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To maintain the biological stability of drinking water during distribution in large, complex 
networks, high standards have to be met—namely, low bacterial densities and low levels of 
biodégradable organic carbon. Second-stage granular activated carbon (GAC) filtration 
(without régénération of carbon) is used for this purpose at the Choisy-le-Roi, Paris, France, 
treatment plant. Effective removal of dissolved organic carbon has been observed with such 
filtration—mainly because of a réduction in the biodégradable organic carbon. To study the 
microbial processes involved in this removal, new methods based on the use of radio-labeled 
tracers have been developed in order to measure the bacterial biomass and activity associated 
with GAC. 

D u r i n g t h e las t 15 yea r s , t he dété
r io ra t ion of t h e qua l i t y of s u r f a c e w a t e r s 
used to p roduce d r i n k i n g w a t e r h a s 
r e su l t ed in the widesp read use of g ran
u l a r ac t iva ted ca rbon (GAC) f i l t ra t ion . 
Because of i t s large spécifie su r f ace area , 
GAC is t h e idéal solid ma te r i a l to remove 
o rgan i c c o m p o u n d s dissolved in w a t e r . 
Remova l of dissolved organic ca rbon 
(DOC) is i m p o r t a n t because (1) some 
o rgan i c s u b s t a n c e s a l t e r t a s t e and odor, 
(2) o the r o rgan ic s may act a s p recu r so r s 
in t h e f o r m a t i o n of ch lor ina ted com
p o u n d s t h a t may be carcinogenic, and (3) 
b iodégradab le c o m p o u n d s can lead to 
bac te r i a l r e g r o w t h in the d i s t r ibu t ion 
S y s t e m . 

N u m e r o u s s t u d i e s h a v e been per
f o r m e d on the adsorp t ion capaci ty of 
GAC for a large r a n g e of organic com
p o u n d s . F i l t r a t ion by GAC has proved 
ve ry ef fec t ive for t h e removal of ce r t a in 
c o m p o u n d s p résen t at h igh concentra
t ions , e.g., in r é se rvo i r w a t e r or g round
w a t e r . In t h e case of r iver wa te r , t he 
mul t ip l i c i ty and va r i e ty of the organic 
c o m p o u n d s p ré sen t r e n d e r the adsorp
t ion p rocess less e f fec t ive . Some s tud ies , 
however , have s h o w n t h a t GAC co lumns 
c o n t i n u e to effect ively remove organics 
f a r beyond t h e po in t a t w h i c h t h e 

During the last 15years, 
the détérioration of the 
quality of surface waters 
used to produce drinking 

water has resulted in 
the widespread use of 

GAC. Because of its large 
spécifie surface area, 
GAC is the idéal solid 

material to remove 
organic compounds 
dissolved in water. 

adsorp t ion capaci ty would normal ly be 
saturated. '* It h a s been suggested t h a t 
t h i s r emova l is t h e resu i t of the ac t iv i ty 
of microbia l c o m m u n i t i e s tha t colonize 
t h e e x t e r n a l s u r f a c e and macropores of 
the GAC particles.2-4.5 

T h e r e f o r e , it m a y be possible to em
ploy t h e microbiological propert ies of the 

GAC in s t ead of i t s adso rp t ion capac i ty . 
Biological p rocesses offer a potent ia l ly 
u s e f u l a l t e r n a t i v e because r egu la r ré
g é n é r a t i o n of t h e GAC is not r equ i red 
a n d b iodégradab le DOC is p re fe ren t ia l ly 
e l imina ted . 

T h e ava i l ab le m e t h o d s for s t u d y i n g 
microb ia l ac t iv i ty in GAC f i l t e r s a r e 
mos t l y ind i rec t methods , such as oxygen 
consumpt ion ,^ compar ing the removal of 
spéc i f ie b iodégradable and nonbiode
g r a d a b l e compounds,^ or s t u d y i n g DOC 
remova l by s tér i le and nons te r i l e GAC 
co lumns . ' ' Direc t m e t h o d s a re l imited to 
t e c h n i q u e s of bacter ia l e n u m e r a t i o n a t 
t h e s u r f a c e of GAC g r a i n s , pa r t i cu la r ly 
by s c a n n i n g é lect ron m i c r o s c o p y . T h e 
lack of e f f ic ient me thods for d i rec t ly 
m e a s u r i n g microbiological ac t iv i ty and 
fo r c h a r a c t e r i z i n g and q u a n t i f y i n g bio
d é g r a d a b l e o rgan ic m a t t e r expla ins t h e 
l a rge n u m b e r of u n a n s w e r e d ques t i ons 
abou t de s ign ing and m a n a g i n g GAC 
f i l t e r s . T h e repor t of t h e A W W A Re
s e a r c h a n d Techn ica l Prac t ice Com
m i t t e e o n Organic C o n t a m i n a n t s in 1981' 
conc luded t h a t f u r t h e r r e sea rch in t h i s 
a r ea is needed. 

T h e p u r p o s e of th i s ar t ic le is to de
sc r ibe t h e appl ica t ion of some original 
m e t h o d s for direct ly m e a s u r i n g bacter ia l 
b i o m a s s a n d ac t iv i ty in GAC f i l ters . In 
add i t ion , a recen t ly developed me thod 
for d e t e r m i n i n g biodégradable organic 
c a r b o n in w a t e r ' " w a s uti l ized. Con t ras t 
i n g w i t h t h e me thod of a s s imi l ab l e 
o rgan i c ca rbon d é t e r m i n a t i o n proposed 
by Van der Kooij et a l , " t he objective of 
t h e m e t h o d descr ibed he re is to déter
m i n e an abso lu t e va lue of b iodégradable 
dissolved ca rbon . 
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N a H S O , 

j—1 

1— Preozonation 
2— pH ad)ustment and coagulation 
3— Flocculatlon 
4— Decanlatton 
5— Sand tlltralion 

6— Ozonalion 
7— GAC filtration 
8— Chiorination 
9— Bisulfite addition 

Figure 1. Schemat ic d iagram of t r e a t m e n t processes a t Choisy-le-Roi p lan t 

Baclerial B i o n > a s 8 — C / m L 

Figure 2. Plot of potent ial glucose 

resp i ra t ion versus bacterial b iomass 

(r = 0.99) 

Bacterial Production— f ig C^mL 

Figure 3. Rela t ionship be tween c u m u -

lat ive thymid ine incorpora t ion and 

bacter ia l product ion in GAC sample s 

(r = 0.97) 

Concentration—mg C/L 

Figure 4. Concen t r a t i ons of DOC and 

BDOC in t he in te rs t i t i a l wa t e r col-

lected at d i f fé ren t dep ths of GAC 

f i l t e r 38 in M a r c h 1986 (depth 0 
corresponds to the top of the filter) 

TABLE 1 
Characteristics of GAC filtration at Choisy-le-Roi plant 

Parameter Value 

Particle density of GAC wetted with water—A^/i 1.28 
Porosity of the bed 0.45 
Effective size (particle diameter for which 10 percent of the 

médium by weight is smaller)—mm 0.8 
Uniformity coefficient 1.8 
lodine number (AWWA B604-74)—m^/^ 925 
Filtration velocity—m/A 5-9 
Médium depth—m 1 
Empty bed contact time—min 7-12 
Surface area of filter— 117 
Number of filters in the plant 34 
Last réactivation of the GAC Two years before the beginning 

of the study in August 1984 

T h è s e methods were applied at t he 

Choisy-le-Roi dr inking w a t e r t r e a t m e n t 

p lan t , w h e r e GAC f i l t ra t ion had been 

used for two years before the beginning 

of t he présent s tudy as second-s tage 

f i l t r a t ion wi thout GAC régénéra t ion to 

t ake advan tage of the microbial process 

of o rganic carbon remova l . T h e GAC 

f i l t e rs used at t h e p r é sen t t ime were 

ins ta l led by s imply rep lac ing sand in 

severa l of the f i r s t - s t age f i l t e r s w i t h 

GAC, w i thou t any modif icat ion of the i r 

hyd rau l i c or géométr ie cha rac te r i s t i c s . 

T h e r e s u l t s p resen ted in th i s a r t ic le 

conf i rm the e f fec t iveness of the second-

s tage f i l t ra t ion s tep. T h e work t h a t is 

described in th i s ar t ic le is pa r t of a large 

p rogram in tended to improve the design 

of a second généra t ion of GAC f i l t e rs to 

be built at Choisy-le-Roi in the nea r 

f u t u r e . 
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Bacterial B i o m a s s — C / m L Baclerial Product ion 

—tjg C/mL-h 

Figure 5. Bacter ial b iomass and pro-

duct ion as a func t ion of d e p t h in GAC 

fi l ter 38 a t d i f fé rent s easons in 1985 

and 1986 (depth 0 corresponds to the 

top of the filter) 

Material and methods 
Choisy-le-Roi treatment plant. T h e 

Choisy-le-Roi plant , located in sou theas t 

Par i s , produces 800,000 m V d of w a t e r . 

Raw wa te r is w i t h d r a w n f rom the Seine 

River above Paris . In addit ion to classical 

t r e a t m e n t s such as coagulat ion, floccu-

lation, and séd imenta t ion , t he t r e a t m e n t 

t r a in (Figure 1) includes: (1) sand fi l t ra-

t ion, du r ing which a m m o n i a is removed 

by n i t r i fy ing bacter ia a n d suspended 

solids are e l iminated , (2) ozonat ion wi th 

a dose of 1-2 mg O3/L, (3) f i l t ra t ion on 

GAC, (4) ch lor ina t ion (1-2 m g / L w i t h a 

contact t ime of 2 -4 h), and (5) dechlo-

r ina t ion wi th bisulf i te to ensu re a chlo-

r ine residual of 0.5 m g / L in the dis-

t r ibut ion System. 

Sampling. Mos t m e a s u r e m e n t s de-

scribed in th i s ar t ic le were performed on 

GAC fi l ter 38 at t he Choisy-le-Roi plant . 

T h e main character is t ics of t hegeomet ry 

and opération of th is f i l ter are listed in 

The Choisy-le-Roi plant, 

located in southeast 

Paris, produces 800,000 

m^/d of water. Raw 

water is drawn from the 

Seine River above Paris. 

Tab le 1. T h e GAC in t h e f i l ter w a s 

loaded two years before the beginning of 

t h e s tudy in Augus t 1984 and has never 

been regenerated. 

S a m p l e s of i n f l u e n t w a t e r can be 

collected easily f rom the w a t e r overlying 

t he filter; e f f luent w a t e r can be collected 

directly a f t e r passage th rough the f i l ter 

f r om a t ap in the f i l tered w a t e r collector. 

Moreover, the f i l ter is equipped w i t h a 

p e r m a n e n t sampl ing device, a l lowing 

collection of samples of inters t i t ia l w a t e r 

at var ious depths in the GAC bed. 

T h e GAC samples were taken f rom a 

smal l r a f t f loa t ing on the wa t e r over-

lying the f i l ter by u s i n g a specially 

devised corer t ha t al lowed 50-mL GAC 

samples to be collected at var ious d e p t h s 

in the filter. 

Measurements with water samples. Dis-

solved organic carbon. T h e DOC w a s 

measured wi th a total carbon analyzer* 

u s i n g ul t raviole t -promoted pe r su l f a t e 

oxidat ion of organic carbon , followed by 

in f ra red spec t rophotometr ic détection of 

t he carbon dioxide (CO2) produced by the 

oxidat ion. Samples were preserved wi th 

a few drops of a s a t u r a t e d mercur i c 

chloride solut ion and were s tored in 

sealed, precombusted glass ampules. T h e 

accuracy of the dé te rmina t ions is about 

2 percent in the r ange 0 - 3 mg C/L. 

Biodégradable organic carbon. T h e 

biodégradable f rac t ion of DOC (BDOC) 

was determined according to the bioassay 

procédure developed by Servais et a l . A 

200-mL w a t e r sample is sterilized by 

f i l t r a t ion t h r o u g h a 0.2-/[jm-pore-size 

m e m b r a n e careful ly r insed f irst w i th 

distilled w a t e r (400 mL) then wi th the 

wa t e r sample (200 mL). A 2-mL inoculum 

con ta in ing a u t o c h t h o n o u s bacter ia is 

added. T h e inocu lum is in fact r a w 

w a t e r f i l tered t h rough a 2-/im-pore-size 

filter. T h e inoculated sample is incubated 

in the da rk at 20 ± 0.5°C for four weeks . 

T w o replicates, 20-mL subsamples , a re 

collected for DOC dé t e rmina t ion a t t he 

beg inn ing of the incuba t ion ( just a f t e r 

adding the inoculum) and at the end of 

the incuba t ion . T h e BDOC value is cal-

culated as the d i f fé rence be tween the 

m e a n va lues of t h e ini t ia l and the f ina l 

DOC. T h e précision of t h i s method is 

es t imated to be 0.05 mg C/L. '^ 

Bacterial biomass. Bacter ia l n u m -

bers were de t e rmined by epi f luorescence 

microcospy a f te r acridine orange s ta in ing 

(AODC) fol lowing the procédure of Hob-

bie et al,'^ u s ing an epi f luorescence 

mic roscope t equipped w i t h a 100-W 

m e r c u r y lamp. T h e n u m b e r s of bac ter ia 

per mi l l i l i t r e w e r e e s t i m a t e d f r o m 

e n u m e r a t i o n on 10 fields; at least 20 cells 

w e r e coun ted on each field. Bacter ia l 

sizes were e s t ima ted visual ly by com-

par ison w i t h a cal ibra ted grid, and bio-

volumes were calculated by t r ea t ing rods 

and cocci as cy l inders and sphères , 

respectively. ' ' ' A convers ion fac tor of 1.2 

X 10-'3 g C Z / L i m ^ w a s used for ca lcu la t ing 

b iomass f rom biovolume.'"' 

Measurement with GAC samples. Bac-

terial biomass. Because direct micro-

scopic e n u m e r a t i o n of bac ter ia a t t a ched 

to a c t i v a t e d c a r b o n is not poss ib le 

(because of t he size and the s u r f a c e 

i r r egu la r i ty of t he solid suppor t ) , a dif-

f é r en t approach w a s developed for esti-

m a t i n g the bacter ia l b iomass in GAC 

s a m p l e s . T h i s a p p r o a c h c o n s i s t s of 

measu r ing the bacterial potential act ivi ty 

u n d e r s t a n d a r d condi t ions and re la t ing 

t h i s to the size of t he act ive populat ion of 

bacter ia . For th i s purpose , m e a s u r i n g 

t he product ion of ^^C02 by resp i ra t ion of 

added ' ' 'C-glucose at a s a t u r a t i n g con-

cen t ra t ion w a s found convenient . T h e 

rad ioac t ive s u b s t r a t e is added a t a h igh 

concen t ra t ion in order to s a t u r a t e t h e 

biological u p t a k e process , t he m a x i m a l 

capac i ty of w h i c h is measu red . T h i s 

m e a s u r e m e n t is independen t of t he sub-

s t r a t e concen t ra t ion bu t dépends on t h e 

spécif ie ac t iv i ty of t he added labeled 

s u b s t r a t e . It gives no in fo rma t ion abou t 

t h e real u p t a k e r a t e of t he s u b s t r a t e bu t 

is an es t imat ion of the size of t he ac t ive 

bacter ia l popula t ion. 

D u r i n g the expé r imen ta l procédure , 1 

m L of '^C-glucoseJ solut ion (1 m M glu-

cose c o n t a i n i n g 0 .1-1 yuCi) w a s added to 

a 2-mL GAC sample in a penicil l in bot t le 

closed w i t h a r ubbe r s ep tum. T h e high 

concen t ra t ion of added glucose w a s nec-

e s sa ry to s a t u r a t e t he u p t a k e process 

because of the i m p o r t a n t adsorp t ion on 

t he GAC of t he added s u b s t r a t e . T h e 

s ample cons is ted of GAC and w a t e r in 

t he s a m e proport ion as in t he s tud ied 

f i l ter (about 75 percent w / w of water ) . 

Af t e r 3 h of incuba t ion at 20°C, t h e 

s ample is acidified by add ing 2 m L of 10 

percent su l fu r i c acid t h rough the s e p t u m 

*Model 80, D o h r m a n n Div. , Xertex Corp., S a n t a Clara, 
Calif . 

+Ernst Leitz, Wetzlar. Fédéral Republic of G e r m a n y 

î A m e r s h a m Corp., Buck inghams l i i r e . England 
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TABLE 2 
Réduction in dissolved organic carbon by GAC filtration 

Date 
DOC in Influent 

tng C/L 
DOC in Effluent 

mg C/L 
Reducton in DOC 

mgC/L 

Aug. 18, 1984 1.85 1.40 0.45 
May 22. 1985 2.95 2.65 0.30 
Oct. 28, 1985 1.70 1.40 0.30 
Oct. 29,1985 1.75 1.50 0.25 
Oct. 30, 1985 1.70 1.35 0.35 
Oct. 31, 1985 1.95 1.30 0.65 
Mar. 3, 1986 2.35 1.65 0.70 
Mar. 4, 1986 2.05 1.25 0.80 
Mar. 5, 1986 1.85 1.45 0.40 
Mar. 7, 1986 1.80 1.65 0.15 
June 5, 1986 2.65 2.30 0.35 
Aug. 25, 1986 1.95 1.70 0.25 
Aug. 26, 1986 2.80 2.50 0.30 
Aug. 28, 1986 1.85 1.10 0.75 

Sacter la l Blomass—M9 C/mL 

Figure 6. Vert ical profiles of bacterial 

b iomass in GAC filter 38 jus t before 

and a f t e r a w a s h i n g cycle in J u n e 

1986 {depth 0 corresponds to the top of 

the filter) 

TABLE 3 
Réduction in biodégradable and nonbiodegradable dissolved organic carbon by GAC filtration 

Date 

Influent Effluent Réduction 

Date 
BDOC 

mgC/L 

NBDOC 
mgC/L 

BDOC 
mgC/L 

NBDOC 
mg C/L 

BDOC NBDOC 

Date 
BDOC 

mgC/L 

NBDOC 
mgC/L 

BDOC 
mgC/L 

NBDOC 
mg C/L mg C/L percent mgC/L percent 

Aug. 18, 1984 0.90 0.95 0.55 0.85 0.35 39 0.10 11 
May 22, 1985 0.70 2.20 0.60 2.10 0.10 14 0.10 5 
Oct. 28. 1985 0.45 1.55 0.35 1.40 0.10 22 0.15 10 
Oct. 30. 1985 0.50 1.45 0.20 1.30 0.30 60 0.15 10 
Oct. 31, 1985 0.50 1.50 0.20 1.30 0.30 60 0.20 13 
Mar. 3. 1986 0.50 1.40 0.25 1.20 0.25 50 0.20 14 
Mar. 5, 1986 0.60 1.45 0.35 1.35 0.25 42 0.10 7 
Mar. 7, 1986 0.40 1.50 0.20 1.50 0.20 50 0 0 
June 4,1986 0.85 1.80 0.65 1.70 0.20 24 0.10 6 
Aug. 25, 1986 0.55 1.45 0.30 1.40 0.25 45 0.05 3 
Aug. 26, 1986 0.70 2.10 0.50 2.00 0.20 29 0.10 5 

Dissolved organic Carbon 

Influent 

walcr 

Figure 7. Représenta t ion of t he overall func t ion ing of a GAC f i l ter at t h e Choisy-le-

Roi p lan t calculated on the basis of t he ave rage va lues for ail p a r a m e t e r s 

measu red dur ing the course of the s tudy 

B D O C R e m o v a l — m g C L 

Figure 8. Re la t ionsh ip be tween bac-

ter ia l p roduct ion (es t imated for the 

period co r r e spond ing to t he contact 

t i m e d u r i n g f i l t ra t ion) and the BDOC 

remova l achieved d u r i n g th i s contact 

t i m e a t t h e Choisy-le-Roi plant 
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and is then bubbled for 10 min to ex t r ac t 

t he CO2 t ha t is t r apped in a m i x t u r e of 

two pack ings*( l :4 vol:voI). '=Radioactiv-

ity is de te rmined by liquid sc in t i l l a t ion . ! 

T o convert t he va lues of potent ial 

glucose respi ra t ion r a t e in to bacter ia l 

biomass, th is method has been cal ibrated 

w i t h suspens ions of bacter ia detached 

by the ear ly w a s h i n g procédure f rom an 

act ivated carbon f i l ter . Potent ia l glucose 

respi ra t ion m e a s u r e m e n t and bacter ia l 

e n u m e r a t i o n by the AODC method were 

per formed on the s a m e samples contain-

ing var ious concen t r a t i ons of bacter ia . 

T h e resuit shows agood corrélat ion (r = 

0.99) between both m e a s u r e m e n t s , w i th 

t he cor respondence fac tor 1.1 /ig C of 

bacterial b iomass per nmole glucose 

respired per hour (Figure 2). 

Bacterial production. For es t imat ing 

bacterial product ion in GAC samples , 

the method of (methyl-^H) thymid ine 

incorporat ion proposed by F u h r m a n and 

Azam'"! ' ' for the m e a s u r e m e n t of bac-

terial product ion in aqua t i c environ-

m e n t s w a s adap ted . T h i s method con-

s i s t s of d e t e r m i n i n g bacterial b iomass 

product ion f rom m e a s u r e m e n t of the 

syn thes i s r a t e of bacter ia l DNA. T h i s 

r a t e is e s t ima ted by the incorporat ion 

r a t e of a labeled p recu r so r of DNA, 

thymidine . In aqua t i c env i ronmen t s , a 

concent ra t ion of 5 -15 nM of ^H-thymi-

dine is usua l ly used to s a t u r a t e the 

incorpora t ion process. In t he case of a 

GAC sample , because of t he adsorp t ion 

of par t of t he t hymid ine , it was deter-

mined t h a t a concen t r a t i on of at least 50 

n M was necessary . 

D u r i n g the expé r imen ta l procédure , 1 

m L of 200-nM (methyl-^H) t hymid ine 

so lu t ion} (spécifie ac t iv i ty 40-50 Ci / 

mmol) and 1 m L of a 200-nM cold 

t hymid ine solut ion a r e added to a 2-mL 

GAC sample (conta in ing GAC and w a t e r 

as for t he m e a s u r e m e n t of potent ia l 

glucose respira t ion) . T h e sample is in-

cuba ted for 3-4 h at in s i tu t e m p é r a t u r e . 

At the end of i ncuba t ion , 100 of an 

adenos ine t r i p h o s p h a t e so lu t ion§ (25 

g/L), 100 fil of a DNA (from h e r r i n g 

sperm) solut ion§ (0.75 g/L), and 2 m L of 

1 s o d i u m hydroxide (NaOH) are added. 

T h e sample is t h e n hea ted for 1 h at 

100°C to ex t rac t t h e DNA; a f t e r cooling, 

it is cent r i fuged for 10 min at 3,000 rpm. 

One mil l i l i t re of t he s u p e r n a t a n t is col-

lected, added to 5 mL of 10 pe rcen t 

t r ichloroacet ic acid, and cooled for 10 

min . It is t hen f i l te red t h r o u g h a 0.2-yum-

pore-size membrane ,** and the radio-

act ivi ty associa ted w i t h t he f i l te r is 

counted by liquid scint i l la t ion. Control 

t e s t s for the whole procédure wi th added 

�^C-labeled D N A f t showed tha t t he effi-

ciency of DNA recovery is >90 percent . 

Conversion of thymid ine incorporation 

ra tes into bacterial b iomass product ion 

r e m a i n s unce r t a in . Several a u t h o r s pro-

posed theore t ica l convers ion fac tors ; 

h o w e v e r , t h è s e f a c t o r s a r e based on 

TABLE 4 
Enumeration of bacteria in the influent and effluent of GAC filter 38 

Date 

Bac ter ia—numberx 10^/mL 

Date Influent Effluent Différence 

March 3-7, 1986 
June 4, 1986 
August 25, 1986 
August 26, 1986 
August 27, 1986 
August 28, 1986 

0.30 
0.06 
0.26 
0.11 
0.06 
0.06 

0.40 
0.23 
0.31 
0.18 
0.11 
0.13 

0.10 
0.17 
0.05 
0.07 
0.05 
0.07 

TABLE 5 
Bacterial biomass evacuated by filter washing 

Date 

Bacterial B iomass 
in Filter* 
gC/m^ 

Bacterial B iomass Evacuated by 
Filter Washing 

Date 

Bacterial B iomass 
in Filter* 
gC/m^ gC/m^ percent 

March 3, 1986 
March 7, 1986 
June 4, 1986 
August 25, 1986 

3.68 
8.34 
6.16 
3.34 

0.14 
0.37 
0.30 
0.28 

3.8 
4.4 
4.9 
8.4 

'Calculated from the bacterial biomass measurement as a function of depth in the GAC filter 

several unproved a s s u m p t i o n s . " - ' ' In 

the récent l i terature, most au thors prêter 

to use an empirical conversion fac tor 

d e t e r m i n e d f o r e a c h e n v i r o n m e n t 

studied.2"-2-* S u c h a c a l i b r a t i o n w a s 

es tab l i shed by fol lowing bacterial bio-

m a s s increase and thymid ine incorpora-

tion in a GAC sample. A 200-cm-^ sample 

of GAC f rom a fi l ter w a s autoclaved, and 

100 mL of r iver wa te r sterilized by 0.2-

^ m f i l t ra t ion w a s added. T h e sample 

w a s inoculated by adding 10 mL of r iver 

wa t e r f i l tered th rough a 2-/um mem-

brane}} to re ta in microzooplankton and 

was then incubated at 20°C under agita-

tion for two days. Subsamples were 

t aken out every 5 -8 h to d é t e r m i n e 

bacterial biomass by the potential glucose 

respi ra t ion method and thymid ine in-

corporat ion. T h e observed re la t ionsh ip 

between bacterial production deduced 

f rom bacter ia l b iomass m e a s u r e m e n t s 

and cumula t ive thymid ine incorporation 

is s h o w n in F igure 3. F rom this f igure , it 

w a s deduced t h a t 1 nmol of t h y m i d i n e 

incorporated into bacterial DNA corre-

sponds to a bacterial product ion of 750 

fjLg C. T h i s conversion fac tor w a s used to 

ca lcula te bacter ia l production in GAC 

f i l te rs f rom the ^H-thymidine incorpora-

tion ra tes in GAC samples . 

Results 

DOC and BDOC réduction. Disso lved 

organic carbon was de termined in t he 

inf luent and eff luent wa t e r of GAC fi l ters 

on 14 occasions be tween Augus t 1984 

and Augus t 1986. T h e resu l t s a re pre-

sented in Tab le 2. In t he inf luent w a t e r , 

DOC c o n c e n t r a t i o n s ranged f r o m 1.70 to 

2.95 mg C/L . In ail cases , a s ign i f ican t 

r éduc t ion of DOC by GAC f i l t r a t ion w a s 

observed; the d i f fé rence of DOC be tween 

in f luen t and e f f luen t ranged be tween 

0.15 and 0.8 mg C /L . 

Knowledge of t he BDOC concent ra t ion 

in t he in f luen t a n d e f f luen t is more 

u se fu l . Us ing t h e b ioassay procédure 

developed by Se rva i s et al,'^ BDOC in 

t he in f luen t and e f f luen t was de te rmined 

on severa l occasions . T h e r e s u l t s a r e 

p re sen ted in T a b l e 3. In t he i n f l uen t , 

BDOC var ied f r o m 0.4 to 0.9 mg C/L , 

a m o u n t i n g to 21 -49 percent of t h e total 

DOC (mean 28 percent) . T h i s r a t h e r 

h igh BDOC va lue may be su rp r i s ing , 

cons ider ing t h a t t he w a t e r previously 

u n d e r w e n t sand f i l t ra t ion . It w a s shown , 

however , t h a t t h e ozone t r e a t m e n t fol-

lowing sand f i l t r a t ion w a s respons ib le 

for an increase in t he BDOC f rac t ion at 

t he expense of t h e r e f r a c t o r y f rac t ion . ' " 

In view of t h e object ive of avoid ing 

bac ter ia l r e g r o w t h in t he d i s t r ibu t ion 

n e t w o r k , it is i m p o r t a n t to e l imina te 

BDOC. T h e r e s u l t s of T a b l e 3 s h o w t h a t 

t h e observed réduc t ion cons i s t s ma in ly 

of a decrease in t h e biodégradable frac-

t ion. A mean va lue of 40 percent of t he 

B D O C w a s e l i m i n a t e d by p a s s a g e 

t h r o u g h the GAC fi l ter , whi le only 8 

percent of the r e f r a c t o r y f r ac t ion w a s 

*Cartx)-Sorb. Packard I n s t r u m e n t Co., D o w n e r s Grove. 

11., and Lipoluma. Lumac , S c h a e s b e r g , the N e t h e r l a n d s 

tTri -Carb, Packard I n s t r u m e n t Co.. D o w n e r s Grove, II). 

î A m e r s h a m Corp.. B u c k i n g h a m s h i r e . England 
§Boehr inger M a n n h e i m Diagnos t i c s , Houston , T e x a s 

**Sartorius Filters. H a y w a r d . Calif . 

t t N u c I e p o r e Corp., P l easanton , Calif . 
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re ta ined . T h i s s t rongly sugges t s t ha t 

biological activity, ins tead of adsorpt ion 

processes, is responsible for most of the 

réduct ion of DOC d u r i n g GAC fi l t ra t ion 

at t he Choisy-le-Roi plant . 

Dé t e rmina t i ons of DOC and BDOC 

were also performed on inters t i t ia l wa t e r 

collected at différent depths wi th in the 

GAC fi l ter . A typical profile is presented 

in F igu re 4. Organic carbon w a s mainly 

reduced in the uppe r 40 cm of the f i l ter . 

Clear ly , t h e top 40 cm of the f i l ter is 

respons ib le for most of t he réduct ion in 

BDOC, indicat ing tha t an increase of 

f i l te r dep th or of contact t ime would not 

r esu i t in a proport ional improvement in 

f i l t ra t ion performance. 

Bacterial biomass and activity. 

N u m e r o u s dé te rmina t ions of bacterial 

b iomass and product ion were performed 

in t he period May 1985-August 1986. 

F igure 5 shows bacterial b iomass and 

product ion as a func t ion of depth in the 

GAC filter at différent t imes. Each profile 

p resen ted in this f igure is t he average of 

severa l ( two to seven) dé t e rmina t ions 

pe r fo rmed dur ing one week. Bacterial 

b iomass in the f i l ter ranged f rom 2.5 to 

10.9 C/cm^. Because t he mean bio-

vo lume of t he bacteria observed in the 

w a s h i n g w a t e r of t he f i l ter w a s 0.18 

/xm^, a ca rbon content of 21.6 X lO '^g C 

per bac t e r ium was calculated, and bac-

ter ial abundance in the f i l ter w a s then 

e s t ima ted to be 1.15 X 10* to 5.1 x 10» 

bacter ia /cm^. 

Bacter ia l production varied f rom 0.2 

to 0.6 ^lg C/cm^'h. F rom thèse measure-

m e n t s , t h e bacterial g r o w t h r a t e s can be 

ca lcu la ted a s the ra t io be tween bacterial 

p roduct ion and bacterial biomass. T h e y 

were in t he range of 0.038-0.160/h (mean 

value 0.069/h), indicat ing a r a t h e r rapid 

t u r n o v e r of bacterial biomass. 

A d is t inc t vertical s t ra t i f ica t ion of 

bacter ia l b iomass and act ivi ty, w i th 

va lues decreas ing w i t h depth , w a s ob-

served at ambien t t e m p é r a t u r e s >15°C 

(May 1985, J u n e 1986, and Augus t 1986). 

At lower t empéra tu re s (October 1985, 

M a r c h 1986), no such vert ical va r ia t ions 

a re observed. 

Inpirt and output of bacterial biomass. 
Bacte r ia in the in f luen t and ef f luent 

w a t e r of t h e GAC fi l ter we re counted 

direct ly on several occasions (Table 4). 

In ail cases , bacteria seemed to be more 

n u m e r o u s in the ou t f low t h a n in the 

inf low. T h i s indica tes a small net expor-

ta t ion of bacterial b iomass f rom the 

f i l ter in to t h e outf low. T h e values found 

in t he e f f luen t of t he GAC in th i s s tudy 

a r e s l ight ly higher t h a n those found by 

Albat et in the e f f luen t of GAC fi l ters 

at t he Mery-sur-Oise plant ( range 0.041 

X 10"̂  to 0.15 X lO'' bac ter ia /mL) . T h i s 

expor ta t ion of bacterial b iomass , how-

ever, is very low, in t e r m s of organic 

carbon (mean 0.0003 mg C/L), wi th 

respect to thedecrease in BDOC achieved 

by the f i l ter . 

Effect of filter washing. GAC f i l ters are 

w a s h e d rou t ine ly e v e r y 50 -100 h of 

con t inuous working in s u m m e r and af ter 

several days in win te r . D u r i n g the wash-

ing cycle, the w a t e r level is dra ined to 

t he GAC sur face , followed by 2 min of air 

scour a t 30 m / h , a i r scour and back-

w a s h i n g (10 m / h ) unt i l t he w a t e r level 

r eaches t he w a s h i n g t r oughs , and wa t e r 

b a c k w a s h at 25 m / h for 20 min. 

In order to tes t t he effect of f i l ter 

w a s h i n g on bacter ia f ixed in t he GAC 

f i l ter , bacter ia l b iomass w a s de termined 

for GAC samples collected jus t before 

and a f t e r such a w a s h i n g cycle. Figure 6 

s h o w s t h e ver t ica l b iomass profi les 

before a n d a f t e r w a s h i n g of the fil ter in 

J u n e 1986. T h e profi les do not show 

s igni f icant b iomass decrease caused by 

t h e w a s h i n g . Moreover , desp i te t he 

appl icat ion of a i r scour , w a s h i n g does 

not b reak the vert ical s t ra t i f ica t ion of 

t he biomass . 

Direct e n u m e r a t i o n of t h e bacter ia in 

t he w a s h wa t e r evacua ted by counter-

c u r r e n t f low at t h e end of t h e w a s h cycle 

al lowed éva lua t ion of t h e bacterial bio-

m a s s e l imina ted f r o m t h e f i l ter d u r i n g 

w a s h i n g (Table 5). T h è s e da ta indicate 

t h a t only a l imited f r ac t ion (4-8 percent) 

of the bacter ia l b iomass fixed on GAC 

w a s e l iminated d u r i n g wash ing . 

Moreover, compar i sons of bacterial 

e n u m e r a t i o n of t he out le t wa t e r jus t 

before and a f t e r w a s h i n g the f i l ter have 

s h o w n no s igni f icant d i f fé rence in the 

expor ta t ion of bacter ia l b iomass . T h è s e 

obse rva t ions lead to t h e conclus ion tha t 

w a s h i n g the f i l ter does not s ignif icant ly 

affect microbiological func t ion . 

Organic carbon transformations. T h e 

d a t a p resen ted prev ious ly provide a 

cohéren t descr ip t ion of t h e processes 

involved in DOC é l imina t ion in a biolog-

ical GAC fi l ter . F igure 7 is a d iagram of 

thèse processes , s u m m a r i z i n g ail the 

da t a t h a t has been presented in th is 

ar t icle on f i l ter 38 at Choisy-le-Roi. 

T h e ave rage va lues of carbon m a s s 

r a t e s w i t h i n the f i l ter h a v e been calcu-

lated and conver ted into g C / m '-h, t ak ing 

in to accoun t a 1-m dep th , a w a t e r fi l tra-

tion velocity of 5 m / h (usual velocity 

allowed in thèse f i r s t -genera t ion GAC 

fi l ters) , a n d a f r equency of countercur -

ren t w a s h i n g of one every 50 h. 

T h e va lues presen ted in F igure 7 were 

es t imated as follows: 

� T h e organic m a t t e r (BDOC and 

nonbiodegradable DOC [NBDOC]) con-

ten t of t h e in f luen t and e f f luen t was 

ca lcula ted as the average of the da ta 

presented in Tab le 3. 

� Bacter ia l b iomass in t he inf luent 

and e f f luen t wa t e r w a s calcula ted f rom 

the average bacterial enumera t ion (Table 

4) and e s t i m a t i o n s of bacter ia l cell size 

(see Methods section). 

� U p t a k e of BDOC (1.2 g C/m^-h) by 

bacter ia is t he d i f férence be tween BDOC 

in t he i n f l u e n t w a t e r a n d the e f f luen t 

w a t e r (BDOC adsorp t ion is considered 

to be negligible). 

� Adsorption of NBDOC (0.6 g C/m' -h) 

is t he d i f fé rence in NBDOC between the 

in f luent and e f f luen t wa t e r s . 

� Bacterial product ion (0.35 g C/m ' -h ) 

is the mean value of t he m e a s u r e m e n t s 

per formed in t he f i l ter by the thymid ine 

incorporat ion method . 

� Bacterial resp i ra t ion (0.85 g C/m-^-h) 

is the différence be tween bacterial up take 

and product ion. 

� T h e bacter ia l b iomass exported by 

t he c o u n t e r c u r r e n t w a s h i n g (0.005 g 

C/m-'-h) r e p r e s e n t s an expor ta t ion of 5 

pe rcen t of t h e f ixed b iomass every 50 h. 

� T h e f ixed bac t e r i a l b iomass is 

calculated f rom the average measure-

m e n t s pe r fo rmed in t he f i l ter (Figure 5) 

by t h e po ten t ia l g lucose resp i ra t ion 

method. 

T h è s e c a l c u l a t i o n s i n d i c a t e good 

ag reemen t be tween t h e mean observed 

value of BDOC réduct ion th rough filtra-

tion (équivalent to 1.2 g C /m ' -h ) and the 

mean measu red va lue of bacterial pro-

duct ion (0.35 g C/m^-h). Indeed, if the 

BDOC réduct ion is considered to resui t 

entirely f rom bacterial uptake , a bacterial 

g r o w t h yield fac to r of 0.29 is implied, 

wh ich is in good ag reemen t wi th direct 

e s t imâ te s in s imi lar w a t e r t ha t gave a 

g r o w t h yield fac to r of 0.3. '" T h u s , bac-

ter ial he te ro t roph ic act ivi ty quan t i t a -

tively exp la ins t he decrease in BDOC 

observed d u r i n g f i l t ra t ion ; of the 1.2 g 

C/m^-h r e t a ined in t h e f i l ter , 0.85 g a re 

respired and e l imina ted in the form of 

CO2 and 0.35 g a r e used for bacter ia l 

b iomass syn thes i s . 

T h e fact t h a t bacter ia l he te ro t rophic 

act ivi ty is responsible for BDOC removal 

in the f i l t e r s is con f i rmed by F igure 8. In 

th is f igure, bacterial product ion has been 

plotted aga ins t BDOC removal for ail the 

s i t ua t ions sampled a t t he Choisy-le-Roi 

p lant ; a fa i r ly good cor ré la t ion (r = 0.70) 

is obtained. 

T h e budget of bacter ia l b iomass in a 
GAC fi l ter is r a t h e r complex. It involves 

input w i th t he in f luen t , product ion, and 

mor ta l i ty (namely by graz ing) wi th in 

the f i l ters , and o u t p u t w i t h t he ou t f low 

or d u r i n g w a s h i n g . As indicated by 

F igure 7, pa r t of t h e b iomass produced 

w i th in t he f i l ter or b rough t in by t he 

inf luent is exported by the outf low, e i ther 

d u r i n g w a s h i n g cycles (1 percent) or 

d u r i n g f i l t r a t ion (8 percent) . However , 

because only 9 pe rcen t of the bacter ia l 

b iomass produced is evacua ted f rom the 

f i l ter by thèse t w o processes , it s eems 

tha t t he ma jo r par t (91 percent) of t he 

b iomass produced is e l iminated by mor-

ta l i ty w i t h in t h e f i l te r i tself. F rom t h e 

a u t h o r s ' ca lcula ted budge t , t h i s process 

seems very i m p o r t a n t in cont ro l l ing t he 

s teady-s ta te level of bacter ia l b iomass 

f ixed on a f i l ter . In aqua t i c ecosys tems , 

g raz ing by protozoa (main ly nano-sized 

f l age l lâ tes and c i l lâ tes) is gene ra l ly 
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cons idered to be t h e m a j o r process of 

r e m o v a l of b a c t e r i a l b i o m a s s . ^ s ^ ' i A s i g -

n i f i c a n t popu la t ion of h e t e r o t r o p h i c 

p ro tozoans w a s detected in the GAC 

fi l ter . It is likely t h a t protozoan g raz ing 

p lays a d é t e r m i n a n t rôle in e h m i n a t i n g 

bacter ia g rowing in a f i l ter . 

Discussion and conclusion 

In order to main ta in biological s tabi l i ty 

of d r i n k i n g w a t e r d u r i n g d is t r ibu t ion in 

la rge and complex ne tworks , high s tan-

d a r d s have to be me t—namely , low bac-

ter ia l dens i t i es and low levels of bio-

dégradable organic carbon. 

Biological GAC f i l t e rs used for severa l 

y e a r s w i t h o u t carbon régénéra t ion , t h u s 

t ak ing advan tageof their microbiological 

p roper t ies r a t h e r t h a n their adsorpt ion 

capaci t ies , have proved to be qui te effec-

tive for reducing dissolved organic ma t ter 

d u r i n g d r i n k i n g w a t e r t r ea tmen t . For a 

good u n d e r s t a n d i n g and rat ional man-

a g e m e n t of such f i l ters , new methods to 

m e a s u r e bacter ia l b iomass and ac t iv i ty 

associa ted wi th GAC need to be devel-

oped. T h e procédures described in th i s 

ar t ic le , w h i c h a re both in fo rmat ive and 

expe r imen ta l l y s imple, can serve th i s 

pu rpose well . T h e y allowed the micro-

biological n a t u r e of the DOC réduct ion 

achieved by biological GAC f i l t ra t ion to 

be d e m o n s t r a t e d . F u r t h e r m o r e , t hey 

provide a clear descr ipt ion of t he pro-

cesses involved. 

In t h e p r é s e n t conf igura t ion of t he 

Choisy-le-Roi p lant , t hèse processes can 

be s u m m a r i z e d in the following way: No 

p rech lo r ina t ion occurs at t he head of t he 

t r e a t m e n t line, e n s u r i n g m a x i m u m ef-

f ec t i venes s of biological act ivi ty; an 

ozonat ion s tep, j u s t a f t e r sand f i l t ra t ion , 

c o n v e r t s some r e f r ac to ry organic com-

p o u n d s in to biodégradable organic mat-

ter , w h i c h reaches a level of about 0.6 m g 

C/L ; and w i t h i n t he GAC fi l ter , d u r i n g 

a n E B C T of abou t 12 min , 40 percent of 

t h i s organic carbon is converted into 

CO2 and bac ter ia l b iomass , yielding a 

c o n c e n t r a t i o n of 0.35 mg C/L in t he 

ou t f low wa te r . 

Only a very smal l pa r t of the b iomass 

produced (7 percent) is exported w i t h the 

ou t f low; t h e r ema in ing part is e i ther 

evacua t ed d u r i n g the c o u n t e r c u r r e n t 

w a s h i n g s or e l i m i n a t e d biological ly 

t h r o u g h préda t ion . T h e él iminat ion of 

bac t e r i a f r o m t h e ou t f l ow is eas i ly 

ach ieved u s i n g ch lor ine d i s in fec t ion 

before t h e w a t e r is delivered to t he 

d i s t r i b u t i o n ne twork . Chlor ina t ion at 

t h i s s t age p r é sen t s fewer d r a w b a c k s 

t h a n it would at previous t r e a t m e n t 

s t ages , in wh ic h the présence of am-

m o n i u m ion and more organic ca rbon 

could lead to the format ion of undes i rable 

ch lo r ina t ed compounds , or than it would 

in t h e d i s t r ibu t ion ne twork w h e r e it is 

d i f f icul t to manage . 

T h e m e a s u r e m e n t s of bacterial bio-

m a s s a n d ac t iv i ty per formed in t h e GAC 

f i l te r t h r o u g h a seasonal cycle revealed a 

d i f fé rence be tween win te r and s u m m e r , 

a s t r a t i f i ca t ion of biomass and ac t iv i ty 

in t he f i l ter being observed in the la t te r 

and not in the former . Th i s ind ica tes 

be t t e r é l iminat ion of the most easily 

b i o d é g r a d a b l e c o m p o u n d s at h i g h e r 

t e m p é r a t u r e s . 
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