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A~tract--Phen01 1n wa5tewater c0u1d 6e effect1ve1y de9raded 1n an upf10w anaer061c 51ud9e 61anket 
(UA58) react0r. W1th a 1:1 eff1uent recyc1e rat10, 0ver 97% 0f phen01 wa5 rem0ved at 37°C and pH 
6.9-7.5 w1th 12 h 0f hydrau11c retent10n t1me f0r phen01 c0ncentrat10n up t0 1260 m9.1-t, c0rre5p0nd1n9 
t0 3000 m9.1-J 0f chem1ca1 0xy9en demand (C0D) and a 10ad1n9 rate 0f 6 9-C0D-1-t. day-t. 7he 5eed 
51ud9e t00k a60ut 7 wk t0 deve10p the phen01-de9rad1n9 capa6111ty wh1ch wa5 5en51t1ve t0 5h0ck5. 7he 
610act1v1ty deter10rated read11y when the 9ranu1e5 were exp05ed t0 5udden chan9e5 0f temperature and 
10ad1n9. A1th0u9h the dama9e wa5 n0t permanent, the rec0very 0f 610act1v1ty wa5 9radua1 and 1en9thy. 
At 69-C0D.1 -].day -~, each 9ram 0f 9ranu1e5 wa5 a61e t0 c0nvert 0.499 0f C0D 1nt0 methane 
da11y. 0n the avera9e, a60ut 94.7% 0f the t0ta1 C0D rem0ved wa5 c0nverted t0 methane, wh11e the re5t 
wa5 c0nverted t0 610ma55 w1th a net y1e1d 0f 0.038 9-V55.(9-C0D-rem0ved) -t. E1ectr0n m1cr09raph5 
5h0w that the 9ranu1e5 were c0mp05ed 0f, am0n9 0ther5, 5yntr0phu5 6u5we1111-, Methan0thr1x., 
Methan05p1r111um- and Methan06rev16acter-11ke 6acter1a. C0pyr19ht • 1996 E15ev1er 5c1ence Ltd 
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y1e1d 
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Phen01 15 the raw mater1a1 f0r the c0mmerc1a1 pr0- 
duct10n 0f a w1de var1ety 0f re51n5, 1nc1ud1n9 phen011c 
re51n5 a5 c0n5truct10n mater1a15 f0r aut0m0611e5 and 
app11ance5, ep0xy re51n5 a5 adhe51ve5, p01ycar60nate 
f0r 50ft-dr1nk c0nta1ner5, and p01yam1de f0r var10u5 
app11cat10n5 (K1rk-0thmer, 1978). Phen01 15 thu5 an 
0r9an1c p011utant 0ften f0und 1n the wa5tewater 0f 
re51n 1ndu5tr1e5. 1n add1t10n, phen01 der1vat1ve5 are 
a150 f0und 1n wa5tewater5 fr0m 1ndu5tr1e5, 5uch a5 
5ynthet1c chem1ca15, pe5t1c1de5, c0a1 c0nver510n, pu1p- 
and-paper etc. (Y0un9 and R1vera, 1985; Wan9 et a1., 
1986). 

Phen01 15 a150 a 610c1de and d151nfectant (K1rk- 
0thmer, 1978). 7heref0re, 1t 15 0ften perce1ved a5 
1nh161t0ry t0 the 610act1v1ty 0f m1cr00r9an15m5. 
5tud1e5 have 6een c0nducted recent1y t0 1nve5t19ate 
the 1nh161t10n effect 0f phen01 0n the c0nver510n 0f 
acetate t0 methane (Pate1 et a1., 1991; 51erra-A1- 
vare2 and Lett1n9a, 1991; Wan9 et aL, 1991). 
Y0un9 and R1vera (1985) f0und that phen01 1t5e1f 
c0u1d 6e 5t01ch10metr1ca11y c0nverted t0 methane 
and car60n d10x1de 6y anaer061c 51ud9e fr0m a 
mun1c1pa1 d19e5ter. K06aya5h1 et a1. (1989) a150 
f0und that phen01 wa5 610de9rada61e under anaer0- 
61c c0nd1t10n, 6ut re4u1r1n9 d051n9 pept0ne a5 a 
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c0-5u65trate f0r the anaer06e5. 0 n  the 0ther hand, 
Wan9 et a1. (1986) dem0n5trated that phen01 c0u1d 
6e rem0ved 1n an expanded-6ed react0r, 6ut re4u1r- 
1n9 act1vated car60n wh1ch 5erved a5 ad50r6ent f0r 
phen01 a5 we11 a5 carr1er f0r the anaer06e5. H0w- 
ever, 50 far, rem0va1 0f phen01 1n wa5tewater 6y 
c0nvent10na1 anaer061c pr0ce55e5 ha5 n0t 6een re- 
p0rted. 

Anaer061c treatment 0f 1ndu5tr1a1 wa5tewater ha5 
6ec0me a v1a61e techn0109y 1n recent year5 due t0 the 
rap1d deve10pment 0f h19h-rate react0r5, 5uch a5 
anaer061c f11ter (Y0un9 and McCarty, 1969) and 
upf10w anaer061c 51ud9e 61anket (UA58) react0r. 
51nce 1t51ntr0duct10n a60ut 15 yr a90 (Lett1n9a et a1., 
1980), UA58 ha5 6ec0me p0pu1ar 1n We5tern 
Eur0pe and, m0re recent1y, 1n Ea5t A51a. 1t ha5 
6een m05t c0mm0n1y u5ed f0r wa5tewater5 fr0m 
f00d/6evera9e/a9r1cu1tura1 1ndu5tr1e5, 1n wh1ch the 
p011utant5 are m05t1y car60hydrate5. H0wever, recent 
5tud1e5 have dem0n5trated that the UA58 techn0109Y 
15 app11ca61e t0 treat1n9 wa5tewater5 c0nta1n1n9 c0n- 
centrated pr0te1n5 (Fan9 et a1., 1994a-c), c0rn 5tarch 
(Fan9 and Kw0n9, 1994) and ar0mat1c chem1ca15, 
5uch a5 6en20ate (L1 et a1., 1996). 1t 15 thu5 warranted 
t0 1nve5t19ate the fea516111ty 0f rem0v1n9 phen01 1n 
wa5tewater u51n9 the UA58 pr0ce55. Furtherm0re, 
1t 15 a150 0f en91neer1n9 and 5c1ent1f1c 1ntere5t t0 
1nve5t19ate the effect 0f 0perat10na1 parameter5 0n the 
react0r perf0rmance and the character15t1c5 0f the 
phen01-de9rad1n9 9ranu1e5. 
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MA7ER1AL5 AND ME7H0D5 

F19ure 1 111u5trate5 the 2.81 UA58 react0r (Chu1 et  a1., 
1994) u5ed 1n th15 5tudy, wh1ch had an 1nterna1 d1ameter 0f 
84mm and a he19ht 0f 500mm. F1ve even1y d15tr16uted 
5amp11n9 p0rt5 were 1n5ta11ed 0ver the he19ht 0f the react0r. 
70ta1 610ma55 1n the react0r wa5 e5t1mated 6a5ed 0n the 
pr0f11e 0f the v01at11e 5u5pended 5011d5 (V55) 0f the 5amp1e5 
taken fr0m the5e p0rt5.0n t0p 0f each react0r wa5 a 2.0 1 
9a5-114u1d 5011d 5eparat0r w1th an 1nterna1 d1ameter 0f 
114 mm and a he19ht 0f 250 mm. V01umetr1c 10ad1n9 rate5 
were e5t1mated, 6a5ed 0n the react0r v01ume a10ne, exc1ud- 
1n9 v01ume 0f the 9a5-114u1d 5011d 5eparat0r. 7he react0r 
wa5 water-jacketed and 0perated at a c0n5tant temperature 
0f 37~C. 

Pr10r t0 th15 5tudy, f10ccu1ent 51ud9e fr0m an anaer061c 
51ud9e d19e5ter 0f the 5hat1n Wa5tewater 7reatment W0rk5, 
H0n9 K0n9, wa5 part1a11y 9ranu1ated 1n a 651 UA58 
react0r f0r 2 m0nth5, u51n9 5ucr05e a5 the 0r9an1c 5u65trate. 
A60ut 1.41 0f th15 part1a11y 9ranu1ated 51ud9e and an0ther 
1.41 0f f10ccu1ent d19e5ter 51ud9e were u5ed t0 5eed the 
react0r. 5ynthet1c wa5tewater c0mpr151n9 phen01 a5 the 501e 
5u65trate, p1u5 6a1anced nutr1ent5 and a1ka11n1ty, wa5 u5ed 
t0 feed the react0r u51n9 a per15ta1t1c pump. 7he 1n1t1a1 
phen01 c0ncentrat10n 1n the wa5tewater wa5 420 m9.1 ~, 
c0rre5p0nd1n9 t0 a chem1ca1 0xy9en demand (C0D) 0f 
1000 m9.1 -~. W1th 8 h 0f hydrau11c retent10n t1me (HR7), 
the 1n1t1a1 C0D 10ad1n9 rate wa5 39-1 ~.d -t. F0r each 
9ram 0f C0D, the wa5tewater wa5 5upp1emented w1th 
19 0f NaHC03, 260m9 0f NH4C1, 42.5-64.4m9 0f 
M9504-7H20, 24.8 37.5m9 0f K2HP04, 9.9 15.0m9 0f 
KH2P04, 13.0 17.2 m9 0f CaC12, 22.4-34.0 m9 0f 50d1um 
c1trate, 5.3 8.0m9 0f N1504 .7H20  , 4 .1 -6 .2m9 0f 
FeC13-6H20, 1.1 m9 0f MnC1,.4H20, 0.6m9 0f 2nC1~, 
0.6m9 0f C0C12.2H20, 0.4m9 0f (NH4)2M004.4H20, 
0.3m9 0f CuC12.2H20, and 0.2m9 0f Na802-10H20. 
Deta115 0f the react0r de519n and ana1yt1ca1 pr0cedure5, 5uch 
a5 the 6109a5 pr0duct10n and 1t5 methane c0ntent, can 6e 
f0und e15ewhere (Fan9 and Chu1, 1993; Chu1 et  a1., 1994). 

C0mp051t10n5 0f v01at11e fatty ac1d5 (VFA; fr0m acet1c 
ac1d t0 hept01c ac1d), 6en20ate and phen01 1n the eff1uent 
were mea5ured 6y a 9a5 chr0mat09raph (6C; Hew1ett 
Packard M0de1 5890 5er1e5 11). 7he 6C  wa5 e4u1pped w1th 
a 10 m × 0.53 mm HP-FFAP fu5ed-5111ca cap111ary c01umn 
and a f1ame 10n12at10n detect0r (F1D), u51n9 he11um a5 the 
carr1er 9a5.1nject0r and detect0r temperature5 were 200 and 
250°C, re5pect1ve1y. 7he f1u1d 5amp1e wa5 f11tered thr0u9h a 
0.45/tm mem6rane f11ter and ac1d1f1ed t0 pH 3 w1th c0ncen- 
trated ph05ph0r1c ac1d pr10r t0 1nject1n9 1nt0 the c01umn 
u51n9 the fa5t 1nject10n techn14ue. 7he 1n1t1a1 temperature 0f 
the c01umn wa5 7ffC f0r 4 m1n f0110wed w1th a f1r5t ramp 
0f 10°C.m1n -~ t0 the temperature 0f 140~C f0r 2 m1n and 
a 5ec0nd ramp 0f 10~C~m1n L and a f1na1 temperature 0f 
170°C f0r 2 m1n. V01at11e fatty ac1d 5tandard5 (5upe1c0, 1nc., 
8e11ef0nte, PA) and rea9ent 9rade 50d1um 6en20ate and 
phen01 (Merck) were u5ed f0r the ca116rat10n 0f the F1D. 

6ranu1e 5amp1e5 were taken 0n day 373 at 6 9.1 ~- day- 
0f 10ad1n9 rate f0r m1cr05c0p1c exam1nat10n and ana1y515 0f 
5pec1f1c methan09en1c act1v1ty (5MA). 7he m1cr05tructure 
0f the UA58 9ranu1e5 wa5 exam1ned u51n9 5cann1n9 e1ectr0n 
m1cr05c0pe (5EM, Cam6r1d9e 5tere05can 360) and tran5- 
m15510n e1ectr0n m1cr05c0pe (7EM, JE0L 1005X). 7he 
5amp1e preparat10n pr0cedure5 were a5 rep0rted prev10u51y 
(Fan9 and Chu1, 1993). 7he 5MA mea5ure5 the 
methan09en1c act1v1ty 0f the 9ranu1e5 1n 5erum v1a15 f0r a 
5pec1f1c 5u65trate at the c0ncentrat10n 1eve1 where the 
ava11a6111ty 0f 5u65trate 15 n0t a 11m1t1n9 fact0r. 7he 5MA 
0f the phen01-de9rad1n9 9ranu1e5 were mea5ured 1n dup11- 
cate5 1n 5erum v1a15 6a5ed 0n the meth0d (D01f1n and 
Mu1der, 1985; Hwan9 and Chen9, 1991) m0d1f1ed fr0m the 
0ne pr0p05ed 0r191na11y 6y 0wen et  a1. (1979). 8ecau5e the 
9ranu1e5 were c0mp05ed 0f var10u5 5pec1e5 0f 6acter1a, the 
5MA mea5urement 15 5tr1ct1y dependent 0n the 5u65trate 
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F19. 1. UA58 react0r 5etup. 

ch05en f0r the te5t. 51x 5u65trate51nc1ud1n9 f0rmate, acetate, 
pr0p10nate, 6utyrate, 6en20ate and phen01 were u5ed 1nd1- 
v1dua11y a5 the 5u65trate f0r 5MA mea5urement5 1n th15 
5tudy. 

RE5UL75 AND D15CU5510N 

7a61e 1 5Ummar12e5 the 0perat10na1 C0nd1t10n5 
thr0U9h0Ut th15 412 day 5tUdy, 1nC1Ud1n9 the C 0 D  
1eVe1 1n the Wa5teWater, H R 7 ,  C 0 D  10ad1n9 and the 
eff1Uent reCyC1e. Fan9 and ChU1 (1993) dem0n5trated 
that  the C 0 D  rem0Va1 eff1c1enCy 0f  a U A 5 8  react0r 
Wa5 ma1n1y dependent  0n the C 0 D  10ad1n9 rate, 
Wh1Ch C0U1d 6e adjU5ted 6y VarY1n9 H R 7  and/0r  the 
C 0 D  1eVe1 1n the Wa5teWater. 7he  H R 7  1n th15 5tUdy 
Wa5 8 h 1n1t1a11y, 6Ut Wa5 adjU5ted t0 12 h, 5tart1n9 0n 
day 62, and 51nCe then the 10ad1n9 rate Wa5 adjU5ted 
6y the phen01 C0nCentrat10n 1n the Wa5teWater a10ne. 

7a61e 1. HR7, wa5tewater C0D and C0D 10ad1n9 rate5 

Wa5tewater C0D 10ad1n9 
HR7 C0D rate 

Day (hr) (m9-1 ~) (9-C0D-1 t-day ~) 

1-45 8 1000 3 
46-61 8 2000 6 
62-80 12 2000 4 
81-84 12 2500 5 
85-205 12 2000 4 

206-222 12 2600 5.3 
223-341 12 3500 7 
242-267 12 4500 9 
268-307 12 2000 4 
308 325 12 2600 5.3 
326412 12 3000 6 



De9radat10n 0f phen01 1n a UA58 react0r 1355 

5tart1n9 day 125, part 0f the eff1uent fr0m the react0r 
wa5 recyc1ed t0 d11ute the phen01 c0ncentrat10n 1n the 
1nc0m1n9 wa5tewater 1n 0rder t0 10wer 1t5 t0x1c1ty t0 
the 610ma55. 7he f10wrate 0f the recyc1e 5tream wa5 
ma1nta1ned at the 5ame 1eve1 a5 that 0f the 1nc0m1n9 
wa5tewater. F19ure 2 111u5trate5: (a) rem0va1 eff1c1ency 
0f 501u61e C0D;  (6) C 0 D  1eve15 0f the f11tered 
eff1uent; (c) 6109a5 pr0duct10n rate; and (d) the 
c0rre5p0nd1n9 C 0 D  10ad1n9 rate5 thr0u9h0ut th15 
5tudy. 

7he C 0 D  10ad1n9 rate wa5 510w1y 1ncrea5ed 5tep- 
w15e when the react0r rem0ved 0ver 80% 0f 501u61e 
C 0 D  fr0m the wa5tewater. H0wever, the 5m00th 
0perat10n wa5 1nterrupted three t1me5. 7he 1nterrup- 
t10n5 were due t0 the deter10rat10n 0f the react0r 
perf0rmance, a5 ref1ected 6y the 10wer1n9 0f 6109a5 
pr0duct10n and the C 0 D  rem0va1 eff1c1ency. 1n each 

0f the5e 0cca510n5, the C 0 D  10ad1n9 rate wa5 reduced 
fr0m a h19her rate t0 4 9.1-1. day-  ~ and kept at that 
1eve1 unt11 the 6109a5 pr0duct10n and C 0 D  rem0va1 
eff1c1ency were fu11y rec0vered 6ef0re the 10ad1n9 rate 
wa5 1ncrea5ed 0nce m0re. 

A typ1ca1 phen01-de9rad1n9 9ranu1e wa5 1-2 mm 1n 
d1ameter w1th 5at15fact0ry 5ett1ea6111ty. 7he 51ud9e 
wa5h0ut wa5 5teady. 0ver  a 3-m0nth per10d, dur1n9 
day5 326-412 when the react0r wa5 0perated at a 
c0n5tant 10ad1n9 0f 6 9-C0D.  1-1. day-  1, the eff1uent 
c0nta1ned an avera9e 0f 60 m9~1-m 0f V55. 

C0D rem0va1 e~c1ency 

(a) 5tartup. Pr10r t0 the exper1ment, the part1a11y 
9ranu1ated 51ud9e 1n the react0r wa5 f1r5t fed w1th 
wa5tewater c0nta1n1n9 5ucr05e a5 5u65trate at a 10ad- 
1n9 rate 0f 10 9-C0D-1 -] .day -~. Dur1n9 th15 per10d, 
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F19.2. (a) Rem0va1 eff1c1ency 0f 501u61e C0D. (6) C0D 1eve15 0f the f11tered eff1uent, (c) 8109a5 pr0duct10n 
rate. (d) 7he c0rre5p0nd1n9 C0D 10ad1n9 rate5. 
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the 6109a5 pr0duct10n rate wa5 a60ut 20 1.day ~ and 
the C0D rem0va1 eff1c1ency wa5 0ver 95%. H0wever, 
5tart1n9 day 1 when the 5u65trate wa5 5w1tched t0 
phen01 at 3 9-C0D. 1- ~. day- ~, the 6109a5 pr0duct10n 
rate dr0pped 1mmed1ate1y t0 0.31.day 1 and the 
C0D rem0va1 eff1c1ency decrea5ed t0 1e55 than 20%. 
810ma55 1n the react0r t00k a 10n9 t1me t0 6ec0me 
adapted t0 the new 5u65trate. 0n1y after a60ut 30 
day5 0f acc11mat10n, the 9a5 pr0duct10n rate and the 
C0D rem0va1 eff1c1ency 6e9an t0 rec0ver. 8y day 45, 
the react0r wa5 capa61e 0f pr0duc1n9 0ver 2.8 1 .day -1 
0f 6109a5 and rem0v1n9 0ver 83% 0f C0D. 

(6) Effect 0f  eff1uent recyc1e. Dur1n9 day5 85-125, 
when the react0r wa5 0perated at 4 9-C0D. 1 ~- day-1 
w1th an 1nf1uent C0D 0f 2000m9-1 ~, the C0D 
rem0va1 eff1c1ency ma1nta1ned 5tead11y at 81%. 7he 
1na6111ty t0 further 1ncrea5e the C0D rem0va1 
eff1c1ency wa5 attr16uted t0 the t0x1c effect 0f the h19h 
c0ncentrat10n 0f phen01 1n the wa5tewater t0 the 
9ranu1ar 610ma55 1n the react0r. 1n 0rder t0 10wer the 
t0x1c1ty 0f the 1nc0m1n9 wa5tewater, 5tart1n9 day 125, 
part 0f the eff1uent wa5 recyc1ed t0 d11ute the phen01 
c0ncentrat10n 1n the 1nc0m1n9 wa5tewater. W1th 1:1 
recyc1e rat10, the C0D rem0va1 eff1c1ency 5tead11y 
1mpr0ved t0 an avera9e 0f 92.5% dur1n9 day5 
180-205 at the 5ame 10ad1n9 0f 49-C0D.1 ~day 1. 
7he c0m61ned 5tream enter1n9 the react0r c0nta1ned 
a60ut 430 m9-phen01.1 ~ dur1n9 th15 per10d. 

(c) Re5p0n5e t0 temperature 5h0ck. 0 n  day5 
132~134, the temperature 0f the react0r dr0pped 
fr0m the n0rma1 37 t0 20°C f0r a60ut 48 h, due t0 the 
6reakd0wn 0f the water heater. A1th0u9h the tem- 
perature chan9e wa5 n0t 5evere, 1t adver5e1y affected 
the 610act1v1ty 0f the phen01-de9rad1n9 9ranu1e5. A5 
111u5trated 1n F19. 2, the 6109a5 pr0duct10n reduced 
read11y 6y 64%, fr0m 2.5 t0 0.9 1.day ~. Even th0u9h 
the react0r rec0vered a60ut 80% 0f 1t5 6109a5 pr0- 
duct10n rate 5 day5 after the temperature returned t0 
37°C, the fu11 rec0very 0f 610act1v1ty t00k a60ut 40 
day5. F19ure 2 111u5trate5 that the 6109a5 pr0duct10n 
rate, the phen01 c0ncentrat10n 1n the eff1uent and the 
C0D rem0va1 eff1c1ency d1d n0t return t0 the pre- 
5h0ck 1eve15 unt11 day 173. Dur1n9 th15 t1me, 5evera1 
UA58 react0r5 u51n9 0ther 1nd1v1dua1 5u65trate5, 
1nc1ud1n9 m1xed VFA, pept0ne and 6en20ate, were 
0perated 1n para11e1 t0 th15 5tudy. H0wever, the 
temperature chan9e fr0m 37 t0 20°C had 0n1y m11d 
effect t0 the react0r5; a11 0f them rec0vered fu11y 
w1th1n 2 day5 when the temperature returned t0 37°C. 
0n1y the react0r 0f th15 5tudy treat1n9 phen011c 
wa5tewater exh161ted h19h 5en51t1v1ty t0 the tempera- 
ture 5h0ck. 

(d) Re5p0n5e t0 10ad1n9 5h0ck5. Phen01-de9rad1n9 
9ranu1e5 a150 exh161ted h19h 5en51t1v1ty t0 the 1ncrea5e 
0f C0D 10ad1n9. 1n th15 5tudy, the 10ad1n9 wa5 
10wered fr0m a h19her rate t0 4 9-C0D. 1- ~ day- ~ 0n 
three 0cca510n5 when the react0r perf0rmance deter1- 
0rated 6ad1y. When the 10ad1n9 rate wa5 1ncrea5ed 
fr0m 3 t0 6 9-C0D.1 -~.day-1 0n day 46, the C0D 
rem0va1 eff1c1ency 5tead11y decrea5ed fr0m 83 t0 52%. 

P. Fan9 et a1. 

7hu5, 0n day 62 the 10ad1n9 rate wa5 10wered t0 
49-C0D-1-~-day ~, at wh1ch the C0D rem0va1 
eff1c1ency rec0vered 9radua11y. When the 10ad1n9 wa5 
1ncrea5ed t0 5 9-C0D~1 -~ .day ~ 0n day 81, the C0D 
rem0va1 eff1c1ency read11y dr0pped a9a1n. 0nce m0re, 
the C0D  rem0va1 eff1c1ency wa5 rec0vered when the 
10ad1n9 wa5 10wered t0 4 9-C0D• 1- ~. day ~-~, a5 111u5- 
trated 1n F19. 2. 

After the react0r perf0rmed 5tead11y at 49- 
C0D•1-1•day -L f0r a 10n9 per10d, the 10ad1n9 rate 
wa5 ra15ed f0r the th1rd t1me, t0 5.3 9-C0D-1 ~-day -~ 
0n day 206. After 2 wk 0f 5teady 5at15fact0ry per- 
f0rmance, the 10ad1n9 wa5 ra15ed further t0 7 9- 
C0D•1 t day-L. At th15 10ad1n9, the C0D rem0va1 
eff1c1ency dr0pped t0 47%; 6ut 1t read11y rec0vered t0 
88% 1n a60ut 2 wk. 7he eff1uent dur1n9 day5 223-226 
c0nta1ned 481 499 m9.1- 1 0f re51dua1 phen01, wh1ch 
d1d n0t appear t0 have any 1nh161t0ry effect f0r the 
further de9radat10n 0f phen01. H0wever, when the 
10ad1n9 wa5 further 1ncrea5ed t0 9 9-C0D-1 ~-day L 
0n day 242, the C0D rem0va1 eff1c1ency dr0pped 
dra5t1ca11y, and d1d n0t rec0ver after 25 day5. Dur1n9 
th15 per10d, the eff1uent c0nta1ned 812-816 m9.1 ~ 0f 
re51dua1 phen01, wh1ch appeared t0 have 1nh161t0ry 
effect t0 further de9radat10n 0f phen01. 0 n  day 268 
the 10ad1n9 wa5 10wered t0 4 9-C0D•1 1day 1; at th15 
1eve1 the C 0D  rem0va1 eff1c1ency rec0vered 9radua11y 
fr0m a60ut 15% t0 0ver 90% 6y day 307. 

C0D rem0va1, methane pr0duct10n and 51ud9e y1e1d at 
5tead)• 5tate 

F0r near1y 3 m0nth5 dur1n9 day5 326 412, the 
react0r wa5 0perated at a 5teady-5tate c0nd1t10n. At 
6 9-C0D• 1 1 •day- ~, c0rre5p0nd1n9 t0 12 h 0f HR7 
and a wa5tewater c0nta1n1n9 3065 m9-C0D.1 t (1.e. 
1290 m9~1 -~ 0f phen01), the react0r rem0ved an 
avera9e 0f 97.7% 0f 501u61e C0D. 7he eff1uent 
c0nta1ned 0n avera9e 68.2 m9.1 ~ 0f 501u61e C0D. 
8a5ed 0n 6 C  ana1y5e5, the eff1uent had an avera9e 0f 
10.2 m9• 1-1 0f phen01 and 1t5 c0ncentrat10n5 0f 6en- 
20ate and VFA5 were 6e10w detecta61e 1eve15. 7he 
exper1ment wa5 term1nated 0n day 412. N0 attempt 
wa5 made t0 further 1ncrea5e the 10ad1n9 rate 6ey0nd 
6 9-C0D. 1 1. day- t. 

Dur1n9 th15 per10d, the 51ud9e 6ed 5tead11y 0ccu- 
p1ed 42% 0f the react0r v01ume w1th a c0n5tant V55 
1eve1 0f 27.59.1 -~. 7he t0ta1 610ma55 1n51de the 
react0r wa5 e5t1mated t0 6e 32.0 9, jud91n9 fr0m the 
51ud9e 6ed•5 v01ume and V55 c0ntent. 7he V55 1eve1 
1n the eff1uent wa5 69 m9• 1- ~, and, thu5, the 51ud9e 1n 
the react0r had an avera9e retent10n t1me 0f 84 day5. 
Dur1n9 th15 per10d, the react0r pr0duced da11y 8.4 1 0f 
6109a5 w1th 69% 0f methane c0ntent. Each 9ram 0f 
methane 15 e4u1va1ent 0f 49 0f C0D. 7hu5, the 
610ma55 1n51de the rect0r had the 5pec1f1c methane 
pr0duct10n rate 0f 0.49 9-methane-C0D. 9- 
V55 1.day-1 and 94.7% 0f the C0D rem0ved wa5 
c0nverted t0 methane. 7he rema1n1n9 5.3% 0f the 
C0D rem0ved wa5,  pre5uma61y, c0nverted t0 
610ma55. 51nce each 9ram 0f 610ma55 had 1.41 9 0f 
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7a61e 2. 810act1v1ty 0f phen01-de9rad1n9 9ranu1e5 

c0D 5MA 
5u65trate (m9.1 t) (9-c0D.9-v55 1.day 1) 
F0rmate 1500 0.98 
Acetate 2500 0.64 
Pr0p10nate 2500 n11 
8utyrate 2500 n11 
8en20ate 2400 0.24 
Phen01 1000 0.23 
Phen01 2000 0.16 
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C0D,  the 51ud9e y1e1d 6a5ed 0n C 0 D  6a1ance wa5 
e5t1mated t0 6e 0.038 9-V55.9-C0D J. 

5pec1f1c methan09en1c act1v1ty 

K06aya5h1 et a1. (1989) pr0p05ed a de9radat10n 
pathway 0f phen01 under anaer061c c0nd1t10n5, 1n 
wh1ch phen01 15 1n1t1a11y c0nverted t0 6en20ate. 7he 
1atter 15 then dear0mat12ed f0rm1n9 cyc10hexane 
car60xy11c ac1d, the r1n9 5tructure 0f wh1ch 15 then 
c1eaved t0 f0rm heptan0ate. Heptan0ate 15 further 
de9raded e1ther thr0u9h f1-0x1dat10n t0 f0rm va1er- 
ate, pr0p10nate and acetate (Ke1th et a1., 1978), 0r 
d1rect1y t0 f0rm pr0p10nate and 6utyrate, 60th 0f 
wh1ch can 6e further 0x1d12ed t0 acetate (F1na et a1., 
1978). 

7a61e 2 5ummar12e5 the 5MA data 0f the phen01- 
de9rad1n9 9ranu1e5 u51n9 51x 1nd1v1dua1 5u65trate5, 
1nc1ud1n9 f0rmate, acetate, pr0p10nate, 6utyrate, 
6en20ate and phen01.7he phen01-de9rad1n9 9ranu1e5 
exh161ted a 5MA 0f 0.239-C0D~9-V55-1~day -1 
when the feed c0nta1ned 420m9.1 -~ 0f phen01 
(c0rre5p0nd1n9 t0 1000m9.1 1 0f C0D) 6ut 0n1y 
0.16 9-C0D- 9-V55 ~- day- 1 when the feed c0nta1ned 
840 m9.1-1 0f phen01. 7h15 15 c0n515tent w1th what 
wa5 065erved 1n the c0nt1nu0u5 react0r, 1.e. phen01 
c0ncentrat10n at a60ut 800m9.1-~; e4u1va1ent t0 
a60ut 2000 m9.1-~ 0f C0D,  wa5 1nh161t0ry t0 9ran- 
u1e5• 610act1v1ty. 

F19. 4. 7EM m1cr09raph 0f a 5yntr0ph1c m1cr0c010ny 
c0n515t1n9 0f 5yntr0phu5 6u5we1111-11ke 6acter1a (a) 1n a550c1- 
at10n w1th tw0 hydr09en0tr0ph1c Methan05p1r111um hun- 
9ate1- (6) and Methan06rev16acter- (c), and the acet0tr0ph1c 

Methan0thr1x-11ke (d) 6acter1a (6ar = 3 p m). 

7he phen01-de9rad1n9 9ranu1e5 were a150 f0und 
Capa61e 0f de9rad1n9 6en20ate. U51n9 6en20ate a5 the 
501e 5u65trate, the 9ranu1e5 had a 5MA 0f 0.249- 
C0D•9-V55 -1-day -1 wh1ch wa5 c0mpara61e t0 the 
0.23 9-C0D" 9-V55- ~ day- ~ u51n9 phen01 a5 the 501e 
5u65trate. 7h15 5eem5 t0 5upp0rt the K06aya5h1•5 
pr0p05ed pathway that phen01 wa5 de9raded 6y f1r5t 
c0nvert1n9 t0 6en20ate. 7h15 wa5 further c0nf1rmed 
6y the pre5ence 1n 1ar9e 4uant1ty 0f 5yntr0phu5 
6u5we1111-11ke 6acter1a 1n the 9ranu1e5, a5 t0 6e d15- 
cu55ed 1n the next 5ect10n. 

7a61e 2 a150 5h0w5 that the 9ranu1e5• 5MA u51n9 
phen01 a5 5u65trate wa5 519n1f1cant1y 1e55 than th05e 
u51n9 f0rmate (0.989-C0D~9-V55-~day 1) and 
acetate (0.64 9-C0D•9-V55 1.day-1) a5 5u65trate5. 
7h15, c0m61n1n9 w1th the fact that there wa5 n0 
detecta61e 6en20ate 1n the eff1uent, 5eem5 t0 5u99e5t 
that the 1n1t1a1 c0nver510n fr0m phen01 t0 6en20ate 
wa5 11ke1y the rate-11m1t1n9 5tep 1n the anaer061c 
de9radat10n pr0ce55 0f phen01. 1n add1t10n, the 
phen01-de9rad1n9 9ranu1e5 d1d n0t exh161t any 

F19. 3. 5EM m1cr09raph 0f a 5yntr0ph1c m1cr0c010ny 
c0n515t1n9 0f 5yntr0phu5 6u5we1111-11ke 6acter1a (a) 1n a550c1- 
at10n w1th tw0 hydr09en0tr0ph1c Methan05p1r111um hun- 
9ate1- (6) and Methan06rev16acter- (c), and the acet0tr0ph1c 

Methan0thr1x-11ke (d) 6acter1a. 

F19. 5.7EM m1cr09raph 5h0w1n9 5yntr0phu5 6u5we1111-11ke 
6acter1a 1n juxtap051t10n w1th Methan06rev16acter-11ke 6ac- 

ter1a (6ar = 1 ,urn). 
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F19. 6.7EM m1cr09raph 5h0w1n9 5yntr0phu5 6u5we1111-11ke 
6acter1a 1n juxtap051t10n w1th Methan05p1r111urn-11ke 6ac- 

ter1a (6ar = 0.5 ~m). 

methan09en1c act1v1ty when pr0p10nate and 6utyrate 
were u5ed a5 5u65trate. 7h15 further 5u99e5t5 that the 
de9radat10n 0f 6en20ate 1nt0 acetate wa5 pr06a61y 
c0nducted c0mp1ete1y 1n51de the ce11 0f the 5yntr0- 
phu5 6u5we1111-11ke 6acter1a; acetate wa5 then re1ea5ed 
t0 the m1xed 114u0r t0 6e de9raded 6y acet0tr0ph1c 
methan09en5. 5uch a p05tu1at10n wa5 5upp0rted 6y 
the 065ervat10n that there wa5 n0 detecta61e pr0p1- 
0nate and 6utyrate 1n the eff1uent. 

M1cr05c0p1c exam1nat10n5 0f  9ranu1e5 

Recent 5tud1e5 have 5h0wn that m05t 9ranu1e5, 
5uch a5 th05e treat1n9 6rewery wa5tewater (Fan9 
et a1., 1995) and th05e de9rad1n9 5ucr05e (Fan9 et a1., 
19946) exh161t a three-1ayered 5tructure (MacLe0d 
et a1., 1990). 5uch a m1cr05tructure 15 dependent 
0n the rate 0f de9radat10n and d1ffu510n 0f the 
5u65trate5 and meta6011te5. 7he 0vera11 anaer061c 
de9radat10n 1nv01ve5 at 1ea5t three 5tep5, 1.e. hydr01y- 
515/ac1d09ene515, acet09ene515 and methan09ene515. 
5u65trate 1n the m1xed 114u0r wa5 n0rma11y f1r5t 
hydr01y2ed and c0nverted 6y ae1d09en5 1h the 0uter 
1ayer 0f the 9ranu1e5 t0 fatty ac1d5, wh1ch then d1ffu5e 
1nward due t0 c0ncentrat10n 9rad1ent5 and 6ecame 
5u65trate5 t0 the 5yntr0ph1c acet09en5 and ace- 
t0tr0ph1c methan09en5 1n the m1dd1e 1ayer. Acetate 
wh1ch pr0duced 1n the m1dd1e 1ayer d1ffu5e further 
1nward and wa5 c0nverted 6y the acet0tr0ph1c 
methan09en5 1n the center c0re. 

H0wever, the phen01-de9rad1n9 9ranu1e5, 6a5ed 0n 
e1ectr0n-m1cr05c0p1c exam1nat10n5, d1d n0t exh161t 
5uch a 1ayered m1cr05tructure. 7h15 c0u1d 6e at- 
tr16uted t0 the 510w react10n rate 0f the 1n1t1a1 
ae1d09ene515 pr0ce55 c0nvert1n9 phen01 t0 6en20ate. 
519n1f1cant fract10n 0f phen01 wa5 thu5 11ke1y t0 
d1ffu5e 1nt0 the 9ranu1e5, 1n5tead 0f 6e1n9 c0nverted 
near the 5urface. 7hu5 the d15tr16ut10n 0f 6acter1a1 
5pec1e5 wa5 rather un1f0rm and the 9ranu1e5 1acked a 
d15t1nct 1ayered m1cr05tructure. 51m11ar 065ervat10n 
wa5 a150 recent1y rep0rted f0r 9ranu1e5 de9rad1n9 
hydr01y2ed pr0te1n5 (Fan9 et a1., 1994a); 1n that 

ca5e, the 1n1t1a1 hydr01y515 0f pr0te1n5 wa5 a150 the 
rate-11m1t1n9 5tep and thu5 pr0te1n5 were de9raded 
thr0u9h0ut the 9ranu1e5, 1n5tead 0f ju5t near the 
5urface. 

8acter1a1 c0mp051t10n and phen01 de9radat10n 1n 
9ranu1e5 

A1th0u9h there wa5 n0 pred0m1nant 6acter1a1 
5pec1e5 1n the phen01-de9rad1n9 9ranu1e5, f0ur fam- 
111ar 5pec1e5 were n0t1cea61e, 1nc1ud1n9 th05e re5em61e 
the 6en20ate-de9rad1n9 5yntr0phu5 6u5we1111 (M0unt- 
f0rt and 8ryant, 1982), acet0tr0ph1c Methan0thr1x 
(2ehnder et a1., 1980), and tw0 hydr09en0tr0ph1c 
Methan05p1r111um hun9ate1 (2e1ku5 and 80wen, 1975) 
and Methan06rev1hacter (Mah and 5m1th, 1981). 7he 
pre5ence 0f 5yntr0phu5 6u5we1111-11ke 6acter1a 1n 
a6undance pr0v1ded add1t10na1 5upp0rt1n9 ev1dence 
f0r K06aya5h1•5 pr0p05a1 that, 1n 1t5 methan09en1c 
de9radat10n, phen01 wa5 f1r5t c0nverted t0 6en20ate. 

7he methan09en1c de9radat10n 0f 6en20ate wa5 
f1r5t rep0rted 6y 7arv1n and 8u5we11 (1934). 1t5 
de9radat10n pathway wa51ater 5tud1ed u51n9 enr1ched 
methan09en1c c0n50rt1a (F1na et a1., 1978; Ferry and 
W01fe, 1976; Ke1th et a1., 1978) 6ef0re 5tra1n5 0f 
5yntr0ph1c 6acter1a were 1501ated (M0untf0rt and 
8ryant, 1982), and acetate, H 2 and C02 were 1dent- 
1f1ed a5 the 1ntermed1ate5, a5 5h0wn 1n the f0110w1n9 
e4uat10n: 

C7H502 + 6H20---* 3CH3C00 

+ 3H2 + C 0 2 +  2H + (1) 

A 6  °• = + 53.0 kJ/react10n, 

where A 6  °• repre5ent5 the chan9e 0f 5tandard 
61665 free ener9y at neutra1 pH. W1th 53.0kJ/ 
react10n 0f A 6  °• , the react10n 15 therm0dynam1ca11y 
unfav0ura61e un1e55 1ntermed1ate5, 1.e. acetate, H2 
and C02, can 6e read11y rem0ved. 7h15 c0u1d 6e 
acc0mp115hed when the 6en20ate-de9rad1n9 6acter1a 
are 5yntr0ph1ca11y a550c1ated w1th the hydr09en- 
c0n5um1n9 6acter1a, 5uch a5 Methan05p1r111um hun- 
9ate1 and Methan06rev16acter. 7he hydr09en0tr0ph1c 
methan09ene515 react10n 15 a5 f0110w5: 

12H2+3HC03  + 3 H  +-- - ,3CH4+9H20,  (2) 

A 6  °• = - 406.8 kJ/react10n. 

7hu5, the 0vera11 react10n5 can 6e expre55ed a5: 

4C7H502 + 19H20----~ 3CH4 

+ 1 2 C H 3 C 0 0  + H C 0 3  + 9 H  +, (3) 

A 6  ° = - 49.2 kJ/react10n. 

7he acetate pr0duced 6ecame the 5u65trate f0r the 
acetr0ph1c Methan0thr1x, wh1ch c0nverted acetate t0 
methane and car60n d10x1de acc0rd1n9 t0 the f0110w- 
1n9 react10n: 

C H 3 C 0 0  + H20---~ CH4 + H C 0 j  (4) 

A 6  °• = - 135.6 kJ/react10n. 
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1n phen01-de9rad1n9 9ranu1e5, an a6undance 0 f  
5yntr0ph1c m1cr0c010n1e5 c0u1d 6e 065erved. F19ure5 
3 and 4 111u5trate a m1cr0c010ny 1n wh1ch 5yntr0- 
phu5 6u5we1111-11ke 6acter1a (w1th a mark a) are 1n 
5yntr0ph1c a550c1at10n w1th tw0 hydr09en0tr0ph1c 
Methan05p1r111um hun9ate1- (6) and Methan06re- 
v16acter- (e), and the acet0tr0ph1c Methan0thr1x- 
11ke (d) 6acter1a. 5yntr0phu5 6u5we1111 ha5 a 
r0d-5haped ce11 (0.8 x 1.0-2.0/2m) w1th r0unded- 
end5 and an u1tra5tructure w1th undu1at0ry 0uter 
mem6rane,  and 0ccur5 e1ther 51n91y 0r 1n pa1r5 
(M0untf0rt  et a1., 1984). Methan06rev16acter, 0n the 
0ther hand, ha5 a r0d-5haped ce11 (0.5-0.75 x 
1 .8-3.5pm) wh1ch 0ccur5 51n91y, 1n pa1r5 0r 1n 
cha1n5, (Mah and 5m1th, 1981). Methan05p1r111um 
hun9ate1 ha5 f11ament0u5 ce11 (0.3-0.66/~m) w1th 
54uare-0ff appearance, ce11 5pacer, and a c0nt1nu0u5 
0uter ce11 wa11 (2e1ku5 and 80wen, 1975). Methan- 
0thr1x, wh1ch 15 c0mm0n1y f0und 1n d1fferent k1nd5 
0f  anaer061c 9ranu1e5, can 6e 1dent1f1ed 6y 1t5 
f1u0re5cence-em1tt1n9, 6am600-5haped f11ament, r0d- 
5haped ce11 (0.6-0.8 x 2 .0 -3 .5#m)  w1th f1at-end5, 
and an u1tra5tructure w1th 0uter and 1nner ce11 wa115 
(2ehnder et a1., 1980). F19ure5 5 and 6 are tw0 c105e- 
up m1cr09raph5 5h0w1n9 5yntr0phu5 6u5we1111-11ke 
6acter1a 1n juxtap051t10n w1th Methan06rev16acter- 
and Methan05p1r111um-11ke 6acter1a, re5pect1ve1y. 

C0NCLU510N 

Phen01 1n wa5tewater wa5 effect1ve1y de9raded 1n 
an upf10w anaer061c 51ud9e 61anket (UA58)  react0r 
at 10ad1n9 rate up t0 6 9-C0D~1 -~-day -~. W1th a 
1:1 recyc1e rat10, 0ver 97% 0f  phen01 wa5 rem0ved 
at 37°C, pH 6.8-7.5 and an H R 7  0f  12 h f0r phen01 
c0ncentrat10n5 up t0 1260 m9~1-1, c0rre5p0nd1n9 t0 
3000m9•1-1 0f  chem1ca1 0xY9en demand (C0D) .  
6ranu1e5 1n the react0r t00k a 1en9thy acc11mat10n 
per10d t0 deve10p the phen01-de9rad1n9 capa6111ty. 
5uCh a capa6111ty deter10rated when the 9ranu1e5 
were exp05ed t0 5udden chan9e5 0f  temperature and 
10ad1n9; a1th0u9h the dama9e wa5 n0t permanent,  
the rec0very wa5 9radua1 and 1en9thy. At  69-  
C0D• 1-1. day-~, each 9ram 0f  9ranu1e5 wa5 capa61e 
0f  C0nvert1n9 0.49 9 0f  C 0 D  1nt0 methane da11y. 0 n  
the avera9e, a60ut 94.7% 0f the t0ta1 C 0 D  re- 
m0ved wa5 c0nverted t0 methane, wh11e the re5t wa5 
c0nverted t0 610ma55 w1th a net y1e1d 0f  0.038 9- 
V55• (9 -C0D-rem0ved) -  t. E1ectr0n m1cr09raPh5 
5h0w that the 9ranu1e5 d1d n0t exh161t a 1ayered 
5tructure and were c0mp05ed 0f, am0n9 0ther5, 
5yntr0phu5 6u5we1111-, Methan0thr1x-, Methan05p1r11- 
1um- and Methan06rev16acter-11ke 6acter1a. 
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