acc0rd1n9 t0 APHA 
(1985). ECP 1n the m1xed 114u0r 5amp1e5 were extracted 
u51n9 the c01d a4ue0u5 extract10n techn14ue5 (5uther1and 
and W11k1n50n, 1971; J1a et a1., 1991). 51ud9e 1n each m1xed 
114u0r 5amp1e wa5 wa5hed tw1ce w1th de-10n12ed water 
f0110wed 6y 10w 5peed (3500 rpm) centr1fu9at10n. 7he cen- 
tr1fu9ed 610ma55 wa5 then re-5u5pended 1n a 5 m1 8.5% 
50d1um ch10r1de 501ut10n c0nta1n1n9 0.22% f0rma1dehyde. 
7he 501ut10n wa5 then ch111ed 1n 1ce and m1xed w1th an 
u1tra50n1c h0m09en12er at 40 W f0r 3 m1n, dur1n9 wh1ch 
t1me the ECP 0f 6acter1a were extracted 1nt0 the 501ut10n. 
After rem0v1n9 the re51dua1 5011d5 6y h19h 5peed centr1fu- 
9at10n (12,000 rpm f0r 30 m1n), the car60hydrate c0ntent 0f 
the ECP (ECPc) 1n the extracted 501ut10n wa5 mea5ured 
u51n9 the phen01/5u1phur1c ac1d meth0d and the pr0te1n 
c0ntent (ECPp) u51n9 the F011n meth0d (L0wry et a1., 1951). 

RE5UL75 AND D15CU5510N 

Enr1chmen t5  . f0r hydr09en-ut11121n9 anaer06e5  

A t0ta1 0f  107 6atch cyc1e5 were repeated 1n 60 th  
5er1e5. A5 the num6er  0f  6a tch  cyc1e 1ncrea5ed, H M  
cu1ture wa5 enr1ched 1n Run5 1 and  1a wh11e a m1xed 
H M / H 5 R  cu1ture wa5 enr1ched 1n Run5 2 and 2a. 
F19ure 1 111u5trate5 the chan9e5 1n V55 c0ntent  and 
5pec1f1c methan09en1c act1v1ty (5MA)  1n Run5 1 and 
1a. F19ure 2 111u5trate5 the c0rre5p0nd1n9 p10t5 f0r 
Run5 2 and  2a. 1n a11 run5, the V55 c0ntent  decrea5ed 
a5 the 6atch pr0ceeded, and  1t 9radua11y 1eve11ed 0ff 
after 80 6atche5 t0 an  avera9e 0f  520 m9/1 f0r Run5 
1 and 1a, and 505m9/1 f0r Run5 2 and  2a. 7h15 
1nd1cate5 that  th05e 6acter1a una61e t0 u5e H2/C02 
a5 5u65trate were 9radua11y wa5hed 0ut, wh11e the 
hydr09en-ut11121n9 cu1ture were 9radua11y enr1ched. 
7he  enr1chment pr0ce55 6ecame 5teady after a60ut  80 
6atch cyc1e5. 7h15 wa5 c0nf1rmed 6y the 5 M A  p10t5 
1n F195 1 and  2, wh1ch 111u5trate tha t  f0r each 9ram 
0f  V55 the methan09en1c act1v1ty 1ncrea5ed w1th 
6atch cyc1e5, and reached max1mum 1eve15 after a60ut  
80 6atche5. 

F19ure5 1 and 2 fur ther  111u5trate tha t  the 5 M A  0f 
the enr1ched H M  cu1ture avera9e 7 . 3 5 9 - C 0 D / 9 -  
V55 d, wherea5 the 5 M A  0f the enr1ched m1xed 
H M / H 5 R  cu1ture wa5 4.94 9 - C 0 D / 9 - V 5 5  d. 1n Run5 
1 and 1a, hydr09en wa5 ut1112ed 6y H M  a10ne, 
9enerat1n9 methane  a5 a pr0duct ;  wherea5 1n Run5 2 
and  2a, H M  and H 5 R  c0mpeted f0r hydr09en pr0- 
duc1n9 methane  and hydr09en 5u1f1de, re5pect1ve1y. 
7h15 15 6a5ed 0n the a55umpt10n that  there wa5 11tt1e 
h0m0acet09en1c act1v1ty wh1ch 15 therm0dynam1ca11y 
1e55 fav0ra61e (L1 and N01ke, 1989). 7hu5,  the 5 M A  
0f m1xed H M / H 5 R  cu1ture wa5 0n1y 67% 
(100% x 4.94/7.35) 0 f t h a t  0 f t h e  ••pure•• H M  cu1ture, 



ExtraceUu1ar p01ymer5 0f hydr09en0tr0ph5 1441 

5u99e5t1n9 that 1n the m1xed HM/H5R cu1ture 67% 2000 
0f hydr09en wa5 ut1112ed 6y the HM and the rema1n- 
1n9 33% pre5uma61y 6y the H5R. ~ 1500 

8a5ed 0n the5e re5u1t5, the net y1e1d5 0f 60th HM 
and HM/H5R m1xed cu1ture5 c0u1d 6e e5t1mated. ~ 1000 
F19ure 3 111u5trate5 that the 5MA 0f HM 1ncrea5ed 
11near1y w1th the 5pec1f1c hydr09en ut11121n9 act1v1ty 500 
w1th a 510pe 0f 0.943 (w1th r = 0.993). 7h15 mean5 
that HM cu1ture c0n515tent1y c0nverted 94.3% 0f 0 
hydr09en t0 methane. 7he rema1n1n9 5.7% 0f hydr0- 
9en (a5 mea5ured 1n C0D)  pre5uma61y c0u1d 0n1y 6e 12 
c0nverted t0 610ma55. 51nce each 9ram 0f HM wa5 
f0und t0 have 1.24 9ram5 0f C 0 D  e4u1va1ent, the net ~ 10 
y1e1d 0f HM wa5 e5t1mated at 0.046 9-V55/9-C0D- ~, 
rem0ved (0.046 = 0.057/1.24). 7h15 va1ue c0u1d 6e '~<~, 8 
checked 6y the ma55 6a1ance. 7he t0ta1 am0unt 0f .~ 
hydr09en added 1n the 1a5t 30 6atche5 e4ua11ed 1.50 9 ~ 
0f C0D,  wh1ch w0u1d pr0duce 69 m9 0f 610ma55 ~ 6 
a55um1n9 a net y1e1d 0f 0.0469-V55/9-C0D. 8y ~ 
further a55um1n9 that the 1a5t 30 6atche5 were 0per- 4 
ated under 5teady-5tate c0nd1t10n w1th an avera9e ~ 
V55 c0ntent 0f 520 m9/1, a5 111u5trated 1n F19. 1, the ~ ~, 2 
t0ta1 am0unt 0f 610ma55 rem0ved fr0m the v1a15 1n 
the 1a5t 30 x 5.0-m1 5amp1e5 wa5 ca1cu1ated a5 78 m9 0 
(30 x 0.0051 x 520m9-V55/1). 7he 13% dev1at10n 
fr0m the e5t1mated 69 m9 wa5 accepta61e jud91n9 
fr0m the accurac1e5 0f the data u5ed f0r the ma55 
6a1ance. 
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F19. 1. (a) Reduct10n 0f V55, and (6) 1ncrea5e 0f 5MA 
dur1n9 the enr1chment 0f HM cu1ture 1n Run5 1 and 1a. 
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F19. 2. (a) Reduct10n 0f V55, and (6) 1ncrea5e 0f 5MA 
dur1n9 the enr1chment 0f m1xed HM/H5R cu1ture 1n Run5 

2 and 2a. 

7he net y1e1d 0f 0.046 9-V55/9-C0D f0r HM cu1- 
ture 065erved 1n th15 5tudy 15 c0mpara61e t0 the 
rep0rted va1ue5 0f 0.043 9-V55/9-C0D (5hea et  a1., 
1968), 0.04-4).10 9-V55/9-C0D (5chauer and Ferry, 
1980) and 0.049-V55/9-C0D (6ujer  and 2ehnder, 
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F19. 3. Re1at10n 6etween 5MA and 5pec1f1c hydr09en ut1112- 
at10n act1v1ty f0r the HM cu1ture. 
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F19. 4. Chan9e5 0f E C P p  and ECPc c0ntent51n V55 dur1n9 
the enr1chment 0f HM cu1ture 1n Run5 1 and 1a. 
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F19.5. Chan9e5 0f ECPp and ECP c c0ntent5 1n V55 dur1n9 
the enr1chment 0f m1xed HM/H5R cu1ture 1n Run5 2 and 2a. 

1983) f0r the hydr09en-ut11121n9 6acter1a. 1t 15 kn0wn 
that a11 the hydr09en ut11121n9 methan09en5 1dent1f1ed 
50 far are a150 a61e t0 u5e f0rmate a5 5u65trate 
pr0duc1n9 51m11ar am0unt 0f 61665 free ener9y per 
react10n (V09e15 et a1., 1988). 1t 15, thu5, 0f 1ntere5t 
t0 n0te that the net y1e1d 0f HM cu1ture 15 a150 
c0mpara61e t0 that 0f 0.050 9-V55/9-C0D f0r the 
f0rmate-de9rad1n9 51ud9e (Chu1 et a1., 1994). 

M0re0ver, the net y1e1d va1ue 0f the H5R cu1ture 
1n Run5 2 and 2a c0u1d a150 6e e5t1mated fr0m ma55 
6a1ance, 6a5ed 0n the e5t1mated y1e1d 0f the HM 
cu1ture. A55um1n9 5teady 5tate c0nd1t10n and an 
avera9e V55 0f 505 m9/1 1n the 1a5t 30 6atche5 1n 
Run5 2 and 2a, a5 111u5trated 1n F19. 2, the t0ta1 
am0unt 0f hydr09en added e4ua11ed 1.50 9 0f C0D 
0f wh1ch 67% wa5 c0nverted t0 methane pr0duc1n9 
46m9 HM cu1ture. H0wever, a t0ta1 0f 75m9 
610ma55 0f m1xed HM/H5R cu1ture wa5 pr0duced 
(30 x 0.005 1 x 505 m9-V55/1). 7he net y1e1d 0f H5R 
cu1ture wa5, thu5, e5t1mated a5 0.059 9-V55/9-C0D, 
[75-46 m9-V55/(1500m9-C0D x 0.33)], wh1ch 15 
a150 c0mpara61e w1th the 0.053 9-V55/9-C0D re- 
p0rted 6y R061n50n and 71edje (1984). 

F0rmat10n 0f  ECP 6y hydr09en-ut11121n9 anaer06e5 

A11 run5 were 5tarted w1th f10ccu1ent 91uc05e- 
de9rad1n9 51ud9e, each 9ram 0f wh1ch c0nta1ned 
35-38 m9 0f ECPp and 23-25 m9 0f ECPc. F19ure5 4 
and 5 111u5trate that 1n a11 run5, 60th ECPp and ECPc 
c0ntent5 decrea5ed fr0m the5e 1n1t1a1 va1ue5 and 
9radua11y 1eve11ed 0ff t0 5teady c0ncentrat10n5 a5 
hydr09en-ut11121n9 cu1ture5 6ecame enr1ched. 7he 
avera9e ECPp and ECPc c0ntent5 were 23 and 
14m9/9-V55, re5pect1ve1y, f0r the HM cu1ture, and 
the c0rre5p0nd1n9 va1ue5 f0r the enr1ched HM/H5R 
m1xed cu1ture were 19 and 12 m9/9-V55, re5pect1ve1y. 
7he5e re5u1t5 1nd1cate that the 91uc05e-de9rad1n9 
51ud9e c0nta1ned m0re ECP than the tw0 enr1ched 
hydr09en0tr0ph1c anaer06e5, 6etween wh1ch the 
HM cu1ture c0nta1ned m0re ECP than the H5R 
cu1ture. 

M0re0ver, re5u1t5 0f ma55 6a1ance ca1cu1at10n5, 
u51n9 data 0f the 1a5t 30 6atche5 and a55um1n9 5teady 
5tate c0nd1t10n, 5h0w that ECP y1e1d5 f0r the HM 
cu1ture were 1.06m9-ECPp/9-C0D and 0.64m9- 
ECPJ9-C0D, wherea5 the c0rre5p0nd1n9 y1e1d5 f0r 
the H5R cu1ture were 0.74m9-ECPp/9-C0D and 
0.52 m9-ECPc/9-C0D. Each 9ram 0f H5R cu1ture 
c0nta1ned 12.5 m9-ECPp and 8.8 m9-ECPc/9-V55. 

At the 1a5t 6atch 0f each run, the chan9e5 0f ECPp 
and ECPc c0ntent5 1n the m1xed 114u0r were c105e1y 
m0n1t0red. F19ure 6 111u5trate5 that, 1n Run5 1 and 1a, 
the ECPp and ECP~ c0ntent5 0f enr1ched HM cu1ture 
1ncrea5ed read11y a5 500n a5 the H2/C02 m1xture wa5 
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F19. 6. Chan9e5 0f (a) hydr09en 1n 9a5 pha5e, and (6) ECPp 
and ECP c c0ntent5 1n V55 1n a 6atch cyc1e f0r the enr1ch- 

ment 0f HM cu1ture. 
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F19. 7. Chan9e5 0f (a) hydr09en 1n 9a5 pha5e, and (6) ECPp 
and ECPc c0ntent5 1n V55 1n a 6atch cyc1e f0r the enr1ch- 

ment 0f m1xed HM/H5R cu1ture. 

added. 7he 1n1t1a1 ECP 1ncrea5e5 are 11ke1y re5u1t1n9 
fr0m the h19h c0ncentrat10n 0f hydr09en. 1n tw0 
prev10u5 5tud1e5 (J1a et a1., 1991; Furuma1 et a1., 
1993), 1t wa5 n0ted that the c0ncentrat10n 0f d15- 
501ved hydr09en 1n the m1xed 114u0r 0f a UA58  
react0r treat1n9 91uc05e wa5 the h19he5t at the 
60tt0m, and 6ecame 10wer a10n9 the he19ht 0f the 
react0r. Re5u1t5 111u5trated 1n F19. 6 5u99e5t that 1t 15 
11ke1y the ECP pr0duced at the 60tt0m 0f the UA58 
react0r 6y the hydr09en-ut11121n9 methan09en5 c0u1d 
p1ay an 1mp0rtant r01e 1n the 9ranu1at10n 0f 51ud9e. 

F19ure 6 a150 111u5trate5 that m0re ECPp than ECP~ 
wa5 pr0duced at the 6e91nn1n9 0f the 6atch when the 
c0ncentrat10n 0f hydr09en rema1ned h19h. 1t further 
111u5trate5 that, a5 hydr09en 6ecame dep1eted, 60th 
type5 0f ECP 9radua11y returned t0 the1r 0r191na1 
1eve15. 7he rea50n f0r th15 15 n0t c1ear. 0n  the 0ther 
hand, F19. 7 111u5trate5 that f0r the enr1ched 
HM/H5R m1xed cu1ture, the 1ncrea5e 0f ECP at h19h 
c0ncentrat10n5 0f hydr09en wa5 n0t a5 n0t1cea61e a5 
the enr1ched HM cu1ture. 7h15 15 pr06a61y 6ecau5e 
the pr0duct10n 0f ECP 6y H5R cu1ture wa5 n0t a5 
dependent 0n the 1n1t1a1 hydr09en c0ncentrat10n. 

C 0 N C L U 5 1 0 N 5  

Fr0m tw0 5er1e5 0f hydr09en0tr0ph1c cu1ture en- 
r1chment exper1ment5 c0nducted 1n th15 5tudy, the 
f0110w1n9 c0nc1u510n may 6e drawn: 7he net 610ma55 
y1e1d5 were 0.046 9-V55/9-C0D and 0.059 9-V55/9- 
C0D,  re5pect1ve1y, f0r HM and H5R cu1ture5. 1n 

the m1xed HM/H5R cu1ture, 67% 0f hydr09en wa5 
ut1112ed 6y the HM and 33% 6y H5R 6acter1a. 
Pr0duct10n5 0f ECPp and ECP~ depended up0n 5u6- 
5trate5. 61uc05e-de9rad1n9 51ud9e pr0duced m0re 
ECPp and ECPc than the HM cu1ture, wh1ch 1n turn 
pr0duced m0re ECPp and ECP¢ than the H5R cu1- 
ture. 7he net ECP y1e1d5 f0r HM cu1ture were 
1.06 m9-ECPp/9-C0D and 0.64 m9-ECPc/9-C0D, re- 
5pect1ve1y; the c0rre5p0nd1n9 y1e1d f0r H5R cu1ture5 
were 0.74m9-ECPp/9-C0D and 0.52m9-ECP¢/9- 
C0D.  F0r the enr1ched HM cu1ture, m0re ECPp, a5 
we11 a5 ECPc 6ut t0 a 1e55er de9ree, were pr0duced at 
the 6e91nn1n9 0f each 6atch when m0re hydr09en wa5 
ava11a61e. 7h15 effect wa5 n0t n0t1cea61e t0 the H5R 
cu1ture. 
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