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Résumé de l'article

L'objectif de ce projet était de fournir un guide pratique de l'application des techniques de traitement biologique
aux opérations de traitement actuel des eaux. Les études furent centrées sur la production d'une eau
biologiquement équilibrée, sur la stabilité (I'équilibre) des désinfectants, et sur la formation moins importante de
sous-produits désinfectants. Notamment, I'étude a montré que les procéssus biologiques peuvent satisfaire les
besoins de la pratique aussi bien que les exigences régulatrices de l'industrie de I'eau.

Le systeme de surveillance et de contrdle des niveaux du carbone organique assimilable (COA) des éffluents de la
"Swimming River Treatment Plant" a montré que des données >100 pg/L pourraient expliquer d'une part,
l'apparition des bactéries conformes dans le systéme de distribution et d'autre part la transgression potentielle
des réglements récemment révisés de la "Limite Maximum de Contaminants de Coliformes" des Etats-Unis.
L'optimum du traitement a été établi & <100 ug/L pour les méthodes de traitement biologiquement activé.

Des études évaluant des genres de filtres différents ont démontré que des filtres de carbone granuleux actif (CGA)
peuvent supporter une population bactérielle plus grande, et ainsi, permettre une meilleure supression
biologique du COA et du carbone organique total (COT). Les filtres de carbone granuleux actif peuvent rester
biologiquement actifs méme a une basse température d'eau (<5 °C). Des filtres a lit profond de COA étaient un peu
plus étficaces que les filtres constitués de COA et de sable pour la supression du COA et du COT. Toutefois, le
meilleur résultat fut attribué a 'expérience mettant en oeuvre une plus grande période de temps de résidence en
lit vide (TRLV). Tous les filtres biologiquement actifs ont démontré une bonne performance liée au niveau de
turbidité de I'éffluent, a la suppression des parasites et a la diminution de la vitesse de 1'écoulement de I'eau. Les
résultats indiquent que les filtres biologiquement actifs devraient satisfaire les réeglements de turbidité du Code
de Traitement des Eaux de Surface (CTES) des Etats-Unis avec des longueur de filtres appropriées.

Un pré-traitement a I'ozone de I'eau crue a augmenté le niveau du COA d'une moyenne de 2,3 fois et a intensifié le
niveau du COA de I'éffluent par rapport a I'eau non-pré-traitée a I'ozone. Parce que le CAG peut neutraliser
rapidement le chlore libre, 'emploi de chlore libre aux filtres de CAG n'a pas empéché l'activité biologique. Les
résultats obtenus indiquent que beaucoup de filtres conventionnels peuvent déja achever une bonne suppression
du COA. L'utilisation des chloramines aux filtres CAG a indiqué une légeére activité inhibitrice en proportion de la
teneur en chlore libre. La stabilité des résidus de chloramine permet au désinfectant de pénétrer le filtre et de
maintenir des traces résiduelles dans I'éffluent provenant du filtre. Les niveaux bactériels hétérotrophes (HPC)
dans les filtres pré-chloraminés étaient dix fois moindres que dans les filtres pré-chlorés ou pré-ozonés. TRLV
n'avait qu'un effet réduit sur I'enlevement du COA. Les niveaux de 1'éffluent du COA draient en moyenne de 82
ug/la un TRLV de cing minutes, et avaient diminués & une moyenne de 57 ug/La un TRLV de vingt minutes. I n'est
pas sir que l'injection d'azote ou de phosphore dans les filtres pourrait permettre la suppression du COA. Le TRLV
avait un effect sur I'elimination du COT, avec des rendements respectifs en moyennes de 29, 33, 42 et 51 %
d'élimination pour des TRLVs de 5, 10, 15 et 20 minutes.

La formation potentielle de méthane tri-halogéné (FPMI est liée a la teneur en COT. Les processus qui réduisent la
teneur en COT font aussi décroitre le FPMTH. Un filtre de GAG/sable pré-ozoné (TRIV 10 min.) permettait une
suppression moyenne annuelle de 54 % des éléments précurseurs de FPMTH. Les taux de FPMTH dans le filtre
éffluent avait une moyenne de 99 ug/L (107, ug/L apres les 60 premiers jours). En comparaison, les taux de FPMTH
dans le SRTP etaient presque le double (178 pg/L).Une désinfection postérieure des éffluents traités
biologiquement a réduit la flore bactérielle hétérotrophe d'un log. o de 2 a 2,5. Le chlore libre (1 mg/L) a produit de
meilleurs taux d'inactivité que les chloramines (2 mg/L) pré-formees dans un intervalle de 30 minutes. Un
traitement postérieur au chlore ou a la chloramine des éffluents pré-chlorés d'un filtre CAG/sable a eu pour
résultat une augmentation respective des niveaux de COA de 20 %, et de 44 %.

Une désinfection postérieure de l'eau pré-ozonée a pour résultat une faible (<8 %) augmentation de COA. Malgré
les augmentations de la teneur en COA, I'eau pré-chlorée a des teneurs en COA plus faible que I'eau pré-ozonée,
méme apres une désinfection postérieure.

La conclusion du rapport est que les absorbants des filtres de CAG/sable biologiquement actifs peuvent produire
des éffluents d'une teneur en COA de <100 ug/L, d'une turbidité basse, avec des FPMTH réduite durant une
période de traitement acceptable. Ce processus peut étre facilement appliqué aux systémes actuels de traitement
des eaux. Un traitement biologique est présenté en tant que procédé pour satisfaire les demandes rigoureuses du
traitement des eaux.
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AOC reduction by biologically
active filtration

Reduction du carbone organique assimilable
par filtration biologiquement activée

M.W. LECHEVALLIER"", W.C. BECKERZ, P. SCHORR3, R.G. LEE2

Regu le 12 novembre 1991, accepté pour publication le 24 juillet 1992*.

SUMMARY

Lo

"

Biological treatment was examined for production of biologicaity stable water,
increase disinfectant stability, and reduced formation of disinfection by-
products. Monitoring of assimilable orgaric carbon (AQC] levels in the effluent
of the Swimming River Treatment Plant (SRTP) showed that values >100 ug/L
could be related to the occurrence of coliform bactesia in the distribution
sysiem. A treatment goal of <100 ug/L was established for biologically active
{reatment processes. Granular activated carbon (GAC) filters were found te
support a larger bacterial population, and thus, provide better biological
removal of AOC and total arganic carbon (TOC). Al Biologically aclive filters
showed good performance relative to efftuent torbidity levels, and headloss
developmeni. Preozonation of raw water increased AQC levels an average of
2.3 fold, and always increased filter efflueni AQC levels relative to
norozonated water. Application of free chlorine to GAG filters did not inhibit
biological activity. Application of chioramines to GAC filters showed a slight
inkibitory effect relative to free chiorine. Effluent AGC levels averaged 82 ug/L
at an EBCT of 5 min, and decreased to an average of 57 ug/L at 20 min EBCT.
EBCT did affect TOC remaovals, wilh efficiencies averaging 29, 33, 42, and

Key-words : assimilable organic carbon, total organic carbon, biclogical filira-
tion, potable water treatment, granular active carbon, filtration, disinfection,
ozone, chiorine, chioramine, bacterial regrowih.
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RESUME

51 % removal ail EBCTs of 5, 10, 15 and 20 min, respectively. Trihalomethane
formation potentials (THMFP) were related to TOC levels. Processes that
decreased TOC levels also decreased THMFP. A preozonated GAC/sand filter
(EBCT 10 min) achieved an annual average 54 % remaval of THMFP
precursors. Post disinfection of biologically treated effluents reduced HPC
bacterial counts by 2-2.5lag,,. Post chlorination or chleramination of
prechlorinated GAC/sand effluents resulted in a 20%, or 2 44 %
(respectively)} increase in AOC leveis. Post disinfection of preozonated water
resilted in small {< 8 %) AOC increases. Despite increases in ADC levels,
prechlorinated water had lower AOC levels than preozonated water, even after
post disinfection.
-

L'objectif de ce projet éfait de fournir un guide pratique de I"application des
techniques de traitement Biclogique aux opératians de traitement actuel des
eaux. Les études furent centrées sur la praduction d'une eau biologiqguement
équiiibrée, sur la stahilité {I'éguiiibre) des désinfectants, et sur la formation
moins importante de sous-produits désiniectants. Notamment, I'étude a montré
que les procéssus biologiques peuvent satistaire les besoins de la pratique
aussi hien que les exigences régulatrices de l'industrie de I'eau.

Le systdme de surveillance et de contrile des niveaux du carbone organique
assimilable {(COA) des éffluents de Ia “Swimming River Treatment Plant" a
montré que des données >100 pg/L pourraient expliguer d'une part, I'appari-
tion des bactéries coliformes dans le systéme de distribution et d'autre part la
iransgression potentielle des réglements récemment révisés de la "Limite

"Maximum de Contaminants de Coliformes™ des Etais-Unis. L'optimum du trai-

tement a é1é établi 3 <100 ug/L pour les méthodes de traitement biologique-
ment activé.

Des études évaluant des genres de filtres ditférents ont démontré que des
filtres de carbone granuleux actif {CGA) peuvent supporter une population bac-
térielle plus grande, ef ainsi, permettre une meilleure sepression biologique du
COA et du carbone organique total (COT). Les filtres de carbone granuleux
actif peuvent rester biologiquement actifs méme 2 une basse température
d'eau (< 5 °C). Des filtres 3 lit profond de COA étaient un peu plus éfficaces
que les filtres constitués de COA et de sable pour [a supression du COA et du
COT. Toutefols, le meilleur résuliat fut attribvé 2 I'expérience mettant en ®uvre
une plus grande période de temps de résidence en lit vide {TRLV). Tous les
filtres biologiquement actifs ont démontré une bonne performance liée an
niveau de turbidité de I'éffluent, & 1a suppression des parasites et 2 la
diminution de la vitesse de I'écouiement de I'eau. Les résultats indiquent que
les filtres biologiquement actifs devraient satisfaire les réglements de turbidité
du Code de Traitement des Eaux de Surface (CTES) des Etats-Unis avet des
longueur de filtres appropriées.

Un pré-traitement 2 I'ozone de I'ean crue a augmenté le niveau du COA d'une
moyenne de 2,3 fois et a intensifié le niveau du COA de I'éffluent par rapport &
I'eau non-pré-traitée 2 I'ozone. Parce que le CAG peut neutraliser rapidement
le chlore libre, I'emploi de chiore libre aux filires de CAG n'a pas empéché
I"activité biologique. Les résultats obtenus indiquent que beaucoup de filtres
conveniionnels peuvent déja achever une bonne supgpression du COA. L'utili-
sation des chloramines aux filtres CAG a indiqué une légdre activité inhibitrice
en proportion de la teneur en chlore libre. La stabilité des résidus de chlora-
mine permet au désinfectant de pénétrer le filtre el de maintenir des traces
résiduelles dans I'éffluent provenant du filire. Les niveaux bactériels hétéro-
trophes (HPC) dans les filtres pré-chioraminés étaient dix fois meindres que
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dans les filtres pré-chlorés ou pré-ozonés. TRLV n‘avail qu'un effet réduit sur
I'eniévement du COA. Les niveaux de I'éflluent du COA éraient en moyenne de
82 ugA 2 un TRLY de cing minktes, et avaieat diminués & une moyenne de
57 uogA & un TRLY de vingt minutes. Il nest pas siir que l'injection d'azote ou
de phosphore dans les filtres pourrait permetire la suppression du COA. Le
TRLYV avait un etfect sur I"elimination du COT, avec des rendements respectifs
en moyennes de 29, 33, 42 et 51 % d'élimination pour des TALVs de 5, 10, 15
¢! 20 minutes.

La formation potentielle de méthane tri-halogéné {FPMI est liée A Ia teneur en
COT. Les processus qui réduiseni la tenear en COT font aussi décroilre (e
FPMTH. Un filtrede GAG/sable pré-nzoné (TRIV 10 min.) permettait une
suppression moyenne annuelle de 54 % des éléments précurseurs de FPMTH.
Les taux de FPMTH dans le fiftre étfluent avait une moyenne de 99 pg/L
(107, ug/L aprés les 66 premiers jours). En comparaison, les taux de FPMTH
dans le SRTP etaient presque le double (178 pg/L).

Une désinfection postérieure des éfflsents traités biologiquement a réduit ta
flore bactérieile hétérotraphe d'un log,, de 2 2 2,5, Le chlore libre {1 mg/L) a
produit de meilleurs taux d'inactivité que les chloramines (2 mg/L) pré-
formées dans un intervalle de 30 minutes. Un traitement postérieur au chlore
ou 4 la chioramine des éifluents pré-chiorés d'us filtre CAG/sable a eu pour
résuliat une augmentation respective des niveaux de COA de 20 %, et de
44 %. Une désinfection postérieure de I'eau pré-ozonée a pour résuitat une
faible (< 8 %) augmentation de COA. Malgré les augmentations de la teneur en
COA, l'eau pré-chiorée a des tenears en COA plus faible gue I'eau pré-ozonée,
méame aprés une désinfection postérieure.

La conclusion du rapport est que les absorbanis des filtres de CAG/sable
biologiquement actifs peuvent produire des éffluents d'une teneur en COA de
< 100 pg/L, d'wne turbidité basse, avec des FPMTH réduite durant une période
de traitemen? acceptable. Ce processus peut éire facilement appliqué aux
sysiémes actuels de traitement des eaux. Un traitement biologigue est
présenté en tant que procédé pour satisfaire les demandes rigoureuses du
traitement des eaux.

Mots clés : carbone organique assimilable, carbone organique total, filtration
biologique, traiterment de teau potable, carbone actif granuleux, filtration,
désinfection, ozone, chiore, chioramine (amine chioré), redéveloppement des
bacténies.

INTRODUCTION

In June of 1984, coliform bacteria were first isolated from the New Jersey
American Water Company — Monmouth District (NJAWC), distribution system.
Coliform bacteria have persisted at varying levels since that time. Extensive
monitoring at the treatment plant has failed to recover significant levels of
coliform bacteria. in addition to an already accelerated distribution system and
treatment plant schedule, nearly 800 finished water samples were examined
for injured coliforms using m-17 agar. Subsequent studies using weekly high
volume (500 to 2,000 liter) samples did not detect particle associated coliforms
in plant effluents. Examination of filter media from filter underdrains and

Bt el
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tubercles scraped from the clearwell similarly failed to recover coliform
bacteria. Remedial actions o control the coliform episodes included increased
chlorination (to 4.3 mg/L free chlorine), application of chlorine dioxide (pre-
disinfectant), discontinuation of powdered activated carbon, application of zing
orthophosphate (instead of polyphosphate) for corrosion control, yearly
systematic flushing of the distribution system, pH adjustment (from 7.0 to 9.0),
improved coagulation and flocculation, improved sludge blanket operation
with powdered activated carbon addition, cleaning of sedimentation basins,
increased filter performance, improved filter backwashing and cleaning of filter
media, and replacement gf filter material.

Research initiated in 1986 indicated that coliforms in the distribution system
were coming from pipeline biofilms (LECHEVALLIER et al. 1987). Results
showed coliform levels increased as the water moved through from the
treatment plant through the distribution system. Isolation of coliform bacteria
from distribution system biofilms showed that these bacteria had the same
biochemical (APl 20e) profile as bacteria isolated from the water column.
Assimilable organic carbon determinations (AQC by the Van Der Kooij
method) showed carbon levels declined as the water moved through the study
area. Calculations showed that sufficient carbon was utilized to support
8.0 x 104 bacteria/mL. This calculated value was close to actual HPC bacte-
rial levels observed in dead end sections (average 8.5 x 104 bacteriaimL). The
study concluded that coliform organisms were regrowing in the distribution
system, and that no operational defects (treatment plant breakthrough, inade-
quate disinfectant residuals, cross contamination, etc.) ¢ould account for the
coliform occurrences (LECHEVALLIER et al. 1987).

The refationship between bacterial regrowth and a variety of bacterial
nutrients (TOC, AOC, nitrate, nitrite, ammonia, ortho and total phosphate) was
examined in the NJAWC system (LECHEVALLIER et al., 1990, 1891). The
research found that only AOC values declined as the water moved through the
distribution pipelines. Statistical analysis showed that no single parameter was
able to accurately predict episodes of coliform growth. However, development
of multiple linear regression models have demonstrated that nutritional
(organic carbon and nitrogen) and physical parameters {rainfall, temperature)
could be related to coliform occurrences in distribution water. Available
evidence suggested that rainfall events washed nutrients into the water
supplies which promoted growth of coliform bacteria in the distribution system.
The time lag between raintall events and coliform growth was 4-7 days.

Research in which water samples were spiked with various nutrients
{carbon, nitrogen or phosphorous} showed that carbon and nitrogen were
important growth-limiting compounds for coliform bacteria (LECHEVALLIER
et al., 1990). These findings support the statistical observations of the multiple
regression model.

The investigation of biological treatment was initiated as part of a plan to
limit bacterial growth in distribution system biofilms. The goal the project
included production of biologically stable water, increased disinfectant stabi-
lity, and reduced formation of disinfection by-products. Specific experiments
examined different filter media, 'various preoxidants, empty bed contact time,
and reduction of THM precursors. Impontantly, experiments examined perfor-
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mance characteristics of microbially active filters to determine if biological
processes can meet the practical as well as regulatory requirements of the
water industry. The project also characterized the conditions which promote
coliform regrowth in distribution water.

MATERIALS AND METHODS

Pilot plant

The pilot plant was located at the New Jersey American Water Company
~ Swimming River Treatment Plant (SRTP). A diagram of the pilot plant is
shown in figure 1. The plant had the capacity to draw water directly from the
Swimming River Reservoir or from the SRTP's mixed water (alum, powdered
activated carbon, chlorine). The mixed water was only used during the start-up
of the pilot plant and not during any of the experimental runs. The Swimrning
River Reservair is a 2.65 billion gallon (1 x 1010 L) capacity on — stream
reservoir fed by various brooks and streams covering a 48 square-mile
(80 km2) watershed area. Raw water characteristics are shown in table 1.

Table 1 Summary of Raw Water Characteristics.
Tableau 1 Résumé des caractéristiques des eaux crues.

Turbidity Temperature Alkalinity Hardness pH

Time period N (NTU) °¢ mg/L  mg/L  units
01/20/88 — 03/10/89 108 3.4 3.5 278  64.4 7.3
03/13/89 — 05/15/89 163 55 105 248 64.5 7.4
05/22/89 - 08/09/89 62 122 19.4 28.6 547 6.3
08/10/89 — 10/17/89 138 8.9 21.0 310 53.4 71
10A18/89 - 11/20/89 68 6.5 14.4 26.1 525 6.8
01/22/90 — 03/05/90 99 3.2 4.7 25.6 61.4 7.4
03/06/90 — 05/28/30 140 4.0 127 25.3 57.5 75
05/29/90 - 07/30/%0 144 2.4 237 23.6 53.0 75
07/31/90 ~ 09/01/90 76 3.3 95.5 20.9 435 76

Raw water could bypass the ozone contactor, or be treated with ozone
generated by a Griffin Model GTC-OIC ozone generator (Lodi, NJ). The ozone
dose was determined by the iodometric method (AMERICAN PUBLIC HEALTH
ASSOCIATION, 1985) using a wet test meter to accurately measure the
volume of gas analyzed {(BECKER ef al. 1989). The ozone gas was delivered
through stainless steel pipes to a 6" (15.3 cm) ceramic diffuser in a two section
12' x 7.5" diameter (5.48 m x 19 cm} plexiglass contact chamber. At a flow rate
of 2.5 gal/min (9.5 L/min), the contact time in the ozone chamber was approxi-
mately 10 min. The transfer efficiency of ozone (measured by determining the
difference between the dose and the off-gas) was 94 %. Ozone residuals in



¢

O2ZONE
CONTACTOR
LT

WATER
PLANT
MIXED
WATER

3

|

i

1

]

i

QZONATOR = == wm == — .J

Figure 1

Schematic of the Pilot Plant.
Schéma de I'Usine-Pilote.

CHEMICAL

FEED PR

PLTER 1 FLTER 2

CUARIFIER :
EFFLUENT
e BACKWASH BACKWASH *
SO0IUN SOONIM '
THIOSULFATE THIOSULFATE
. FILTER 4
HEAD LOSS
ANOMETER
CLARIFIER . : %
: EFFLUENT ° ? EFFLUENT
[LEFFLUENT
/ BACKWASH BACKWASH
SOOMUM SODIUM
THIOSULFATE THIOSULFATE

R M Y N American Fater Works
NT SC \_\-\\S'ervice Company, ine

aii

Z66) ‘(mogds .u) § ‘nvd,) 3a SADNIDS S3A ANAIY

e 18 JBHBARHDST MW



AOC Reduction by biclogical filtration 11g

the treated water were determined by the indigo method using the Hach DR-
100 Colorimetric kit and low-range AccuVac ampules (Hach Chemical
Company, Loveland, CO). Raw water that was not ozonated could be treated
with free chlorine prepared from stock solutions of commercially available
bleach. For trials in which the water was dechlorinated, sodium thiosulfate
(1 mg/L final concentration) was added to the effluent of the sedimentation
basin (prior to the filters). For trials which used chitoraminated water,
ammonium chloride was added to the effluent of the sedimentation basin at a
ratio of 3:1 chlorine to ammonia.

Chlorine, alum, and catlonic polymer were metered using Masterflex
pumps. The pH of the water was maintained at 7.2 with caustic (sodium
hydroxide) using a Hanna Instruments pH controller (Cole Parmer Instrument
Co., Chicago, IL). Chemicals were mixed via a series of in-line 20° bends
before the water entered one of two triangular shaped (8' [2.44 m] tall, 46"
[117 cm] sides ; 2.93 h detention time at 2.5 gal/min [9.5 L/min]) sedimenta-
tion basins. In practice the sedimentation basins worked poorly, with little or no
turbidity removal. Except for the additional contact time provided by the basins,
the pilot plant operated essentialty in a "direct filtration®” mode.

From each sedimentation basin, the water flowed to two 72" (183 cm) tall,
6" (15.3 cm) intemal diameter plexiglass filter columns. There was no obser-
vable impact of the plexiglass on the performance of the biologically active
filters. Each filter was equipped with 3/4" inlet, outlet, waste and backwash
connections with valves, and a strainer under-drain system with plenum. Filters
contained either mixed media, GAC/sand, or deep-bed GAC filters as descri-
bed in table 2. Fresh media was used for the three experiments which
compared media configuration. All other experiments were performed with
exhausted GAC.

Tableau 2 Pilot plant media configurations.

Table 2 Configurations des mifieux d'Usine-Pilote.
Mixed media GAG/sand Deep Bed GAC Graval base
Antrhagite 18" GAC 207 GAC 48" Gravel Y16 x#10 3"
Sand o Sand 107 Gravel /8 x 316 3"
Gamnet 3 Gravet 5/8x 38 ¥
Gravel 11/2x 3/4 4.5
. Unitormity Specific .
Material cosfficient gravity (g/ec) Effective size {mm)
GAC" <19 13-14 08-09
Anthracite <18 15 10-1.2
Sand <2.0 2.4 0.35-050
Garnet <30 . 4.5 016-0.32

* Filtersorb 400.
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Filters were backwashed daily {(at 9 am) with dechlorinated tap water.
Backwash occurred in three phases, a low rate wash (2.9 galfft? [36L/m?2]) for
2 min, a high rate wash (12 gai/ft2 [149L/m?}) for 10 min, followed by a repeat
of the low rate wash. Weekly, the filters were air scoured to breakup mudballs.

The pilot plant was operated continuously Monday through Friday and was
shut down over the weekends. It was attended by a researcher 8 h/day and
observed pericdically during the other 16 h by the SRTP operator. During the
operating day samples of the raw water, ozonated water, clarified water and
filter effluent were collected every two hours and analyzed for turbidity,
temperature, pH, and 8xidant residual. Flow rates, and headloss were
recorded every two hours. Raw water and filter effiuent alkalinity and hardness
were recorded daily. All analyses were performed according to accepted
procedures (14). Free and total chlorine residuals were determined by the
N,N - diethyl — p-phenylenediamine {DPD) procedure. Turbidity was measu-
red on a Hach Model 2100A turbidimeter. Rainfall measurements were
recorded daily using a rain gauge at the treatment plant. To minimize the
impact of the weekend shutdown and due 1o logistic reasons, microbiclogical
and organic carbon analyses were performed on Wednesday through Friday
after the plant had an opportunity to stabilize.

In addition to evaluating the performance of the pilot plant, chemical and
physical determinations were performed on the Swimming River Plant effluent.

Analytical techniques

Microhiological Analyses

Samples for bacteriological testing were collected in sterile, screw capped
500 mL bottles containing 0.01 % {final concentration) sodium thiosulfate. All
samples were collected after flushing the spigots for 3 min according to
Standard Methods (AMERICAN PUBLIC HEALTH ASSOCIATION, 1985).
Each determination was performed by duplicate analyses. Total coliforms were
enumerated by the membrane filterprocedure with 0.45-um-pore-size
membrane filters (GN-6 ; Gelman Sciences, Inc., Ann Arbor, Mi.) and m-T7
agar (Difco Laboratories, Detroit, Ml.) at 35 °C for 24 h. Typical coliform
colonies were verified for gas production in lauryl tryptose broth (Difco} and
brilliant green bile broth {Difco). Coliform bacteria were identified by using the
AP1 20E system (Analytab Products, Plainview, N.Y.).

HPC bacteria were enumerated by the spread plate procedure with R,A
agar incubated at 20 °C for 7 days. Alt HPC determinations were performed
by triplicate analyses. HPC bacteria on filter media were enumerated using the
desorption method of CAMPER et ai. (1985a).

Organic Carbon Analyses

Total organic carbon (TOC) was analyzed with a Photochem organic
carbon Analyzer (Sybron Corp., Norwood, MA). Easily assimilable organic
carbon (AOC) was determined by methods similar to the procedures of VAN
DER KOOIJ and coworkers (VAN 'DER KOOI et al.,, 1982 ; vaN DER KOOIJ and
HIJNEN, 1985 ; VAN DER KOOW, 1987). Briefly, samples were collected in very
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clean, acid washed, dry heat treated (sterile), narrow neck, glass stoppered
250 mL Pyrex glass bottles. Sodium thiosulfate (0.01 % final concentration)
was added to all bottles. Samples were heat treated (70°C, for 30 min) to kill
vegetative cells. Upon cooling, samples were inoculated with both Pseudomo-
nas fluorescens strain P-17 and Spirilfurm strain NOX in the same bottle.
Samples were incubated at 20 °C and cells enumerated after 5 and 7 days of
growth. Bottles were sonicated in a Branson ultrasonic cleaning bath (Branson
Cleaning Equipment Company, Shelton, CN} for 5 min prior to bacterial
enumeration on R,A agar. Individual P17 and NOX colonies were tabulated
according o their distinctives colonial morphologies. The combined AQOC
values were calculated as acetate carbon equivalents according to published
yield factors (VAN DER KOOIJ and HIUNEN, 1985).

Trihalomethane Formation Pofential

Samples for determination of the total trihalomethane formation potential
(THMFP) were collected in headspace-free 40 mL amber bottles with teflon
faced septa. The sample was buffered with 0.5 mL of concentrated pH 7.0
buffer and spiked with a sodium hypochlorite solution to achieve a final
chlorine residual of 40 mg/L. Bottles were incubated for 7 days at 20°C in the
dark. After incubation, the remaining free chlorine residual was determined
and samples were dechlorinated with 0.2 mL of a 10 % sodium thiosulfate
solution. Total THMs and appropriate field blanks and controls were determi-
ned using gas chromatography mass spectroscopy (GCiMS) by the New
Jersey Depariment of Environmental Protection laboratory (USEPA method
624).

Chemical andPhysical Analyses

Nitrate, nitrite, ortho phosphate, fluoride, chloride and sulfate were determi-
ned by ion chromatography (Dionex Model 4000i, Sunnyvale CA). Ammonia
was measured using a Bausch and Lomb Spectronic 1001 spectrophotometer
and colorimetric reagents from Hach Chemical Company. Oxygen levels were
determined using a Model 5513-55 oxygen mater (Cole Parmer Intrument Co,
Chicago, IL).

Past-Disinfection Experiments

To determine bacterial inactivation and AOC production by post-
disinfection practices, 100 mlL samples of preozonated or prechlorinated,
GAC/sand filtered water were collected in clean, sterile bottles. Water samples
were spiked with 1 mg/L free chlorine, or 2 mg/l. preformed monochioramine
solutions (both final concentrations). Samples were held for 30 min at 20 °C
before dechlorination with 0.1 mL of a 10 % sodium thiosulfate solution. Coli-
form, HPC and AQC tests were performed as described above.

Quality Control and Statistical Comparisons

A quality assurance program, as outlined in Standard Methods (AMERI-
CAN PUBLIC HEALTH ASSOCIATION, 1985) and Microbiological Methods for
Monitoring the Environment (BORDNER and WINTER, 1978), was used throug-
hout the course of study. Material used during each experiment were checked
for sterility. The temperatures of autoclaves and incubators were monitored on
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a per-use basis. Studies on the precision for the AQOC test, including the use of
positive and negative controls, have been previously published (LECHEVALLIER
et al., 1990). The coefficient of variation for all samples was 15.7 %. Replicate
determinations of the P17 (3.6 £ 1.7 x 108 cells/ug, n=9) and NOX
(1.38 +: 0.15 x 107, n = 5) yield factors showed that it was not significantiy
different from that published by VAN DER KOO and HIUNEN (1985).

Statistical comparisons of AOC and TOC data were performed by the
paired ttest. Regression models and correlation coefficients were determined
with the Stat-Pac stalistics program (Northwest Analytical, Portland, OR) on an
IBM 50/60 computer.

RESULTS AND DISCUSSION

Treatment goals for AQC

Important for the evaluation of the pilot plant results is to establish treatment
goals for biologically active filters that could limit regrowth of coliform bacteria
in the distribution system. Control of bacterial regrowth is a combination of
improved disinfection and low nutrient levels. Previous research has
suggested that regrowth of coliform bacteria in chlorinated distribution systems
(1-2 mg/L free chlorine) was limited by AOC levels < 50 ug/L, as measured by
strain P17 {LECHEVALLIER et al., 1987, 1991). VAN DER KOOIJ has reported that
HPC bacterial regrowth was limited at 10-20 ug/Lin systems that practiced no
post-disinfection (VAN DER KOOIJ, 1987 ; VAN DER KOOI ef al., 19889).

Figure 2 shows the relationship between total AOC (measured by both P17
and NOX) and the level of coliform bacteria in the NJAWC distribution system
from December 1988 to August 1880. The results indicate that when the total
AOC was < 100 ug/L, coliform bacterial levels were very low. When total AOC
levels were >180 ug/l. coliform bacteria averaged 0.3 to 0.4 cells/100 miL.

The regulatory impact of the AQC data is shown in figure 3. Violation of the
Total Coliform Rule (USEPA, 1989a) would have occurred when coliform
bacteria were detected in more than 5 % of the monthly distribution system
samples. The results shown in Figure 3 indicate that the peak occurrence of
coliform bacteria (7.5 % of the samples contained coliform bacteria) ceincided
with average total AOC levels of 250 ug/L in the treatment plant effluent. When
total AOC levels were < 100 ug/L, coliform occurrences were < 1 %.

The AOC results shown in figures 2 and 3 are much lower than what
NJAWC experienced during the summer 1987 when AOC,,, levels were as
high as 2,100 ug/L and daily coliform bacterial counts were as high as
5 cells/100 mL (LECHEVALLIER et al, 1887). Overall, SRTP effluent AQC,,,,
levels average 214 ug/L in 1987 — 1988, and decreased to an average toral
AOC of 94 ug/L (21 ug/L AOC,,,, 73 ug/L AOCNy )} in 1988-1980. This
dsecrease in AOC levels could be attributable to the application of powdered
activated carbon (PAC) into the sludge blanket reactors (LECHEVALLIER et al.,
1980), or improvements in raw water quality due to better management of non-
point sources of pallution in the watershed.
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Figure 2

Figure 3
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The results of the current study are supported by previous observations
(LECHEVALLIER el al., 1987, 1990, 1991), showing that regrowth of coliform
bacteria can be fimited at AOC levels between 50 and 100 ug/L. This is not to
say that systems with high AOC (> 100 ug/L) will experience coliform
regrowth. Bacterial growth is dependent upon a complex combination of
physical and chemical factors. However, for systems experiencing bacterial
regrowth, effective disinfection and reduced AQC levels should help resolve
the problem. The levei of secondary disinfection (e.g., the residuals maintained
in the distribution system) could be lowered if AQOC levels can be reduced to
very low levels (VAN DER KOOIJ, 1987 ; SCHELLART, 1986). Therefore, the goal
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of a biologically active treatment process should be to reduce AOC levels as
much as possible. In the NJAWC system, total AOC levels should be reduced

to at least to <100 ug/L.

Evaluation of filter media for biological treatment

Table 2 shows the three different media configurations tested during the
pilot plant trials for biclogical treatment. The mixed media filter (anthracite,
sand and gamet) was evaluated because it was the configuration used in the
SRTP. The GAC/sand and deep bed GAC configurations are often retrofitted
as filterfadsorbers (GRAESE et al., 1987). For all the media configuration trials
the raw water was preozonated at a ratio of 0.5-1.0 mg/L. ozone to 1 mg/L TOC.
Filter effluents were not post disinfected.

Mixed Media and GAC/sand Filters

Figure 4 shows a comparison between the mixed media filter and the
GAC/sand filter for removal of AOG. AOC levels averaged 380 ug/L in the raw
water and increased to 780 ug/L after ozonation. The mixed media filter
reduced AQC levels to an average of 192 ug/L (75.3 %), whereas the
GAC/sand filter reduced AOC levels to an average of 106 ug/L (86.4 % ; for
AOC reduction the percent removal was calculated as the difference between
the AOC in the effluent of the ozone contactor and the filter effluent). The
increased biological activity of the GAC/sand filter was evidenced by a 5.4 fold
higher HPC bacterial count in the filter effluent (7.54 x 104 cfu/mL for the
GAC/sand, compared to 1.41 x 104 cfu/mL for the mixed media filter}, and
bacterial counts on the filter media were 37 times higher for the GAC/sand filter
(3.6 x 108 cfu/g) than the mixed media filter (9.7 x 106 cfu/g).
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Figure 4  AOC removal by mixed media and GAC/sand filters. C-1 and C-2 are the
clarifier basins, E-1 and E-2 are the filter effluents, PE is the SRTP
effluent.

Supression du COA par filtres de milieu mixte et filfres CAG/Sable. C-1 et

C-2 sont les bassins de clarification, E-1 ef E-2 sont les effiuents des
filtres, PE est l'effluent de SATP.
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The increase in biodegradation rates for GAC filters relative to non-
adsorbing media may be due to better utilization of sorbed substrate, higher
surface area, and a more favorable acclimation environment (COMMTTEE
REPORT, 1981 ; LI and DIGIANO, 1983 ; KUROSAWA ef al,, 1987). LI and DIGIANO
{1983) attributed higher biodegradation and specific growth rates on GAC to
utilization of internally sorbed substrate. The enhanced specific growth rate
inaeased with the concentration of sorbed substrate and with decreasing
particle size, suggesting that the rate of internal diffusion was important.
Because the GAC used in this set of experiments was not pre-exhausted for
adsomtion of organics, it is liRely that AOC reductions were a combination of
biological and adsorptive processes. The higher surface area of GAC relative
to sand or anthracite means that GAC filters can support a larger bacterial
population (COMMITTEE REPORT, 1989). Specialized GAC has been developed
(PICABIOL ; PICA, Levallois, France) with a macroporous structure designed
to accommeodate large bacterial populations.

KUROSAWA ef al., (1987) reported that GAC filters were more active, at lower
temperatures, than rapid sand filters. At water temperatures of 17 °C, the
removal of ammonia by biologically active GAC was approximately equal to
sand filters. As water temperatures declined to 10 °C, the biclogical activity of
sand filters was virtually eliminated, whereas the GAC filters was nearly
100 %. The comparison of GAC/sand and mixed media filters in figure 4 was
performed between 1/20/89 and 3/10/8%8 when raw water temperature
averaged 3.5 °C. The difference in efficiency of AOC removal between mixed
media and GAC/sand filters may be less pronounced when water
temperatures are higher.

Comparison of mixed media and GAC/sand filters for TOC removal is
shown in figure 5. In contrast to the increase in AOC, preozonation had little
effect on direct oxidation. The GAC/sand filter averaged a 51 % removal of
TOC, where the mixed media filter removed 26 % of the raw water TOC.
Figure 5 shows that the mixed media filter in the pliot plant had the same
treatment efficiency for TOC as the SRTP.

Table 3 summarizes the treatment parameters for the filter configurations
studied. Both mixed media and GAC/sand filters produced water with low
effluent turbidities (average 0.16 NTU). Evaluation of the turbidity data showed
that 95 % of the turbidity values were < 0.5 NTU. All of the high turbidity
values occurred during the beginning of the study when the filters were being
acclimated and coagulant rates adjusted. After 24 h of operation the mixed
media filler averaged 5.8 ft head loss, whereas the GAC/sand filter averaged
5.3 ft head loss. These results show that biologically active filters can operate
with low effluent turbidity and acceptable filter run times.

BABLON et al. (1988) found that biologically active GAC/sand (16 in GAC
over 24 in sand} filters performed better than monomedia sand filters. The
GAC/sand filter had better turbidity removal, longer fifter runs, less head loss
development, greater biological activity, and was less affected by changes in
water temperature. Although the dual media filter was not as effective for AOC
removal as sand fillers followed by GAC filtration, the authors concluded that
GAC/sand filters were an economical and practical altemative to two filters in
sares.
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Filter 2 = GAC/sarnd
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Figure § TOC removal by mixed media and GAC/sand filters. C-1 and C-2 are the
ciarifier basins, E-1 and E-2 are the filter effiuents, PE is the SRTP
effiuent.

Supression du COT par filtres de milieu mixte et filtres CAG/Sable. C-1 et
C-2 sont les bassins de clarification, E-1 et E-2 sont les effluents des
fitres, PE est l'effluent de SRTP.

Table 3 Summary of treatment parameters.
Tableau 3 Sommaire des paramétres de traitement.

Media Preoxidant N Turbidity Headloss  EBCT Oxidant
configuration mg/L NTU t min mg/L
Mibed media Qzone 108 0.16 58 - 0.35
GAC/sand Ozone 108 0.16 5.3 5 0.35
Deep bed GAC Ozone 153 0.30 20 14 0.26
GAC/sand Ozone 153 0.27 338 7 0.26
GAC/sand Ozone 62 0.22 29 10 0.20
GAC/sand Chilorine/Dechlor 62 0.24 30 10 ="
GAG/sand Qaone 138 0.15 2.6 10 0.32
GAG/sand Chiorine 138 0.26 2.7 10 30
GAC/sand Chioramine 138 0.29 25 10 30
GAG/sand Czone 68 0.46 29 7 0.31
GAC/sand None 68 0.32 4.3 7 ¢.0

All values are for filter effiuent except for oxidant concentrations which are for the contactor affluent.
Values marked with an asterisk are for samples collected from the effluent of the setiling basis. Water was
dechlorinated with sodium thiosulfate after the settling basin sampie point. EBCT was calculated for the
GAC portion of the filter.

Toutes les donndes sont valables pour les offfuents sortant du filtre, sauf pour les concentrations
d'oxydant qui sont valables pour les effiuents sortant du contacteur. Les donnéas marquées d'un
astdrisque sont valables pour das échantifions prélevés de l'effluent du bassin de décantation. L'eau a &té
déchiorée avec du thiosulfate de sodium aprés le prélévement d'échantifion du bassin de décantation. La
TRLV était calculée pour la partie du filtre de CAG.
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GAC/sand and Deep Bed GAC Filters

Comparison of GAC/sand and deep bed GAC filters (see table 2 for
configuration) was conducted between 3/13/89 and 5/15/89 when water
temperatures averaged 10.5°C (table 1). Both filters proved effective for
removal of AQOC (fig. 6). The deep bed GAC filter averaged 86 % removal of
AQC, whereas the GAC/sand filter averaged 85 % AQC removal. The effluent
of both filters averaged 50-55 ug/L total ACC. Viable counts of bacterial
populations in the GAC filters showed no significant differance between the
deep bed GAC and the GAC{sand filters (2.6 x 108 cfu/g and 2.9 x 108 cfu/g,
respectively).
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Figure 6 AOC removal by GAC/sand filters and deep bed GAC filters. C-1 and C-2
are the clarifier basins, E-1 and E-2 are the filter effluents, PE js the
SKRTP effluent.

Supression du COA par filires CAG et filtres CAG en lit vide. C-1 et C-2
sont les bassins de clarification, E-1 et E-2 sont les effluents des filtres,
PE est l'effiuent de SRTP. )

Analysis of TOC levels in the filter effluents showed that the deep bed GAC
filter had slightly better TOC removal than the GAC/sand filter (fig. 7). This
difference of 0.15 mg/L was thought to be due to the greater adsorptive
capacity of the deep bed filter. The difference in empty bed contact time
(EBCT) may also have contributed to the slightly lower TOC levels.

Operational parameters summarized in table 3 show that both filters
produced low turbidity and low head loss levels. The increase in average
turbidity level compared to the mixed media — GAC/sand trials was due fo a
problem in the operation of the pilot plant. During this period, the ozone feed
line developed a leak. When the ozonator was shut down for repairs, the filter
effluent turbidity increased. This increase was attributed to the lack of improved
coagulation afforded by ozonation. After the ozone feed line was repaired,
effluent turbidities averaged 0.1 NTU.
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Figure 7 TOC removal by GAC/sand filters and deep bed GAC filters. C-1 and C-2
are the clarifier basins, E-1 and E-2 are the filter effluents, PE is the
SATP effluent.

Supression du COT par filtres CAG et filtres CAG en lit vide. C-1 et C-2
sont les bassins de clarification, E-1 et E-2 sont les effluents des filtres,
PE est l'effluent de SRTP.

Summary of Filter Media Comparisons

The results of this study showed that GAC media performed better than
mixed media for treatment of AOC and TOC. The characteristics of GAC
provide for a suitable habitat for the large bacterial populations needed for
effective biodegradation. Although the deep bed GAC filter performed slightly
better than the GAC/sand filter, the latter is most easily retrofitted to current
treatment designs. Because of its applicability, pre-exhausted GAC/sand filters
were used in all of the {following experiments. All the filters tested performed
well with respect to effluent turbidity and head loss development.

Evaluation of preoxidants for biological filtration

Preoxidants are used in the treatment of water for a variety of purposes
including : disinfection of pathogenic microorganisms, oxidation of reduced
iron and manganese, taste and odor control, oxidation of natural and synthetic
compounds, and chemical conditioning of the water. Application of the best
preoxidant {ozone, chlorine, chloramines, chlorine dioxide, or permanganate)
will depend on the specific conditions at each facility. A careful selection of a
geries of oxidants can maximize the benefits, and reduce the risks of each
compound.

It is beyond the scope of this project to evaluate all of the consequences of
oxidant pretreatment. Instead, experiments were designed to evaluate the
compatibility of various preoxidants with biologically active GAC/sand filtration.
Experimental parameters included use of ozone, free chlorine, monochlora-
mine, and use of no predisinfectant. In some trials the chlorine residual was
neutralized with scdium thiosulfate prior to filtration.
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Preozonation and Chlorine/Dechlorination

Comparison of preozonation and chlorine/dechlorination (e.g., neutraliza-
tion of the chlorine residual prior to filtration) was petformed from 1/22/90 to
5/28/90. During this time, raw water turbidity ranged from 3.2 to 4.0 NTU, and
water temperature ranged from 4.7 to 12.7 °C (table 1). Ozone dosages
ranged from 2.5 to 2.8 mg/L, and achieved residuals after 10 min contact of 0.2
to 0.5 mg/L. No ozone residual was detected after the settling basin (fig. 1).
Free chlorine doses were calculated at 5.0 mg/L, and residuals ranged
between 1.7 and 2.7 mg/L in the_ effluent of the settling basin. Thiosulfate was
injected into the pipe between the settiing basin and the filter to neutralize the
residual chiorine. The GAC/sand filters were operated with an EBCT of 10 min.

The effect of preozonation and free chlorination/dechlorination on the
ability of biologically active GAC/sand filters to remove AOC is shown in
figure 8. AQC levels in the preozonated filter effluent averaged 79 ug/L,
whereas the prechlorinated/dechlorinated filter effluent averaged 50 ug/L.. This
difference was statistically significant (p = 0.0003 ; n = 48).
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Figure 8 AOC removal by preczonated and chiorinated/dechlorinated GAC/sand
filters. E-1 and E-2 are the filter effluents.

Supression du COA par filires pré-ozonés et chlorés/déchlorés CAG. E-1
et E-2 sont les effluents des filtres.

NOX

The higher AOC levels in the preozonated filter effluent could be attributed
to the large increase in biodegradable material caused by ozonation. On
average, ozonation increased AOC levels 2.3 fold over raw water values. The
increase biodegradability of ozonated water has been observed by many
investigators (LANGLAIS ef al., 1981 ; CROWE and BOUWER, 1987 ; FAUST and
ALY, 1987 ; HUCK and TOFT, 1987 ; RITTMANN and HUCK, 1989). The amount of
increase in AOC has been shown to be dependent upon the ratic of TOC to
ozone dose (VAN DER KOOWJ et al., 1989). The maximum rate of AOC formation
occurred at ozone to TOC ratios ranging between 1-2 (mg O,/mg carbon).
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Prechlorination of raw water also increased AOC levels, although direct
comparison of the magnitude of the increase to ozone was difficult. Samples
were collected after chlorination and held for 10 min (to simulate the detention
of the ozone contactor). Analysis of these chlorinated samples for AQC often
showed inhibition presumably due to the presence of alum coagulants, which
were injected at the same location as the chlorine. HUCK {1980) has observed
inhibition of P17 by polyaluminium chloride. A survey of 8 water systems in the
Netherlands showed that chlorination (0.3 to 2.0 mg/l) increased AOC an
average 1.75 fold (COOPERATIVE RESEARCH REPORT, 1988). The increase
in AOC was thought to &e due to the production of low — molecular-weight
compounds by oxidation of humic and fulvic acids (DE LEER et al., 1985}). Both
preozonated and free chlorinated/dechlorinated filters achieved a 33 %
reduction of TOC from raw water values. TOC levels in the preozonated filter
efftuent averaged 1.62 mg/L, whereas the prechlorinated/dechlorinated filter
effluent averaged 1.63 mg/L.

QOzone, Free Chiorine and Chioramination

Initial experiments performed 10/18/89 to 11/20/89, compared AOC
removal in preozonated and prechlorinated GAC/sand filters. Water tempe-
rature averaged 4.7 °C, and raw water turbidity averaged 3.2 NTU (lable 1).
AQC ievels in the filter effiuents averaged 74 ug/L for the preozonated filter,
and 46 ug/l for the prechlorinated filtar. The prechlorinated filter consistently
produced AOC levels lower than the preozonated filter {fig. 8). Preozonation
increased AOC levels to the extent (368 ug/L) that even an 80 % removal
efficiency resulted in higher effluent results.
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Figure 9  AOC removal by preozonated and prechlorinated GAC/sand filters.
Cordact, effluent of the ozone contactor, E-1 and E-2 are the filter
effiuents.

Supression du COA par filtres pré-ozonds et chiorés/déchlorés CAG.
Contact, effluent du contacteur d'ozone. £-1 et E-2 sont les effluents des
fitres.
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Additional experiments comparing preozonation, prechlorination, and
prechloramination were performed from 5/29/90 to 7/30/90. During this time,
raw water turbidity averaged 2.4 NTU, and water temperature averaged
23.7 °C (table 1). Ozone dosage ranged from 2.5 to 2.8 mg/L, and achieved
residuals after 10 min contact averaging 0.32 mg/L. No ozone residual was
detected after the seftling basin (fig. 1). Free chlorine was dosed at 5.0 mg/L
into the chemical mixed line, and residuals averaged 3.0 mg/L in the effluent of
the settling basin. Ammonia (ammonium chioride) was injected into the pipe
between the settling basin and one of the filters to convert free chlorine to
chloramines (3:1 chlorine te ammonia ratio). The GAC/sand filters were
operated with an EBCT of 10 min.

The effect of preozonation, prechlorination and prechloramination on the
ability of biologically active GAC/sand filters to remove AOC is shown in
figure 10. AOC levels in the preozonated filter effluent averaged 86 ug/L, the
prechioraminated filter effluent averaged 71.5 ug/t, and the prechlorinated
filter effluent averaged 53 ug/L. The difference in AOC between the prechlori-
nated filter effluent and the preozonated or the prechloraminated filter effluent
were statistically significant (p = 0,0001, and p = 0,009, respectively ;
n = 34). The difference in AOC between the preozonated and the prechlora-
minated effluents were not statistically different (p =0,11; n=34).

ADO
E1=ozone 10 EBCT
e~ E3=chicrine 10 EBCT
o
3
= 200
S ]
Qo
< 100
o

RAW CONTACT

Figure 10 AOC removal by preozonated, prechlorinated and prechloraminated
GAC/sand filters. The chlorine and chloramine residuals were not
neutralized prior to filtration. €-1 and E-2 are the filter effluents.

Supression du COA par filtres de CAG/Sable pré-ozond, pré-chlord, pré-
chioraminé. Les résidus chlorés et chioraminés n'ont pas éié neutralisés
avant la filtration. E-1 et E-2 sont les effluents des filtres.

It was the initiat intent of these experiments to kill the attached bacterial
populations. However, the free chlorine residuals were rapidly neutralized
within the GAC filters and biological processes proceeded unimpaired.
Chloramines are a more stable disinfectant and residuals averaging 0.1 mg/L
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{range 0 to 0.4 mg/L} were detected in the filter effluent. HPC bacterial counts
in the efffluent of the prechioraminated filter averaged 8.93 x 102 cfu/mL,
compared to 1.16 x 10% cfu/mL and 1.22 x 104 cfu/mL for the preozonated
and prechlorinated filter effluents, respectively. Evidently, there was sufficient
microbial activity within the pores of the GAC filter, even in the presence of a
chloramine residual, for AOC removal. it is also possible that the excess
ammonia from the chloramination process may have stimulated bacterial
growth.

Comparison of preozonation and prechloramination continued during
7/31/90 to 9/1/90. It was of interest to see if continued chloramination would
eventually reduce microbial activity within the filters. Results showed that the
effluent of the prechloraminated filter continued to produce slightly lower AQC
levels than the preozonated filter. AOC levels averaged 63 ug/L in the prechlo-
raminated effluent, whereas the preozonated filter effluent averaged 86 ug/L.
TOC levels in the filter effluents averaged 2.5 mg/L for the preozonated system,
and 2.9 mg/L for the prechloraminated system.

The imporiant resuit from these experiments is that AOC reduction still
occurred within GAC filters even in the presence of a disinfectant residual.
These resuits imply that many conventionally operated GAC filters may already
achieve good ACC removals. it is interesting that many of the published
bacterial regrowth problems have occurred in systems that did not practice
GAC filtration (HUDSON et al,, 1983 ; REILLY and KIPPEN, 1983 ; LOWTHER and
MOSER, 1984 ; LUDWIG, 1985 ; OLIVIERI et al., 1985 ; LECHEVALLIER et al,,
1987). Future research should evaluate AOC removals in a variety of treatment
chains.

In contrast o AQC removals, the preozonated filter effluent produced the
lowest TOC levels {1.69 mg/L), while the prechlorinated and prechioraminated
filters averaged TOC levels of 2.18 and 2.22 mg/L., respectively. The results
were statistically different (p < 0,0001 for both ozone-chlorineg and ozone-
chioramine ; n = 20), and highlight the difference between AOC and TOC
determinations. VAN DER KOO and HIJNEN {1985), vAN DER KOOI (1987) and
LECHEVALLIER et al. (1991) have previously pointed out the lack of correlation
between AQC and TOC. The results of this study are consistent with those of
other investigators (CROWE and BOUWER, 1987 ; FAUST and ALY, 1987 ; HUCK
and TOFT, 1987 ; RITTMANN and HUCK, 1989) who have shown that preozona -
tion can improve TOC removals relative to prechlorination. Reduced TOC
levels can be associated with lower chlorine demand, lower disinfection by-
products, and reduced taste and odors. However, dechlorination of the
residual before filtration was shown 10 produce TOC removals equivalent to
those for preozonation.

Ozone and No Preoxidant

For many systems preoxidants are needed to chemically oxidize
compounds and condition the water. In addition, many systems need to
predisinfect the water to meet Cx7T criteria outlined by the Surface Water
Treatment Rule (USEPA, 1989b). Therefore, for many systems there is no opfion
not to add preoxidants. Howeéver, some systems could delay addition of
oxidants until after filtration with no adverse effect on coagulation or filtration.
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Experiments comparing preozonation and no preoxidation on the
performance of GAC/sand filters were conducted on 5/22/89 through 8/9/89
when water temperatures averaged 19.4 °C (lable 1). AOC levels averaged
100 pg/L in the preozonated filter effluent, and 92 pg/L in the filter effluent with
no preoxidation (fig. 1) higher AOC levels in the preozonated effluent is
consistent with the other experiments presented in this study.

One advantage of preozonation was that oxygen levels were saturated in
the treated water. Even after biologically active filtration, oxygen levels
averaged 3.0 mg/L higher than in the effluent with no preoxidation. The
biologically active filter with no preoxidation had oxygen levels averaging
1.65 mg/L. lower than the conventional plant effluent. Low oxygen leveis
{< 1 mg/L) could eventually lead to black water (anaerobic conditions) in the
distribution system, taste and odor problems, and interfere with the effective-
ness of chlorine disinfection (WHITE, 1986).

600 |

5007

Filter 1 = Ozonated

400 Fiter 2 = No Oxidant

3007

2001

AOC (ug/L)

100

RAW CONTACT C-1 ©-2 E-1 E-2 PE
[ S NOX

Figure 11 AOC removal by preozonated and non-preoxidated GAC/sand filters. C-1
and C-2 are the clarifier basins, E-1 and E-2 are the filter effluents, PE is
the SRTP effluent.

Supression du COA par filtres de CAG/Sable pré-ozoné et non-
préoxydé. C-1 et C-2 sont les bassins de clarification, E-1 et E-2 sont les
effiuents des filtres, PE est l'effluent de SRTP.

Effect of empty bed contact time on aoc and toc removal

The effect of EBCT on AOC removal is shown in figure 12. For these
experiments, the GAC/sand filters were in operation for more than a year and
were preozonated. EBCT was incteased by decreasing the flow rate (hydraulic
loading) to each filter. As EBCT increased from 5 min to 20 min, total AOC
levels decreased from an averaged of 82 ug/L at an EBCT of 5 min, 73 ug/L at
10 min EBCT, 69 ug/L at 15 min EBCT and to an average of 47 ug/L at 20 min
EBCT. Simitar to AOC, TOC removals increased from 29.0 % at 5 min EBCT,
33 % at 10 min EBCT, 42 % at 15 min EBCT, to 51.2 % at EBCT of 20 min.
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Figure 12 AOC removal by GAC/sand filters at different EBCTs. All titers were
preozonated.

Supression du COA par filtres de CAG/Sable & des TRVL différent. Tous
les filtres ont élé pré-ozonés.

PREVOST et al. (1990} reported that 62-90 % of the AOC was remaved with
2 min contact time in biologically active filters, but that 10-20 min was required
to remove 90 % of the BDOC. Reduced BDOC levels were associated with
increased chlorine stability within the distribution system. SONTHEIMER and
HUBELE (1989) reported that DOC removal increased from 27 % to 41 % as
residence time within biologically active GAC filters increased from 5 to 20 min.
They reported that residence time, and not filter velocity, source of GAC
material, or particle diameter, was important for DOC removal. They also
recommend that a 15 to 20 min EBCT be used in design criteria for biologically
active filtration. Our study shows that a 15-20 min EBCT may be needed for
TOC removal, but may be excessive for treatment of AOC, especially if the
intent is o control coliform regrowth (i.e., total AOC < 100 ug/L). Turbidity and
headloss values for the GAC/sand filters operated at different EBCTs are
shown in table 4. Turbidity and headloss values decreased as filtration rates
decreased and EBCTs increased.

Table 4 Summary of treatment parameters for EBCT trials.
Tahieaw 4 Sommaire des paramélres de traitement des essais du TRLV.

EBCT N Filtration rate Turbidity Head loss
min gal.min/ft2 NTU ft
5 99 0.34 0.3t 5.4
10 145 017 0.19 2.4
15 139 0.14 0.14 1.3
20 145 0.1 0.16 2.3

Turbidity values are averages of all measured values. Headloss values are averages after 24 h of
operation. -

Les données de turbidité sont les moyennaes da toutes les donndes mesurées. Les pertes d'dcoulement
sont los moyennes aprés 24 h d'usage.
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Biological treatment and removal of THM precursors

For systems without bacterial regrowth problems, application of biclogical
processes may be attractive for treatment of THM and other disinfection by-
product precursors.

A significant (r=0.93; p<0,01; n=51) relationship was found
between THMFP and TOC (fig. 13}. The results show for the NJAWC source
water that TOC levels <2 mglL, ¢an be related to a THMFP of < 100 ug/L.
Therefore, any process that reduces TOC levels, will also reduce THMFP. TOC
is known to be an importan® predictor of THM levels (SYMONS et al., 1975 ;
SINGER and CHANG, 1989 ; CHANG and SINGER, 1991). However, other parame-
ters that are important in THM formation include temperature, pH, free chlorine
dose, reaction time, and bromide concentration (SYMONS ef af., 1981). Many of
the treatment processes examined in this study reduced TOC levels to
<2 mg/L, and it is clear that reduction of THMFP is accomplished by a variety
of biological processes.

400
Y = 76.7(X) - 32.9

4 300 r= 0-934 .
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Total Organic Carbon mg/L

Figure 13 Relationship between total trihalomethane formation potential (THMFP)
and TOC. Values represent samples from all stages of treatment.

Relation aentre la formation potentielle de méthane tri-halogéné (FPMTH)
et le COT. Les données représentent des échantiflons de toutes les
élapes du traitement.

Data shown in figure 14 indicate that biologically active GAC/sand filtration
(10 min EBCT) could produce a steady state reduction in THMFP of 54 % over
a one year period. During the initial 60 days of operation THMFP removals
were 76 to 84 % until the adsorbance capacity of the filter was exhausted.
THMFP levels in the filter effluent averaged 99 ug/L (107 ug/L after the initial
60 days). For comparison, THMFP levels in the SRTP effluent averaged
178 ug/L over the same time period. Not only was the THMFP decreased by
biological treatment, but avoiding prechlorination (by use of ozone) would
have resulted in lower actual THM levels in the distribution system.

Table 5 summarizes the disinfection by-products formed by the preozona-
tion and prechlorination processes. Trihalomethanes, total organic halides,
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haloacetonitriles, chloral hydrate and total haloketones were higher in the
prechlorinated system than in the ozonated system. There was no difference in
chloropicrin levels between the two treatment chains. Aldehydes and haloace-
tic acids were not measured.
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Figure 14 Efficiency of biclogically active filters for THMFP removal. GAC/sand
filters -were preczonated and operated at 10 min EBCT.

Efficacité des filtres biologiquement actifs par la suppression du FPMTH.
Les filtres de CAG/Sable étaient pré-ozonés et utilisés pendant
10 minutes de TRLV.

Post disinfection of biologically treated effluents

A major concern with biological treatment is the introduction of bacteria
from the filters themselves. HPC bacterial counts in pretreated effluents ranged
from 8.97 x 102to 3.82 x 104 cfu/mL. However, coliform bacteria were rarely
observed in biologically treated effluents. It is possible that coliform organisms
were eliminated by the vigorous microbial activity within the filters ({CAMPER
et al., 1985b ; ROLUNGER and DOTT, 1989).

Post disinfection (30 min contact time) of preozonated or prechlorinated/
dechlorinated GAC/sand filter effluents with free chlorine (1 mg/L) or preformed
monochloramine (2 mg/L) reduced HPC bacterial levels by 2-2.5 log,,
{fig. 15). In each case, the free chlorine residual preduced slightly better
inactivation rates than the preformed chloramines. By comparison, the SRTP
produced HPC bacterial levels 0.5 log,, lower than the pilot plant studies,
although the disinfection contact time of the SRTP was much longer (1 hour}
and filter effluent HPC levels were probably lower.

The effect of post disinfection on the secondary rise in AOC levels is shown
in figure 16. Water from the preozonated filter showed virtually no increase
{< 8 %) in AOC levels when treated with 1 mg/L free chlorine or 2 mg/L
moenochloramine for 30 min. Samples from the prechlorinated/dechlorinated

Bl
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GAC/sand filter effluent showed a 20 % increase in AOC when chlorinated,
and 44 % increase in AOC when chloraminated for 30 min. The total AOC
level for the prechlorinated/dechlorinated GAC/sand effluent upon post
disinfection was still lower than for the preozonated filter.

Table 5 Summary of disinfection by-product analysis.
Tableay 5 Sommaire des analyses de sous-produits de désinfection.

*  Settled Settied Effluent Effluent
Test parameter Rawwaler . oozonated prechiorinaled preozonated grechlorinated

pH units 6.9 7.3 7.6 6.9 6.7
Temperature (°C) 8.9 10 10 1 1
TOG (mg/L) 39 41 4.4 29 2.9
Chioride {mg/L) 17.7 17.9 23.1 182 23.8
Bromide {mg/L) 0.04 0.04 <0.02 0.04 0.02
% UV Reduction 0 71.4 42.9 85.7 57.1
Total Qrganic Halide 37 250 30 17
Trihalomethanes
Chioroform 1.0 2 3 32
Bromodichioromethane <0.05 50 < .05 7
Dibromochioromethane <0.05 <{0.05 <0.08 1
Bromodorm <0.05 <0.05 <0.05 < (.05
Total 1.0 26 3 40
Haloacetonitites
BCAN <0.02 1.18 <0.02 <0.02
DBAN <0.02 013 <0.02 <0.02
DCAN 0.05 2.08 <0.02 0.48
TCAN <0.02 1.16 <0.02 <0.02
Total 0.05 4.5 <0.02 0.48
Chloral Hydrate 0.61 301 <0.02 1.96
Chioropicrin <0.02 0.68 <0.02 <0.02
Haloketcnes
DGP 012 0.72 01 0.48
TCP o 2.06 0.76 0.7
Total 0.83 2.78 0.86 118

All analyses were performed by the USEPA Cincinnati laboratory according to accepted procedures. All
values are ug/L, unless indicated otherwise. No disinfection by-product analyses were performed on raw
water samples. Chlorine residuais were not neutralized prior to GAC/sand fittration. EBCT, 7 min.

Toutes les analyses ont éié faites au laboraloire de I'US EFA 4 Cincinnali suivant les méthodes officielias.
Toutss les données sont exprimées en ugl, sauf indication contraire. Aucune analyse de sous-produits
da ddsinfaction n'a &té faite sur les dchantifions d'eau brute. Les résidus de chiore n'ont pas été
neutralisés avant iz filtration par un filtre de CAG/Sabie. Le TRLV était de sapt minutes.
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Figure 15 Disinfection of HPC bacteria in preozonated and prechlorinated fiiter
eftiuents. Samples were exposed to 1 mg/L free chlorine and 2.0 mg/L
preformed monochloramine for 30 min.

Désinfaction de bactéries hétérotrophes dans les effluents des filtres pré-
ozonés et pré-chiorés. Les échantillons furent assujettis & 1 mg/L de
chiore libre et 2.0 mg/L de monochloramine pré-formée pendant
30 minufes.
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Figure 16 Effect of post-disinfection on AOC levels. Samples were exposed to
1 mg/L free chiorine and 2.0 mg/L preformed monochloramine for
30 min.

Effet de la désinfection postérieure sur les taux de COA. Les échanlillons
furent assujettis 4 1 mg/L de chlore libre et 2.0 mg/L de monochlora-
mine pré-formée pendant 30 minutes.
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CONCLUSIONS

The ability of biologically active GAC/sand filter absorbers to produce low
turbidity, acceptable run times (> 24 h), reduced THMFPs and effluent AOC
fevels < 100 ug/L, indicate that these systems could be readily applied to
current water treatment systems. The choice of preoxidant will depend on the
particular needs of the water system. Preozonation can provide many benefits
to the water treatment process (disinfection, avoid THM formation,
microflocculation, enhanced biological activity, etc.), however, effluent AOC
levels may be higher than in non-ozonated systems. If the sole intent is to limit
bacterial regrowth by production of low AQC water, options other than
preozonation may be more effective. Specific conclusions include :

1. At the Swimming River Treatment Plant AOC levels < 100 ug/L may be
necessary to control excessive bacterial regrowth within the distribution
system. Regrowth of coliform bacteria can violate the Total Coliform MCL.

2. GAC filter media can support a larger bacterial population, and thus,
provide better biological removal of AOC and TOC than conventional filter
media. GAC filters can remain active (> 80 % AOC removal} even at low
water temperature.

3 Deep Bed GAC filters slightly outperformed GAC/sand filters for AOC and
TOC removal. This better performance was attributed to the greater EBCT.

4. All biologically active filters showed good performance relative to
offluent turbidity levels and headloss development. The results suggest that
biologically active filters could perform similarly to conventional filtration.

5. Preozonation of raw water increased AQC levels an average of 2.3 fold,
and always increased filter effluent AOC levels relative to nonozonated water.

6. Application of free chlorine to GAC fiiters did not inhibit AOC removals.
The results suggest that many conventional GAC filters may already be
achieving good ACC removals. Prechiorination resulted in significantly lower
effluent AQC levels than did preozonation.

7. Application of chioramines to GAC filters showed a slight inhibitory effect
relative to free chlorine. The stability of chloramine residuals allowed the
disinfectant to penetrate the filter and achieve trace residuals in the filter
effluent. HPC bacterial levels in prechloraminated filters were more than
10 times lower than in prechlorinated or preozonated filters.

8. EBCT increased both ACC and TOC removal efficiencies. However,
AQC levals < 100 ug/L could be achieved with 5-10 min EBCT. Effective TOC
removal (> 50 %) required long (20 min) EBCT.

9. THMFP were related to TOC levels. Processes that decreased TOC
levels also decrease THMFP. Prechiorination produced a variety of disinfec-
tion byproducts, chiefly THMs and haloacetonitriles. THMFP levels in the SRTP
could be reduced in half by use of biologically active GAC filters.

10. Post disinfection of biologically treated effluents reduced HPC bacterial
counts but increased AOC levels. The level of increase was dependent upon
the type of precoxidant. However, even after post disinfection, prechlorinated
water had lower AOC levels than preozonated water.

 pd
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