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Biofilters seeded with mixed-culture nitrifiers from Lake Austin, Texas, and fed nutrient and
Lake Austin water biodegraded the four trihalomethanes (THMs) commonly found in treated
drinking water—bromoform, chioroform, dibromochloromethane, and dichlorobromomethane.
THMs were degraded by cometabolism, and degradation increased with increased THM
bromine substitution and increased total ammonia-nitrogen biodegradation. Overall, these
experiments resulted in sustained THM removals ranging from 10 to 60% for varying operating
conditions. Three operational issues were also studied: THM product toxicity, nutrient
limitations, and monochloramine inhibition of ammonia and THM degradation. The cometabolism
stability index represents a simple and useful parameter for evaluating the likelihood of
product toxicity problems in biofilter operation. Nutrient limitations {e.g., iron and copper)
may exist for natural water sources, and supplemental nutrients may be needed to achieve
maximum THM degradation rates. Influent monochloramine concentrations of 1 mg/L (or

less) as Cl, appear to be a good target for stable operation of developed biofilms.

Trihalomethane cometaholism
by a mixed-culture nitrifying biofitter

BY DAVID G. WAHMAN,
LYNN E. KATZ, AND
GERALD E. SPEITEL JR.

uring drinking water disinfection, natural organic matter combines with

the disinfectant to produce disinfection by-products (DBPs), including

haloacetic acids (HAAs) and trihalomethanes (THMs). Chlorine disin-

fection remains popular in the United States (Connell et al, 2000a;

2000b), although many utilities now use combinations of chlorine and
chloramines to avoid excessive THM and HAA formation. A typical treatment
scheme consists of an initial period of chlorination to help achieve disinfection
goals followed by quenching with ammonia at some point in the treatment train
to meet DBP goals through the lower DBP formation rates associated with chlor-
amines. Significant formation of THMs and HAAs can occur within treatment
plants, even during relatively short periods of chlorination (Singer et al, 1999b;
Symons et al, 1982). Therefore, approaches for minimizing DBP formation or for
removing DBPs within treatment plants are of great value.

Biodegradation offers a new approach for removing DBPs. Evidence of HAA
biodegradation in drinking water environments continues to mount (McRae et
al, 2004; Xie & Zhou, 2002, 2000; Baribeau et al, 2000; Singer et al, 1999a;
Williams et al, 1998, 1997). HAA biodegradation is not at all surprising because
the ability of mono- and dichloroacetic acid to support microbial growth is well

The published report, Cometabolism of Trihalomethanes in Nitrifying Biofilters (91100F), is available
“‘ from IWA Publishing at www.iwap.co.uk or is free to AwwaRF subscribers by calling 303-347-6121 or
logging on to www.awwarf.org.
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documented in the microbiology and hazardous waste
literature (Janssen et al, 1985; Motosugi & Soda, 1983).

THMs and HAAs tend to form together, so biological
DBP removal processes must be able to deal with both
classes of DBPs to be of any practical value in regulatory
compliance. Unfortunately, THM biodegradation is a

ments were conducted using biofilters seeded with mixed-
culture nitrifiers from Lake Austin, Texas, to develop a
new biological treatment process for THM destruction
in drinking water treatment plants based on THM come-
tabolism by nitrifying bacteria growing on ammonia in
multimedia filters.

For statistically similar total ammonia-nitrogen degradation,
no significant change in trichloromethane degradation
occurred whether dibromochloromethane was present or not.

much more difficult proposition than HAA biodegrada-
tion. No evidence indicates that THMs can support micro-
bial growth. Considerable evidence is available, however,
for cometabolism of chloroform by bacteria growing on
other chemicals, including ammonia (Aziz et al, 1999;
Ely et al, 1997; Alvarez-Cohen &

MATERIALS AND METHODS

Biofilter setup. The biofilter system (Figure 1) con-
sisted of a filtered distilled—deionized water feed sup-
plemented with nutrients (calcium, magnesium, copper,
and iron) based on batch N. europaea growth (Wahman

McCarty, 1991b). Cometabolism
can be defined as the fortuitous
biodegradation of a target chemi-
cal (i.e., the cometabolite, THM:s)

FIGURE 1 Biofilter system schematic

through reactions catalyzed by one Key
or more nonspecific microbial

Mixing chamber (O Pump

enzymes. Because of the greater =1 Syringe pump

difficulty in biodegrading THMs,

the development of a THM [ THms |
biotreatment process is the limiting Oxygen

factor in implementing biological
treatment for DBP control.

Previous batch kinetic experi-
ments demonstrated that all four
THMs—bromoform, chloro-
form, dibromochloromethane,
and dichlorobromomethane—
could be degraded by both a pure
culture, Nitrosomonas europaea,
and mixed-culture nitrifiers at
rates reasonable for process im-
plementation (Wahman et al,
2006; 2005). In addition, these
experiments determined the prod-
uct toxicity (represented by trans-
formation capacity) associated
with degrading each THM.
Transformation capacity (T,) rep-
resents the maximum mass of
cometabolite that can be
degraded per unit mass cells or
the mass of cometabolite degra-
dation required to completely
inactivate the cells (Alvarez-
Cohen & McCarty, 1991a). On
the basis of these results, experi-

Cly—chiorine, NH,Cl—monochloramine, NHy—ammonia, THM—trihalomethane
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et al, 2005) and a carbonate/phosphate buffer to simu-
late natural waters (approximately 200 mg/L as CaCo0;).
THMs were added via a syringe pump, and oxygen was
added to the feedwater when required, raising the biofil-
ter influent dissolved oxygen to nonlimiting levels
(approximately 16-20 mg/L). The biofilters were packed
wet and seeded during the packing process with a mixed-
culture inoculum isolated from Lake Austin (Wahman
et al, 2006). Before initiating flow, the biofilters were
operated in batch mode for approximately 1 h to promote
nitrifier attachment to the media.

Experiments were conducted in three parallel trains
(A, B, and C). Each train consisted of two biofilters in
series. The nominal influent ammonia concentrations for
trains A, B, and C were different (4, 2, and 1 mg/L total
ammonia-nitrogen [TOTNH;], respectively). In this
research, TOTNHj represents the sum of ammonia-nitro-
gen (NH;3-N) and ammonium-nitrogen (NH4*-N). Sam-
pling points were at the first biofilter’s influent (sample
location 0), between the two biofilters in a train corre-
sponding to the first biofilter’s effluent and second biofil-
ter’s influent (sample location 1), and at the second biofil-
ter’s effluent (sample location 2).

The nominal empty bed contact time (EBCT) was 4
min after the first biofilter and 8 min after the second. The
biofilters were packed with 30 x 40-mesh anthracite and
had a nominal surface loading rate (SLR) of 0.63 gpm/sq
ft (37 m/d). With the use of the biofilm-scaling proce-
dure proposed by Manem and Rittmann (1990), the
experimental biofilters simulate full-scale filters operating

with 8-min EBCTs and an SLR of 2.5 gpm/sq ft (147
m/d), if biofilm shear loss is chosen as the scaling param-
eter or 3.5 gpm/sq ft (205 m/D) if external mass transport
is chosen as the scaling parameter. Both of these operat-
ing conditions fall into typical values reported for rapid
filtration (MWH Inc., 2005).

For some experiments, the feedwater was changed
from distilled—deionized water to Lake Austin water. As
required when feeding Lake Austin water, the system was
modified to form chloramines or add micronutrients such
as iron and copper. Lake Austin water is a typical surface
water with an alkaline pH (8.26-8.43), moderate alka-
linity (169-190 mg/L as CaCOj3), and dissolved organic
carbon (3.4-4.6 mg/L as C; Roalson et al, 2003).

Trihalomethane analysis. THM concentrations were
measured using US Environmental Protection Agency
method 551.1 with modifications (USEPA, 1995). Con-
centrations of individual THM species were analyzed
on a gas chromatograph! with a liquid autosampler and
a column? with constant pressure and splitless injec-
tion. The initial oven temperature was set to 32°C for 3.5
min. The temperature was ramped at 20°C/min to 72°C
and remained at 72°C for 3.5 min for a total analysis
time of 9 min.

Ammonia and monochloramine analysis. Ammonia was
measured with an ammonia electrode3 connected to a
pH/ion selective electrode meter# calibrated with stan-
dards. Monochloramine was measureds on an ultraviolet
(UV)-visible spectrophotometers at 655 nm calibrated
with standards.

TABLE 1  Product toxicity evaluation parameters
Variable Definition Value* Units

a (NH;3-N)/[TOTNHj] at 23.5°C and pH 8.0 0.049t Dimensionless
Y Bacterial cell yield 0.33% mg TSS/mg TOTNH;
K,NHS,N Ammonia-nitrogen half-saturation coefficient 0.16 mg/L NH3-N
k-m-l-m.,3 TOTNH; maximum substrate utilization rate constant 2.9 mg TOTNH;/mg TSS/d
ky Endogenous decay coefficient 0.020§ 1/d
lecM TCM pseudo-first-order rate constant 0.10 L/mg TSS/d
k,BDCM BDCM pseudo-first-order rate constant 0.15 L/mg TSS/d
k,DBCM DBCM pseudo-first-order rate constant 0.20 L/mg TSS/d
kl-nm TBM pseudo-first-order rate constant 0.23 L/mg TSS/d
T"rcM TCM transformation capacity 9.2 pg TCM/mg TSS
T,BDCM BDCM transformation capacity 7.3 ug BDCM/mg TSS
Tc[mcM DBCM transformation capacity 6.5 ug DBCM/mg TSS
T‘TBM TBM transformation capacity 5.6 pg TBM/mg TSS

BDCM—bromodichloromethane, DBCM—dibromochloromethane, NHj3-N—ammonia-nitrogen, TBM—tribromomethane, TCM—trichloromethane,

TOTNH;—total ammonia-nitrogen, TSS—total suspended solids

*Wahman et al, 2005; unless otherwise noted
1Spettel et al, 2005

$Rittmann et al, 2001; value also assumes volatile suspended solids equals TSS in cells.

§Wahman, unpublished
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TABLE 2  ( values for biofilter runs

Nominal Trihalomethane Concentrations—pug/L
Run 3 (6-10) 2(3) 2(6)

(Period) 1(2) 1(4) 1(5.6) | 4(1-4) 2(1) 2(2) 3 (4) 2(4) 2(S) 3(2 2(7
TCM 40 20 30 40 50 75 100 0 0 100 100
BDCM 20 0 0 0 0 0 0 0 0 0 0
DBCM 20 0 0 0 0 0 10 25 10 25
TBM 20 0 0 0 0 0 0 0 0 0 0
Csi

Train A 0.40 4.2 2.8 2.1 1.7 11 0.84 3.0 1.2 0.65 0.49

Train B 0.39 4.1 2.7 21 1.7 1.1 0.82 29 1.2 0.64 0.48

Train C 0.38 4.0 2.6 2.0 1.6 1.1 0.79 28 1.1 0.62 0.46

C,—cometabolism stability index, BDCM—bromodichloromethane, DBCM—dibromochloromethane, TBM—tribromomethane, TCM—trichloromethane

<e@®

Dissolved oxygen and pH analyses. Dissolved oxygen
was measured with an oxygen probe” connected to a dis-
solved oxygen meter® calibrated per the manufacturer’s
recommendations. pH was measured using a combination
pH electrode?® on a pH/ion selective electrode meter cal-
ibrated with pH standards of 4, 7, and 10.

Product toxicity. Product toxicity was observed when
THMs were cometabolized by nitrifiers in batch kinetic
experiments (Wahman et al, 2005) and in the initial biofil-
ter experiments presented in this article. A simple for-
mula was derived to quantify the expected product tox-
icity of THMs fed during biofilter experiments to guide
the design and interpretation of subsequent experiments.
For bacteria to provide sustained degradation of THMs,
the net growth rate on ammonia (based on Monod kinet-
ics) must be greater than the inactivation rate from THM
degradation. Inactivation results from the toxicity of
THM degradation products and is characterized by T,. To
help quantify the balance between net growth and inac-
tivation rates, a new term, the cometabolism stability
index (Cg), was developed. Cg is the ratio of the net
growth rate (r'g) to the sum of the inactivation rates for
the four THMs (r;) and is shown in Eq 1:

g
Ci= b Ksnpyn + @15TOTNH
Yeerpin - Ry (1)

1 STOTNH;

Rippcm SpsecM  Ripgy STBM
+ +

T‘DBCM

Rirem STeM  Rigpoy Seoem

+
T‘TCM T‘BDCM T.

TBM

in which 7, indicates the net rate of bacterial cell growth
(mg/d total suspended solids [TSS]); 7; is the rate of THM
bacterial inactivation (mg/d TSS); StoTnHj is the
TOTNH; concentration (mg/L TOTNHj as N); and S
is the THM concentration (pg/L THM). Other terms are
defined in Table 1.

Eq 1 indicates that for stable biofilter operation, Cg;
must be =1. All of the terms in the C; except THM
and TOTNH; concentrations are bacteria-specific and
were previously determined from batch kinetics exper-
iments for the pure culture, N. europaea (Wahman et al,
2005). Because the mixed cultures showed kinetic val-
ues similar to N. europaea and individual THM trans-
formation capacity values were determined for N.
europaea and verified for a mixed culture, the infor-
mation for N. europaea was used in these calculations
(Wahman et al, 2006; 2005).

To simplify the analysis, the influent TOTNH; and
THM concentrations were used to evaluate possible prod-
uct toxicity. Rigorously, these concentrations only define
the C;; at the influent to the first biofilter in the absence
of mass transfer resistances into the biofilm, The param-
eter values used to calculate C; are summarized in Table
1. Table 2 lists C; values for combinations of THM con-
centration and speciation tested in the biofilter experi-
ments shown in this article.

Simplified THM cometabolism model. A simplified
model of THM cometabolism in a biofilter can be
obtained by ignoring mass transport resistances and
assuming an ideal plug flow reactor with a residence
time equal to the contact time in the biofilter. By using
the rate equations for TOTNH;3 and THM detailed pre-
viously by Wahman et al (2005), a closed-form solu-
tion for the removal of a given THM can be obtained
and is shown in Eq 2:

ky

THM
STHM,, -ATOTNH3—
— % e

2
Stiantg TOTNH; (2)

in which Stpm,, is the THM influent concentration (pg/L
THM); STHM,, is the THM effluent concentration from the
nth (1 or 2) biofilter in the series (pg/L THM); and
ATOTNH; is the influent TOTNH; minus the effluent
TOTNH;. Other terms are defined in Table 1.
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FIGURE 2 TOTNH; and TCM concentrations for train A (run 1) fed nutrient
water
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BDCM—bromodichloromethane, DBCM—dIbromochloromethane, N—nitrogen, O,—oxygen,
TBM—tribromomethane, TCM—itrichloromethane, THM—trihalomethane, TOTNH—total
ammonia-nitrogen

Numbers at the top of the columns indicate operating periods during each run.

Statistical analyses. Tukey’s
paired comparison method was
used to compare the perfor-
mance of different operating
periods of the biofilters (Ber-
thouex & Brown, 2002). A
two-sided 95% confidence in-
terval of the studentized range
statistic was used for all paired
comparisons (Harter, 1960).
Graphing software!? was used
for a nonlinear fit of data and
to generate 95% confidence
intervals for Eq 2.

RESULTS AND DISCUSSION

Biofilters seeded with a Lake
Austin mixed culture were oper-
ated under varying conditions
that were broken into four runs.
In runs 1 and 2, the biofilters
were fed nutrient water. In runs
3 and 4, the feedwater was
switched to Lake Austin water.
In run 4, monochloramine was
added. During each run, three
trains were operated under dif-
ferent influent TOTNHj con-
centrations (4, 2, and 1 mg/L as
N, respectively). To illustrate the
trends seen during biofilter oper-
ation, only the data from train A
(TOTNH; nominal influent of
4 mg/L as N), which are repre-
sentative of the trends seen in
trains B and C, are shown.

Run 1. Run 1 consisted of an
initial operating period to estab-
lish nitrification, explored
THM product toxicity, and
resolved dissolved oxygen lim-
itations for train A. Figure 2,
parts A and B, detail the
TOTNH; and trichloromethane
(TCM) concentrations for train
A during run 1. Initially, only
TOTNHj; was added to the bio-

filters until nitrification was

On the basis of Eq 2, the THM normalized effluent  established (period 1). The initial THM addition of 40
concentration (St /StHwm,), and therefore THM frac-  pg/L. TCM and 20 pg/L each of bromodichloromethane
tional removal, will be independent of the influent THM (BDCM), dibromochloromethane (DBCM), and tribro-
and TOTNH; concentrations and for a given ATOTNH;  momethane (TBM) resulted in an immediate loss of
removal, dependent on the THM rate constant (leHM)‘ TOTNHj degradation (period 2) as subsequently pre-
Thus, Eq 2 can be used to approximate the maximum  dicted from C,; for these THM influent concentrations
expected removal of each THM species as a function  (Table 2). The first sample after THM addition showed
of ammonia removal. that all four THMs were degraded in all three trains as
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shown in Table 3, with this degra-

dation leading to the decrease in TABLE 3  Run 1 (period 2) performance at 172 h

TOTNH; removal because of prod-

uct toxicity. Essentially no TOTNH; Srimy/ Srimg

or THM degradation occurred after ATOTNM,

approximately 48 h of operation Train mg/LN <™ BDCM DBCM TBM | Total THMs

during period 2. A 0.86 0.87 0.82 0.80 0.81 0.83
Once _‘he THMs were removed B 12 0.84 0.79 0.75 0.75 0.80

from the influent (perloq 3),all t.hree c 0.62 0.89 0.86 0.84 0.84 0.87

trains recovered their previous

TOTNHj; degradation as nitrifica-
tion was reestablished. On the basis
of C,; and to avoid THM product
toxicity, the influent THM concen-
tration was set to approximately 20

BDCM—bromodichloromethane, DBCM—dibromochloromethane, SmMo—lnﬂuem TCM, BDCM, DBCM,
TBM, or total THM concentration (ug/L), SmMz—efﬂuent concentration from second biofilter in series (ug/L),
SrcMo—37 ng/L, SBDCMD—W pg/L, ug/L, Spacwm, 0—18 pg/L, S-nmo—ls ug/L, Srnmo—” pg/L, TBM—tribromo-
methane, TCM—trichloromethane, THM—trihalomethane, TOTNH;—the sum of ammonia-nitrogen
(NH3-N) and ammonium-nitrogen (NH,*-N), ATOTNH;—influent TOTNH; minus the effluent TOTNH;

pg/L TCM after the biofilters recov-
ered from the process upset (period 4) with a subse-
quent increase to 30 pg/L TCM without (period 5) and
with (period 6) the addition of oxygen. TCM removal for
train A during periods 4 and S averaged 4 and 7 pg/L,
respectively. Once oxygen was added in period 6,
TOTNH; and TCM removal increased, with TCM re-
moval reaching 15 pg/L at the end of period 6 for train
A. Oxygen addition continued throughout the remain-
ing biofilter experiments to ensure that oxygen was not
limiting in the biofilters.

As shown in Table 2, the initial speciation and con-
centration of THMs fed in run 1 was too high, because
the calculated C; value of 0.40 was well below the value
of 1 expected for stable operation. Thus, the low value of
C,; proved to be a good predictor for the loss of TOTNH;
removal and the absence of THM removal under this
feed condition. The subsequent lower TCM concentra-
tions (20 and 30 pg/L) resulted in a C; >1 and stable
biofilter operation with TCM removal. Overall for run 1,
the experimental findings were consistent with the Cg

predictions and demonstrated sustained cometabolism
of TCM in the biofilters.

Run 2. During run 2 (Figure 3, parts A-C), the influ-
ent TCM concentration was increased from 50 pg/L
(period 1) to a maximum nominal influent concentra-
tion of 100 pg/L (period 3). After period 3, the influent
THM was changed from TCM to DBCM to provide
information on a bromine-substituted THM. The influ-
ent DBCM concentration ranged from 10 to 25 pg/L
(periods 4 and S, respectively). Finally, both TCM and
DBCM were fed simultaneously (periods 6 and 7) to
provide a comparison with biofilter performance when
they were fed individually.

During run 2, both TCM and DBCM were degraded
in all three trains, with train A achieving maximum
removals of 46 and 73%, respectively. No apparent THM
product toxicity (based on TOTNH; removal) occurred
during run 2 except when both TCM and DBCM were fed
simultaneously, and then only in train A, as demonstrated
by the increased effluent TOTNHj; concentration in Fig-

TABLE 4 Run 1and 2 performance summary for train A (first biofilter in series)

Sample ATOTNH, TCM Influent DBCM Influent
Run Period Size mg/LN ug/L Svem, /s""‘o ng/L DBCM,/DBCM,
1 4 6 2.3+0.094 19+1.2 0.81 £0.034
1 5 3 23+0.18 3015 0.76 £ 0.049
2 1 4 4.1+025 53+1.7 0.60 £+ 0.045
2 2 3 3.9+0.18 73153 0.63 £ 0.022
2 3 3 4.010.021 92+4.8 0.54 £ 0.024
2 4 3 4.6+0.31 1210.16 0.27 £ 0.019
2 5 4 42014 23108 0.36 £ 0.029
2 6 3 4.1+0.17 87143 0.57 £0.018 11110 0.39 £ 0.029
2 7 3 3.2+0.39 88128 0.70 £ 0.034 24%1.1 0.57 £ 0.032

DBCM—dibromochloromethane, srcuor SDBCMO—lnﬂuem TCM and DBCM concentrations (pg/L), Stcum,» Speem, —effluent TCM and DBCM concentrations from first
biofilter in series (pg/L), TCM—trichloromethane, TOTNH;—the sum of ammonia-nitrogen (NH3-N) anb ammonium-nitrogen (NH,*-N), ATOTNH;3;—influent
TOTNH; minus the effluent TOTNH;3
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Csi concept. Even though the C

FIGURE 3 TOTNH3, TCM, and DBCM concentrations for train A {run 2) concept did not necessarily predict

fed nutrient water performance in all cases, it offers a

good framework for evaluating

product toxicity. Some refinement

3:2 f:::z:: : ::::3::3 of the parameter values in Eq 1 in

A combination with further experi-

2 776 “1"_ rom |8 :M- 1003WL o ;L beCh 255uglL migm 100:uIL ence in operating the process may

2 oM | ToM ' DBCM TCM; | TCM; be needed to better define the min-

§ 61 ! Dey | st imum feasible C; value for success-

5- . ’QI o ful operation.

1loes o¢T o o ‘70 E ¢ o *e o et oo Biofilter performanc'e Flurmg peri-

. ods 6 and 7 was surprising for two

3 E o reasons. First, based on the C; val-

245 i\ ues in Table 2, difficulties with prod-

2 . ! Batkwash L° © uct toxicity would have been

E o ' o expected for all three trains but did

F o 0+—6—a-e4 So—t—— not occur in trains B and C. Second,

B 1 2 3 4 5 6 7 the biofilter in train A appeared to

1209 50 ug/L TCM |75 ug/L | 100 pgi| 10ugh DBCM 25 gL 100 pg/L | 100 pg/ll. restabilize at a hlghcr TOTNH3
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~ 00 %04 :\ Babkwash for ammonia oxidation, ammonia

O 201 E monooxygenase, is proposed to

) » ) ) contain iron and copper (Arp &

0 ’ ' ' ! Stein, 2003). If the product toxic-

c 1 2 3 4 5 6 ; ity associated with THM degrada-
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154 ! 00 o could become limiting as the mass
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Z s ° Ci o © 0 o Because train A degraded the great-

g _ °Q . . est mass of THMs and TOTNH;,

1,600 2,000 2,400 2.800 3,200 nutrient limitations could explain

Time—h the observation.
Likewise, nutrient limitations
DBCM—dibromochloromethane, N—nitrogen, TCM—trichloromethane, TOTNH—total could explain the restabilization of
ammonia-nitrogen i

process performance in that the

Numbers at the top of the columns indicate operating periods during each run. process stabilized to a THM and

TOTNHj degradation level that the

ure 3, part A, for periods 6 and 7. The general absence of
product toxicity was expected on the basis of the calcu-
lated C;; values (Table 2) for periods 1, 2, 4, and §.

The C;; for periods 3, 6, and 7 during run 2 was <1,
predicting process failure. Although these predictions
proved to be too conservative, the lowest C,; values pre-
vailed during periods 6 and 7 when train A showed a
partial loss of nitrification, indicating the usefulness of the

54

available nutrient supply in the
feedwater could support. Additional research is needed to
confirm this hypothesis.

Comparison of runs 1 and 2. A summary of average mea-
surements taken for different operating conditions in
train A during runs 1 and 2 is provided in Table 4. Because
TOTNHj; removal was complete after the first biofilter in
the series and THM removal did not occur without
TOTNHj; removal, only values for the first biofilter were
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used in calculations for both

TOTNHj; and THM concentrations. TABLE 5 Run 3 (period 10) summary (first biofilter in series)

From Eq 2, two trends observed
in the bloﬁlt‘er data are expected: as sample ATOTNH, TCM Infiuent
ATOTNH; increases, Stim,/STHM Train mg/LN pg/L Svemy/Stemg
d;“fral_sgj[ "m‘_i ﬁ’r ;: gllven ATOTNH;, A 401011 44130 0.79 £ 0.067
the 1HA " wit Y the afger rate con; B 2.010.034 44£27 0.89 £ 0.070
stant will produce a lower Styp, c 1.0 £ 0.032 44127 0.95 £ 0.049
StHMmo- Both trends are highlighted
in Table 4 for train A STCMo—inﬂuent TCM concentration (ug/L), Stcm ]—-efﬂuenl TCM concentration from first biofilter in

Similarly, Figure 4 shows that the
two trends held for all three trains
during runs 1 and 2. Eq 2 was fit to
the TCM and DBCM data for all
three trains to determine the kinetic
rate constant ratio (Ryv/RToTNH3)
and its 95% confidence limit for each

serles (pg/L), TCM—trichloromethane, TOTNH;—the sum of ammonia-nitrogen (NH;-N) and
ammonium-nitrogen (NH,*-N),ATOTNH;—influent TOTNH; minus the effluent TOTNH;

FIGURE 4 THM cometabolism performance curves for runs 1 and 2

THM. Because ktorny; should be ° B‘é’g’n‘:“
the same for each operating condi- 12, T TCMM
- - DBCMfit

tion, the higher value for thisratio | | ...
with DBCM compared to that with 104 a

TCM implies that kyppcy is signifi-
cantly > ky1cp. Therefore, the trend 0.8
in degradation rates found in the
batch kinetic studies (Wahman et al,

S, /Srim,y

95% Confldence limits

Ki oy Kromm, = 0.13 2 0.0072
[

0sd 0202020 DREa 8 TTTNGa.

2006; 2005) continued in the biofil- “Ea e S
ter experiments because DBCM (the 0.4 Ky pacad ¥romim, = 0-22 £ 0.012 s T o
more bromine-substituted THM) has R'=092 C‘g,' R
a larger rate constant than TCM. 0.2] o ©

In addition, for statistically sim- )
ilar TOTNH; degradation, no sig- 00
nificant change in TCM degrada- o 1 2 3 a 5 6

tion occurred whether DBCM was
present or not. This result matched
observations from the batch kinetic
studies that showed no enzyme
competition among THMs at the
concentrations typical of drinking
water treatment.

The results from runs 1 and 2 sug-
gest that for a ATOTNH; of 2 mg/L
as N, TCM and DBCM removal of

DBCM—dibromochloromethane, k,
constant to TOTNH, maximum substrate utilization rate constant (mg/L TOTNH,),

Ky reafKromun,—Tatio of the TCM pseudo-first-order rate constant to TOTNH, maximum
substrate utilization rate constant (mg/L TOTNH,), R?'—coefficient of determination,
Srum, o—-lnﬂuont THM concentration (ug/L), S pyuu '-ofﬂuonl THM concentration from first
blofilter in series (ug/L), TCM—trichloromethane, TOTNH—total ammonia-nitrogen,
ATOTNHy—infiuent TOTNH, minus the effluent TOTNH; from first biofiiter in series

ATOTNH,—mg/L N

rorw;—Tatio of the DBCM pseudo-first-order rate

25 and 35%, respectively, can be

achieved, which is a level of performance potentially
attractive for drinking water treatment practice. The ratio
of THM cometabolism to ammonia degradation is higher
for the bromine-substituted THMs, but greater attention
to product toxicity is required when bromine-substituted
THMs are present at increasing concentrations.

Run 3. After completing the biofilter experiments on
nutrient water, the feedwater was changed to Lake Austin
water to provide a more realistic test of THM cometab-
olism under drinking water treatment conditions. This
operating phase, run 3, consisted of periods during which
issues of apparent nutrient deficiency and THM product
toxicity were investigated and resolved. Parts A and B of

Figure 5 detail the TOTNH; and TCM concentrations
during run 3 for train A.

Before starting THM addition, an initial period
(period 1) was given for the trains to reestablish nitrifi-
cation after backwashing. The initial THM addition of
100 pg/L TCM and 10 pg/L DBCM resulted in a
decrease in TOTNH; degradation for all three trains
(period 2). Therefore, THM addition was stopped, the
trains were allowed to reestablish TOTNH; degrada-
tion (period 3), and only 100 pg/L TCM addition was
attempted (period 4). Again, TOTNH; degradation
declined, and THM addition was stopped (period 5)
until TOTNHj; degradation was reestablished.
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TABLE 6  Run 4 performance summary for train A

TOTNH; NHCI ™™™
Sample Influent Avoral Influent Avota Influent
Period Size mg/LN mg/LN mg/L Cl, mg/L Cl; ug/L Sremy/Srem,
1 4 4.0+0.11 2910.21 48133 0.81 £0.081
2 3 4.010.14 2.9+0.29 0.49 £ 0.046 0.47 £0.031 42+49 0.89 £ 0.051
3 3 4.1+£0.10 2.9 £ 0.092 0.97 £ 0.030 0.96 £ 0.025 42129 0.81 £0.015
4 3 3.910.10 1.7 £ 0.083 2.610.17 2.6+0.14 38120 0.89 £ 0.052

Aroia—total change across both biofilters in series, NH,Cl—monochioramine, STCMo—lnﬂuent TCM concentration (ug/L), SrcMZ—efﬂuent TCM concentration from
second biofilter in series (pg/L), TCM—trichloromethane, TOTNH 3—the sum of ammonia-nitrogen (NH3-N) and ammonium-nitrogen (NH,*-N)

On the basis of successful operation during run 2 (peri-
ods 3 and 6) for similar influent concentrations and
TOTNHj removal (Table 4), it was surprising that the
biofilters continued to process failure (i.e., loss of nitrifi-
cation) during periods 2 and 4, even though the C; (Table
2) predicted problems with product toxicity for these
influent THM concentrations. After recovery of TOTNH,
degradation and the subsequent addition of 40 pg/L. TCM
(period 6), only train C achieved total TOTNH; removal
through the first biofilter in the series. This performance
differed from run 2, during which, for the same TCM
concentration, total TOTNH; removal occurred in the
first biofilter in the series for all trains.

In addition, the removal of TCM was significantly
lower than that of the comparable operation for run 2
for all three trains. Trains A and B appeared to stabilize at
a lower TOTNHj degradation rather than continuing to
show a decrease in TOTNH; degradation over time, sim-
ilar to run 2 (period 7) for train A. In contrast to run 2
(period 7), the C; values during run 3 (period 6) were >
1, indicating that process failure was not the cause of the
decreased removals.

A hypothesis to account for the lower TOTNH; degra-
dation was that one or more micronutrients were limit-
ing compared with the nutrient water. Because the enzyme
responsible for ammonia oxidation (ammonia monooxy-
genase) is proposed to contain iron and copper (Arp &
Stein, 2003) and calcium and magnesium are present at
higher concentrations in Lake Austin water than in nutri-
ent water, iron and copper were investigated. To test this
hypothesis, the addition of iron was started initially
(period 7) at the concentration used in the nutrient water
(6 pg/L) and was later increased (200 pg/L) to ensure
that adequate iron was available (period 8).

When iron was added, TOTNH; degradation im-
proved in trains A and B. Train A obtained nearly com-
plete TOTNH; degradation through the first biofilter in
the series by the end of period 8. To provide evidence
that iron was limiting, the iron feed was stopped (period
9). As a result, TOTNH; degradation for train A
decreased, but no change was seen for trains B and C.

Because the previous iron addition did not result in com-
plete TOTNH; degradation for train A, copper was added
(15 pg/L; period 10) as well. With the addition of iron and
copper, all three trains completely degraded TOTNH,
through the first biofilter in the series, as they had when
fed nutrient water, thus providing a strong indication
that the hypothesis was correct.

TCM degradation was variable during run 3 until iron
and copper were added during period 10. As with runs 1
and 2, once TOTNH; removal was complete, essentially
no further TCM removal occurred; therefore, only values
for the first biofilter were used in calculations for both
TOTNH; and TCM removals. The general trends ob-
served in runs 1 and 2 are shown in Table 5. The StaMm,/
STHMg values for TCM again showed that increased
TOTNHj; degradation corresponded to increased THM
degradation, because train A had a significantly higher
THM removal than train C. Thus, the close association
between TOTNH; degradation and THM cometabolism
observed in the batch kinetic and previous biofilter runs
held in run 3.

Comparing SthM,/STHM, Values with comparable
influent TCM concentrations during run 2 (period 1,
Table 4), shows that performance during run 3 was sig-
nificantly less for all three trains, with TCM removal
only 30 to 50% of that observed during run 2. The lower
TCM removal suggests that another condition, possibly
other micronutrients, was limiting in addition to iron
and copper.

Run 4. In run 4, the feed setup was modified to allow
monochloramine (NH,Cl) addition to the Lake Austin
water feed. Figure 6, parts A-C, shows the TOTNHj,
NH,Cl, and TCM concentrations during run 4 for train
A. A series of stepped increases in the influent mono-
chloramine concentration was introduced to evaluate the
effect of monochloramine on TOTNH; and TCM degra-
dation. For the period of no monochloramine addition
(period 1), train A did not achieve complete TOTNH;,
removal through the first biofilter in the series; therefore,
analyses for all three trains were conducted on the basis
of performance through both biofilters in the series.
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In run 4, TCM degradation was
not significantly different from run FIGURE 5 TOTNH3 and TCM concentrations for train A (run 3) fed Lake Austin
3 for each train during period 1 water
{Tables 5 and 6). For NH,Cl addi-

- tions of 0.5 and 1.0 mg/L as Cl, @ A0 (column 1 Influent)

(periods 2 and 3, respectively), the O A1 (column 1 effiuent)
TOTNH; degradation for each A
train was not significantly differ- 7 1 23 4 5 6 7 & . 9 10
ent from that in period 1. Once A TTomomrr ”'::;:c" por—— |
NH,Cl addition began at 0.5 mg/L 64 [[100 ugn |[100 po Y HolL Fe 15 ::,’LL oo
as Cl, (period 2), TCM degrada- z 1';‘:‘& TCM Fe
tion decreased in all three trains, s 5] | oeewm
but not significantly. During period §
3, TCM degradation returned to % al 0# 4% IS R et
its previous level from period 1 P o |® * M AR R A g ¢
even though the influent NH,Cl E 3 o o]
concentration was increased to
approximately 1.0 mg/L as Cl, A o]
(Table 6). - I o

Once the NH,Cl influent was E ° ¢% °,
raised to 2.5 mg/L as Cl, (period 4), 15 o o) do
TOTNHj; degradation decreased ¢ 0% 4o ©
significantly in all three trains, reach- 0 + ¥ €-o-—e—
ing essentially zero for trains B and B
C at the end of the sampling period. 120 1 2 3 4 5 6 7 8 9 10
The TCM degradation likewise riial Lrimal | mhie | B = “:"';’c“ — |
decreased in accordance with the 1004 (190 per |[100 uon ”M-mo walL Fe ore z::::xc:
decrease in TOTNH}; degradation. 1;‘;‘:},_ TCM Fe
During period 4, train A maintained § DBCM
a small amount of TOTNH; degra- 801 ® %
dation, but it steadily decreased over ¥
time. As a result, NH,Cl addition 60-
was stopped, and one data point < ol o o
was taken to see if the trains showed s 404 56 988> 50 S 8,38 o b o
signs of reestablishing TOTNH; e 3 ° % @
degradation {period 5). Train A 204
showed an increased TOTNH;
degradation, whereas trains B and C o ; . : .
showed only a small, yet measur- 3,200 3,600 4,000 4,400 4,800 5,200
able, improvement in TOTNH; Time—h
degradation.

The results from run 4 showed Cu—copper, DBCM—dibromochloromethane, Fe—iron, N—nitrogen,
that monochloramine concentra- TCM—trichloromethane, THM—trihalomethane, TOTNH—total ammonia-nitrogen
tions will impair stable process Numbers at the top of the columns Indicate operating periods during each run.
operation with respect to TCM or
TOTNH; removal at an influent

concentration between 1 and 2.5
mg/L as Cl,. Nitrification in drinking water systems has
been reported at these monochloramine concentrations
(Cunliffe, 1991). The precise monochloramine concen-
tration is likely to be site-specific and perhaps dependent
on operating conditions (e.g., the allowable monochlo-
ramine concentration may increase as the influent
TOTNH; concentration increases).

A possible confounding factor in run 4 was the for-
mation of other DBPs once monochloramine was added
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and the likelihood that the biofilm required time to adjust
to these new DBPs. The influent and effluent chro-
matograms for the first biofilter in train A showed addi-
tional peaks at the 2.5 mg/L as Cl, influent monochlor-
amine condition (data not shown). The effluent
chromatogram from this biofilter clearly showed a
decrease in the number of additional peaks, indicating
removal of these compounds in the biofilter (data not
shown). For lower influent monochloramine values (0.5
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FIGURE 6 TOTNHs, NH,Cl, and TCM concentrations for train A (run 4)

fed Lake Austin water

@ A0 (column 1 influent)
O A1 (column 1 effluent and column 2 infiuent)

< A2 (column 2 effiuent)
z 7. A 1 .2 .3 4 5
H] | 40 pg/L TCM; 200 ug/L Fe; 15 g/l Cu ]
§ &4 0.0 mg/L NH,CI 'o.s mg/L NH,CI| 1.0 mg/L NH,CI | 25 mg/L | 0.0 mg/L
5. NH,CI NH,CI
L .
44 o % o 40 L e,
e
34
2 fo) (@] <><> (o]
1 o © o © o
Z 14 2 o 4% 2] od°
E < o< o
o ) T | I L
B 1 , 2, 3 L 4 , 5
3. | 40 pg/L TCM; 200 pg/L Fe; 15 pg/L Cu |
3 0.0 mg/L NH,CI lo.s mg/L NH,CI| 1.0 mg/L NH,CI | 25 mg/L ¥ 0.0 mg/L
-3 JHCIe | NHCI
B,
E 14 . * o
o]
g * . * o
z o T T < A' é L] Q c s a T l
C 1 , 2 , 3 , 4 , 5
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*
é o 09 8 of & o
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5,300 5,500 5,700 5,900 6,100 6,300
Time—h

Cl,—chlorine, Cu—copper, Fe—iron, N—nitrogen, NH,Cl—monochloramine,
TCM—trichioromethane, TOTNHy—total ammonia-nitrogen

Numbers at top of columns indicate operating periods during each run.

and 1 mg/L as Cl,), the influent to the trains did not
show additional peaks whereas the effluent from both
biofilters in the series for all trains showed additional
peaks. Thus, low levels of DBPs appeared to have formed
from the addition of monochloramine, with subsequent
removal in the biofilm. The possibility that the biofilm
required time to adjust to these new DBPs offers one
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explanation for the following exper-
imental results seen in run 4:

¢ an initial removal of TCM in
period 1,

e the lack of TCM removal dur-
ing period 2, and

¢ the subsequent reestablishment
of TCM removal during period 3 to
a similar level to period 1.

The monochloramine removal
observed through the biofilters re-
sulted from some combination of
the natural monochloramine de-
mand of the Lake Austin water, the
reaction of monochloramine with
the biomass present in the biofil-
ter, and the cometabolism of mono-
chloramine in a manner similar to
that for THM cometabolism
(Woolschlager et al, 2001; 2000).
The natural demand of the water
would be similar for all biofilters.
The reaction with biomass would
be expected to increase with
TOTNH; removal because a larger
removal implies a larger biomass
population.

Similarly, if cometabolism of
monochloramine was occurring,
increased TOTNHj; removal would
be expected to correspond with in-
creased monochloramine removal
in a manner analogous to Eq 2 for
THM cometabolism. The results for
all three trains showed that an
increase in TOTNH; removal cor-
responded with an increase in
monochloramine removal. There-
fore, reaction of monochloramine
with biomass, cometabolism of
monochloramine, or both, was most
likely occurring,

CONCLUSIONS

THM and TOTNHj; removal
occurred in nitrifying biofilters
seeded with mixed-culture nitrifiers
from Lake Austin. All four THMs
were degraded, and the THM degra-

dation rate increased with increased bromine substitu-
tion, For similar TOTNH; degradation, no significant
change in TCM degradation occurred whether DBCM
was present or not. This result matched observations
from the batch kinetic studies that showed no enzyme
competition among THM:s at the concentrations typical
of drinking water treatment.
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Increased TOTNH; degradation corresponded to
increased THM degradation; thus, the close association
between ammonia degradation and THM cometabolism
observed in previous batch kinetic studies also held in
the biofilter experiments. Overall, these experiments
resulted in sustained THM removals ranging from 10 to
60% for varying operating conditions.

THM speciation is important because each THM
exhibits a different product toxicity. The cometabolism
stability index (C;) represents a simple and useful tool for
judging the likelihood of product toxicity problems in
biofilter operation. Because both THM cometabolism
rate constants and THM product toxicities increase with
increasing THM bromine substitution, a water’s THM
speciation is an important consideration for process imple-
mentation. Even though a given water may be kinetically

cal activity. Implementation of this process should involve
relatively minor retrofitting of existing plants. The come-
tabolism would occur in granular media filters consist-
ing of an upper layer of granular activated carbon. Util-
ities could carry out prechlorination followed by
ammonia addition at a relatively low concentration (14
mg/L as N) sometime before the filters. A mixture of
monochloramine and ammonia will result at the typical
free chlorine concentrations (e.g., 2 mg/L as Cl,) used in
treatment plants.

When the water is applied to the upper granular acti-
vated carbon layer in the filter, monochloramine will be
destroyed, releasing ammonia (Fairey et al, 2004;
Komorita & Snoeyink, 1985). At this point, an appro-
priate environment for microbial growth is established
(i.e., an environment devoid of a disinfectant residual).

Trihalomethanes and haloacetic acids tend to form together,
so biological disinfection by-product removal processes
must be able to deal with both classes of DBPs to be

of any practical value in regulatory compliance.

favored on the basis of THM speciation, the resulting
THM product toxicity may not allow stable treatment
process performance.

Nutrient limitations may exist when using natural
waters. To improve both TOTNH; and THM degrada-
tion, both iron and copper were added to the Lake Austin
water. Other, unknown nutrients may have also been
lacking, because overall performance was poorer than
that observed when nutrient water was fed to the same
biofilters.

An influent monochloramine concentration of 1 mg/L
as Cl, (or less) appears to be a good target for stable
operation of a developed biofilm. Because monochlor-
amine addition was initiated after biofilm development,
startup considerations could not be evaluated from these
data and require further investigation. During the exper-
iment, a relatively large increase in the influent mono-
chloramine concentration was made from approximately
1 to 2.5 mg/L as Cl;. The influent monochloramine con-
centration of 2.5 mg/L as Cl, led to unstable operation;
thus, further examination of concentrations between 1
and 2.5 mg/L as Cl, is needed. As a result, the actual
allowable influent monochloramine concentration lies
between 1 and 2.5 mg/L as Cl,, with 1 mg/L as Cl; being
conservative.

This research demonstrated the feasibility of THM
cometabolism in nitrifying biofilters. The experimental
biofilters scale to full-scale filters operating at SLRs and
EBCTs typical of practice. It is expected that the process
can be implemented in filters now used in practice, using
mixed cultures from source waters to establish biologi-

With respect to THMs, nitrifiers—specifically ammonia
oxidizers—can grow using the available ammonia and
cometabolize THMs. The filtered water would then be
postdisinfected, presumably with chloramines, before
distribution.
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FOOTNOTES
THewlett Packard 5890A, Avondale, Pa.
2]&W DB-5, Agilent Technologies, Santa Clara, Calif.
3Thermo Orion 9512, Thermo Electron Corp., Waltham, Mass.
4Orion Model 920A, Thermo Electron Corp., Waltham, Mass.

SHACH method 10171 (0.04-4.5 mg/L Cl,), Hach Co., Loveland, Colo.

6Agilent 8453, Agilent Technologies, Santa Clara, Calif.

7YSI 5905, YSI Environmental, Yellow Springs, Ohio

8YSI Model S4ARC, YSI Environmental, Yellow Springs, Ohio

90rion 81-56 ROSS epoxy body combination pH electrode with bulb
guard, Thermo Electron Corp., Waltham, Mass.

19SigmaPlot for Windows Version 8.02, Systat Software Inc., Richmond,
Calif.

If you have a comment about this article,
please contact us at journal@awwa.org.
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Many utilities use a combination of chlorine and
chloramines to avoid excessive trihalomethane (THM)
and haloacetic acid (HAA) formation, but significant
formation of THMs and HAAs can occur even during
relatively short periods of chlorination. Biodegration
offers a new approach to removing THMs and HAAs,
and evidence of HAA biodegration in drinking water
environments continues to build.

Experiments were conducted using biofilters seeded
with mixed-culture nitrifiers from Lake Austin to
develop a new biological treatment process for the

61

During ozonation, the amount of biodegradable
organic matter (BOM) in natural waters increases. The
presence of BOM is undesirable because it may result
in biological instability of the drinking water and bac-
terial regrowth in the distribution system. This research
investigated the sensitivity of BOM removal to opera-
tional parameters such as temperature, media type, and
backwash conditions.

Full-scale biofiltration experiments demonstrated
that good removal of BOM following ozonation can
be achieved without compromising particle removal.
At warm water temperatures, media type did not

filtration

10 DECEMBER 2006 | JOURNAL AWWA

Trihalomethane cometabolism by a mixed-culture nitrifying biofitter
David G. Wahman, Lynn E. Katz, and Gerald E. Speitel Jr.

destruction of the four THMs commonly found in
treated drinking water—bromoform, chloroform,
dibromochloromethane, and dichlorobromomethane.
The analysis was based on THM cometabolism by
nitrifying bacteria growing on ammonia in multime-
dia filters. The experiments resulted in sustained
THM removals ranging from 10 to 60% for various
operating conditions. Reduction in THM concentra-
tions may provide utilities with another option to help
comply with the Stage 2 Disinfectants/Disinfection
Byproducts Rule.—KD

Effects of media, backwash, and temperature on full-scale biological

Monica B. Emelko, Peter M. Huck, Bradley M. Coffey, and E. Franklyn Smith

influence BOM removal, but at cold water tempera-
tures, granular activated carbon provided substan-
tially better BOM removal than did anthracite. In
contrast to particle removal, BOM removal was more
resilient to changes in backwash protocol. Biomass
was estimated by measuring the organically bound
phosphorous (phospholipids); phospholipid biomass
concentration was not directly related to BOM
removal by filters. Although collapse pulsing is an
optimized strategy for backwashing conventional
filters, backwashing strategies for biofilters must be
further optimized.—MPM
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