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Abstract: A mathematical model of biocide action
against microbial biofilm was tested experimentally by
measuring the response of Pseudomonas aeruginosa
biofilm to various doses of monochloramine. Pure cul-
ture biofilm was developed in continuous flow annular
reactors for 7 days, then treated with a 2-, 4-, or 8-h dose
of 2 or 4 mg L™ monochloramine. Some experiments
investigated repeated treatment. Disinfection and re-
growth of the biofilm were observed by sampling the
biofilm for viable and total cell areal densities for up to
100 h following the biocide treatment. A phenomenologi-
cal mathematical model was fitted to experimental data
sets and captured overall trends, but it could not simu-
late certain experimentally observed features. The model
did simulate rapid disinfection followed by steady re-
growth. It correctly predicted a much greater decrease in
viable than in total cell densities and also correctly cap-
tured the shapes of these trajectories. Discrepancies be-
tween the model and data included the following: the
model predicted faster regrowth than was experimen-
tally observed, the model predicted that a second dose
would be more effective than the first dose but the op-
posite was observed in the experiments, and parameters
estimated by fitting one dose concentration could not be
used to predict the results of a different dose concentra-
tion or a second dose. Discrepancies between model and
the experiment were hypothesized to be due to an adap-
tive stress response by the bacteria, a process not in-
cluded in the model. A practical implication of this work
is that it is more effective to deliver monochloramine in a
short concentrated dose as opposed to a longer dose of
lower concentration. © 1997 John Wiley & Sons, Inc. Biotech-
nol Bioeng 56: 201-209, 1997.
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INTRODUCTION

Antimicrobial agents are one of the principal means of con
trolling fouling and corrosion problems associated with mi-
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crobial biofilm formation (Cloete et al., 1992; Costerton et
al., 1987). Literature reviews illuminate the diversity of sys-
tems in which biofilm fouling problems occur as well as the
wide range of antimicrobial agents in use (Brown and Gil-
bert, 1993; Cloete et al., 1992; Costerton et al., 1987; Ni-
chols, 1989). Although the use of antimicrobial agents is
widespread, quantitative methods for biocide selection and
for the design of efficient biocide delivery protocols do not
exist. This gap represents an opportunity for biochemical
engineers to become involved in developing engineering
approaches for analyzing and predicting biofilm control
phenomena. Engineering contributions should be helpful
particularly in view of the fact that transport processes play
a role in limiting biocide efficacy against biofilm in some
cases (Chen and Stewart, 1996; de Beer et al., 1994; Xu et
al., 1996).

One such engineering approach is mathematical model-
ing of the action of a biocide or antibiotic against a biofilm.
Stewart et al. recently described a model that integrates key
constituent phenomena of this interaction: microbial
growth, detachment, disinfection, solute transport, and re-
action (Stewart, 1994; Stewart et al., 1996). The purpose of
the work reported in the present article was to evaluate this
mathematical model experimentally. We have done this by
performing a series of experiments in which a pure culture
Pseudomonas aeruginogaofiim was treated with mono-
chloramine doses of various concentrations and durations.

MATERIALS AND METHODS

Microorganism and Culture Conditions

Pseudomonas aeruginoggRC1) was grown in pure cul-

ture on a minimal salts medium with 20 mg“Lglucose as

the sole carbon source (Chen et al., 1993). Experiments
were conducted at room temperature, 25 + 1°C.

Reactor System and Operation
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Biofilms were grown on a dozen 316L stainless steel slides
fitted in recesses in the outer cylinder of a continuous flow
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rotating annular reactor. A detailed description of the reaction into the biofilm. Regrowth rates were calculated as the
tor and operating conditions can be found elsewhere (Cheslope of the least-squares regressed line through natural log
et al.,, 1993). Tracer studies have shown that the mixingransformed viable cell count versus time data for the post
characteristics in this system closely approximate those dbiocide dose period.

an ideal continuous stirred tank reactor (Gjaltema et al., The overall reaction rate of monochloramine was calcu-
1994). Biofilm was sampled without interruption of nutrient lated from the following material balance:

flow or inner cylinder rotation by removing the steel slides X

through stoppered holes in the top of the reactor. The inner dG, i .

cylinder rotated at 150 rpm giving rise to turbulent flow and VE = QG = Cp) ~Te, @)

good mixing. The dilution rate of 3.2 h exceeded the

maximum specific growth rate of the microorganism (0.35WhereC,* is the experimentally measured bulk monochlo-
h™Y) sufficiently to ensure that biofilm activity predomi- ramine concentrationC,' is the influent monochloramine
nated over that of planktonic cells. Concentrated glucos€oncentration, ands is the desired overall reaction rate of
and mineral salt solution, phosphate buffer, and di|utionm0nOCh|Oramine. The time derivative was estimated from a
water were continuously fed to the reactor at rates of 60, 6dforward difference formula.

and 1800 mL R, respectively. The reactor was inoculated ~The importance of diffusive transport limitation was as-
with 1.0 mL of thawed stock culture (}@ells mL™) and  sessed by calculating an observable modulus (Bailey and
grown in batch mode for 24 h. Influent flows were restartedOllis, 1986):
and the system was run for 7 days before sampling or dosing

2
biocide. p=ob @)
Cy Dy
Monochloramine Preparation and Treatment where
A fresh monochloramine stock solution was prepared for
each experiment by combining ammonium chloride with R0=r—B. A3)
household chlorine bleach as described previously (Chen et Al

al., 1993). Monochloramine concentration was spectropho-
tometrically determined in reactor effluent samples usingd
the N,N-diethyl-p-phenylenediamine (DPD, Hach Co.) half, and three-quarters of the dose duration. The interpre-
method. Double distilled water was used to dilute the stocl&ﬂ,{ion of @ is that diffusive transport becomes a factor as
solution to the required concentration. Monochloramine,, . ~ . . b ) .
was added by replacing the flow of buffer solution with thethIS dimensionless group exceeds 1; widefs less than 1,

y rep 9 : : diffusion does not significantly limit the overall reaction
monochloramine stock solution for a predetermined dos?
period. The monochloramine demand of the sterile system
was negligible (Griebe et al., 1994).

The observable modulus was calculated at three points
uring the biocide dose corresponding to one-quarter, one-

Modeling

Cell Enumeration A previously described phenomenological computer model

Biofilm covered slides were removed using aseptic samef biocide action against biofilm was modified slightly for
pling techniques at various times during the experimentsthis investigation (Stewart et al., 1996). The model incor-
They were scraped into 100 mL of phosphate buffer conporated processes of bulk flow in and out of a well-mixed
taining 0.1% sodium thiosulfate to neutralize residualreactor, transport of dissolved species into the biofilm, sub-
monochloramine. The solution was homogenized for 2 mirstrate consumption by bacterial metabolism, bacterial
on full power using a tissue homogenizer. Viable cells weregrowth, advection of cell mass within the biofilm, cell de-
enumerated by performing serial dilutions and plating ontachment from the biofilm, biocide neutralization by reac-
Difcobacto R2A agar using the drop plate method. Totaltion with the biofilm, and biocide concentration-dependent
cells were determined by acridine orange direct countslisinfection. In the original model, the rate of biocide neu-
(Chen et al., 1993). Cell numbers were reported as areal cdilalization was assumed to depend only on the local biocide
densities. Effluent samples were obtained through a 3-wagoncentration. The neutralizing capacity of the biomass was
stopcock in the effluent tubing. not diminished by its reaction with the biocide. In the pre-
sent model, the rate of biocide neutralization was modeled
as first order in both biocide concentration and the concen-
tration of a component of biomass termed the “neutral-
Experimental data were analyzed to determine the regrowttzer.” In the new version of the model, the disappearance of
rate of the biofilm following biocide treatment, the overall biocide and neutralizer is stoichiometrically coupled. This
reaction rate of monochloramine in the reactor, and thdormulation is supported by experimental results for the
degree of transport limitation of monochloramine penetrainteraction of free chlorine withP. aeruginosabiomass

Data Analysis
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(Chen and Stewart, 1996). The revised biocide balancendependently for each experiment by fitting viable and to-

within the biofilm is tal cell versus time data for the disinfection and regrowth
) periods. Effluent total chlorine versus time data for the dose
aC, b 9°Cy, c and washout period were simultaneously fit.
T bT?_kr bEnP (4)

which replaces equation (12) in Stewart et al. (1996). TheRESULTS
balance on the neutralizer is

68n p"masz d erbsn
E:OIOM?KS*' C. Sn_a_z(vsn)_ Yo, ®G) P aeruginosabiofilm was treated with monochloramine
doses of different concentrations and durations in nine ex-
where the terms on the right-hand side reflect production byyeriments summarized in Table II. Three of the experiments
growth, particulate displacement or advection, and conimplemented double dose protocols. In all cases, monochlo-
sumption by reaction with biocide, respectively. The initial ramine treatment caused transient reductions in viable and
condition on the neutralizer arbitrarily assumed that it con+ota| cell areal densities.
Stituted 4% Of b|0f|lm biomaSS al’ld was uniformly diStI‘ib- Figure 1 i”ustrates the behavior Observed in dup“cate
uted within the biofilm. The factor of 0.0417 in Eq. (4) experiments usipa 4 mg L%, 2-h dose. Good reproduci-
simply ensures that the neutralizer content of biomass igjlity was attained. With this particular dosing protocolan
maintained at 4% in the absence of biocide. initial 3-4.5 log decrease in viable cell numbers was ob-
The model was implemented with the program AQUA- served within the firs4 h after biocide addition. The re-
SIM (Reichert, 1994; Wanner and Reichert, 1996). Paramgyction in total cells was much less, only about 1 log, and
eter values and their sources are listed in Table I. the minimum in the total cell areal density occurred nearly
40 h after the minimum in viable cells. Without additional
treatment, the biofilm regrew to its initial areal density after
approximately 3 days.
One of the attractive features of AQUASIM is its ability to  Different biocide dosing protocols resulted in different
perform parameter estimation by fitting imported experi-reductions in areal cell densities, even when the total
mental data. This is done with a weighted least-squareamount of biocide added was the same. For exana@ang
method. The parameter estimation component of the prok ™, 8-h dose gave rise to a 0.9 log reduction in viable cell
gram was used to generate simultaneous estimates of thraeeal density, whersaa 4 mg L%, 4-h dose resulted in a 5.3
parametersk,, k,, andY,,. Parameter values were estimatedlog decrease. This difference in efficacy between doses con-

Disinfection and Regrowth

Parameter Estimation by Data Fitting

Table I. Parameter input values for biofilm modeling.

Parameter Symbol Value Source

maximum specific growth rate Femax 0.3 hrt Characklis, 1990
yield coefficient Yys 0.34gg* Robinson et al, 1984
Monod coefficient K 20gn?3 Robinson et al, 1984
cell volume fraction EN 0.096 Drury et al, 1993
cell intrinsic density Px 44,500 g m* Peyton and Characklis, 1993
initial biofilm thickness L 30 pm Murga et al, 1995

Stewart et al, 1993
conc. boundary layer thickness L, 10 pm Christensen and Characklis, 1990
substrate influent concentration Cs 20 g m?3 Experimental parameter
biocide influent concentration Cy 2,4gm?3 Table Il
biocide dose duration ty 2,4,8hr Table Il
substrate diffusion coefficient D, 2.5 % 10°m? hrt Perry and Chilton, 1973
biocide diffusion coefficient D, 6.0 x 10° m? hr* Chen et al, 1993
biofilm/bulk diffusivity ratio T 0.9 Westrin and Axelsson, 1991
reactor liquid volume \% 5.96 x 104 m® Peyton and Characklis, 1993
biofilm surface area A 0.184 nt Gjaltema et al, 1994

Peyton and Characklis, 1993
volumetric flow rate Q 1.92 x 10° m® hr* Gjaltema et al, 1994

Peyton and Characklis, 1993
biocide disinfection rate coeff. Ky mé gt hr? b
biocide reaction rate coefficient K, m3gthr? b
neutralizer/biocide yield coeff. Yon gg? b

“Experimentally set operating parameter.
bParameter value estimated by fitting; see text.
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Table Il.  Biocide dosing protocols. 100

1st dose 2nd dose
Experiment Time between 108 .
no. Ch(mgL? t,(h) Co(mgL? t,(h) doses (h) “—
3 4 2 — — — § 107 .
4 4 2 — — — ;
6 0 2 — — — =
10 2 4 — — — £ 10° ]
12 2 8 — — — 2
14 4 4 — — — = 105 _
17 4 2 4 2 40 @
18 2 4 4 2 0 -
19 4 2 4 2 60 104 =
Cl is the influent monochloramine concentration apdis the dose
duration. 10° ' t : : :
0 20 40 60 80 100 120
taining the same total amount of monochloramine is illus- 10° T T T T T
trated graphically in Figure 2, which plots the maximum *
observed log reduction in viable cells for each biocide dose 108 .
versus the product of concentration and tindg't). Very S
little reduction in either viable or total cells occurred with E 107 |
the low concentration dose (2 mg%), regardless of the E
dose duration. E
Table Il presents the maximum reductions in viable and % 10° 1 7]
total cells and the times that these minima occurred for all &
experiments. The reduction in total cells was always much § 10° ]
less (average 0.8 log) than the reduction in viable cells &
(average 2.5 log). The minimum value of total cell areal 104 B
density always occurred later (average 26 h after dose) than
the minimum value of viable cell areal density (average 9 h 103 1 | ! ! !
after dose). _ 0 20 40 60 80 100 120
In double dose experiments, the second dose was always
less effective than if the same dose was applied to previ- Time (hr)

Ol:fly umria’ted Eblloglllr”:]d(Table I, Flg' 2) For dexam%l.e' Figure 1. Experimental and fitted model results for a 7-day-Bkkudo-
when two 4 mg L7, 2- oses were administered to a bio- monas aeruginoshiofilm treated with 4 mg L* monochloramine for 2 h:

film 40 h apart, the second dose resulted in only about halfa) experiment 3; (B) experiment 4. Experimental cell areal densities are
as much disinfection as was achieved by the first dose (Figienoted by symbols and model fits are denoted by lir@s:¢) viable cell
3). A similar reduction in efficacy foa 4 mg |_—17 2-h dose areal density;M,---) total cell areal density. Error bars are shown on three

was observed when it was immediately precedgd B mg pomts to indicate the statlstlcal'rellablllty of the plotted means. (A) The
-1 first error bar on a viable cell point represents the SEM for three dilutions.
L™, 4-h dose (see Table Ill, Exp. 18).

Al : o The second error bar on a viable cell point represents the SEM for two
Decreases in viable cell areal density after biocide treatyiutions. The total cell error bar represents the SEM for 10 fields counted.

ment were followed by relatively steady regrowth. Biofilms (B) The first error bar on a viable cell point represents the SEM for two

returned to their initial cell densities approximately 3 daysdilutions. The second error bar on a viable cell point represents the SEM
after biocide treatment. Regrowth rates ranged from 0.04g)r three dilutions. The total cell error bar represents the SEM for 10 fields
to 0.21 h' and averaged 0.10 h (Table 1I). Regrowth counted.

rates in single dose experiments or following a first dose

(average 0.12 1) were somewhat higher than the regrowth

reaction rate were observed depending on the dose concen-
rates observed after a second dose (average 0.0)5 h P 9

tration. With a 4 mg L' dose (Fig. 4), a characteristic
breakthrough curve that peaked close to the influent con-
Biocide Reaction centration was seen. The monochloramine reaction rate de-
creased over time. The observation that monochloramine
Added monochloramine was partially neutralized by reac-concentration was increasing at the same time that the re-
tion with the biofilm. Representative effluent total chlorine action rate was decreasing suggests that the reaction rate
versus time data are plotted in Figures 4 and 5 along witlwas controlled by the depletion of neutralizing capacity in
the reaction rate of monochloramine that was calculatedhe biofilm. In contrast, whea 2 mg L* dose (Fig. 5) was
from this data. Very different trends in the monochloramineapplied, the monochloramine concentration in the effluent
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6 1 T T , T The regrowth rate predicted by the model was essentially
the maximum specific growth rate of the microorganism,
51 R 0.30 . The magnitude of this growth rate has been inde-
pendently confirmed by several experimenters (Charackilis,
: 1990). Experimentally observed regrowth rates averaged
0.10 H?, just one-third of the maximum specific growth
° rate.
3 When the parameters extracted from the fit to a first dose
u are used to make an a priori prediction of the response of the
2 F — biofilm to an identical second dose, the model overestimates
the efficacy of the second dose (Fig. 3). The model predicts
that the second dose should be more effective than the first
dose because the second dose is timed to occur when the
A | | biofilm has not yet fully recovered. Because the biofilm is
0 2 4 6 8 10 12 14 16 thin_ner when thg sec.on(.j dose is applied, there is less ca-
) pacity to neutralize biocide and the system is expected to
Cyt, (mg L' hr) experience higher biocide concentrations. The experimen-
tally measured biocide concentration during the second dose
Figure 2. Maximu_m log reduction in vi_able cell areal density in response was indeed the same or higher than that found for the first
to a monochloramine dose as a function of the product of the dose con- LY .
centration and duration (CT). The symbols indicate®d 4 mg L"* dose, dose, but the degree of disinfection effected by t_he second
(O) 2 mg L dose, (0) untreated control, andi) second 4 mg [*dose. ~ dOSe was always less than that effected by the first dose.
Data fitting generated estimates of three parameters for
each experiment: the disinfection rate coefficieky),(the

never rose above 25% of the influent concentration. In factb_ ide/ ¥ . tHici dihe bi
after the first hour of treatment, the monochloramine con-iocide/neutralizer reaction rate coefficiekf)(and the bio-

centration decreased even though monochloramine was stffdé/neutralizer yield coefficienty(,)). Estimates of these

being added. The reaction rate rose during the first hour opargmeters, espeqally and Yy,,, varied W'd?'y from ex-
eriment to experiment (Table IV). The estimated value of

treatment then remained approximately constant through th o ) . :
remainder of the dose. The behavior observed with the 2 m'€ disinfection rate coefficienk() was relatively stable,
anging from 0.9 to 2.0 thg™* h™* and averaging 1.7 + 0.3

L™* dose suggests that the neutralizing capacity of the bio- _ .
99 g copacty ® gt h™*. The estimated value of the reaction rate coef-

film at least remained constant, and possibly even increased, .
during the treatment. ﬁz:lent (k) ranged by a factor of nearly 8 from 27 to 206 m

Overall monochloramine reaction rates,(mg ) dur- gt h‘_l. It was highest for the 4 mgli dose concentration
ing second doses were lower than during first doses. Sp&XPeriments and lower for the 2 mg Lexperiments. The
cific monochloramine reaction rates (mgthdivided by ~estimated yield coefficient,, (grams monochloramine
total cell areal density) were actually higher, by factorsconsumed per gram of neutralizing biomass consumed)

ranging from 1.7 to 3.9, during second doses than during anged from 2 to 35_3196’ a factor of 17.differenc¢{bn was
first dose (Fig. 6). ow for the 4 mg L= dose concentration experiments and

higher for the 2 mg ! experiments. This last result indi-

. cates that the biofilm was able to neutralize more mono-
Modeling chloramine when exposed to a lower concentration. As
Model fits to experimental data sets captured overall trendsnentioned above, when parameters estimated by fitting one
but could not simulate certain experimentally observed feadose concentration were used to make a priori predictions of
tures. The model did simulate rapid disinfection followedthe results of a different dose concentration or a second
by steady regrowth (Fig. 1). It correctly predicted a muchdose, very poor agreement was obtained (not shown).
greater decrease in viable than in total cell densities and also The model was able to capture well the shape of the
the delayed minimum in total cell density. Discrepancieseffluent total chlorine versus time data for the 4 mg'L
between the model and data included the following: themonochloramine dose concentration (Fig. 4). The model
model predicted faster regrowth than was experimentallyvas not able to reproduce, with any parameter combination,
observed (Fig. 1); the model predicted that a second dosthe decrease in monochloramine concentration that was
would be more effective than the first dose, but the oppositexperimentally observed after the first hour of biocide ad-
was observed in experiments (Fig. 3); parameters estimatatition for the 2 mg C* monochloramine dose concentration
by fitting one dose concentration could not be used to pre{Fig. 5).

dict the results of a different dose concentration or a second

dose; and the model could not simulate the shape, ev
qualitatively, of the effluent total chlorine versus time
data for the 2 mg [* monochloramine dose experiments Average values of a dimensionless modulus comparing the
(Fig. 5). relative rates of reaction and diffusion ranged from 0.01 to

Log Reduction in Viable Cells

—
T
OO | m
L

e"Pransport Limitation
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Table lll.  Summary of experimentally observed total and viable cell minima in biofilm, regrowth rates, average total chlorine concentrations in reactor,
and observable modulus values.

Time after dose of

Maximum log reduction minimum values (h)

Experiment Total cells Viable cells Total Viable Regrowth Avg. chlorine Observable
no. (cells cm®) (cfu cni?) cells cells rate (M%) concen. (mg CY) modulus,®

3 1.62 4.33 343 1.0 0.11 2.99 0.16

4 151 4.52 34.0 4.0 0.10 2.19 0.34

6 0.44 0.62 6.3 6.3 — 0.00 —

10 0.26 0.45 4.0 2.0 0.21 0.11 1.43

12 0.85 0.90 6.0 12.2 0.12 0.19 1.16

14 0.87 5.28 10.3 22.0 0.10 3.02 0.01
17, 1st dose 0.16 3.16 39.5 15.0 0.09 1.87 0.18
17, 2nd dose 0.76 1.65 63.5 12.0 0.07 2.62 0.02
18, 1st dose 0.18 0.78 3.8 3.8 — 0.31 0.54
18, 2nd dose 0.65 1.93 20.0 2.0 0.05 1.68 0.13
19, 1st dose 1.04 3.49 59.5 14.0 0.08 1.65 0.20
19, 2nd dose 0.48 2.47 58.5 12.0 0.11 3.10 0.01
Average 0.77 £0.45 25+17 26+ 23 8.9+6.6 0.10+£0.02 — —

1.43 (Table Il1). In general, the observable modulus was lessmionochloramine concentration profile within the biofilm
than 1, indicating that penetration of monochloramine intofor a 2 mg L' dose experiment indicated no more than an
the biofilm was not limiting in these experiments. In two of 11% drop in monochloramine concentration from the bulk
the 2 mg Lt monochloramine dose experiments the averagdluid to the biofilm substratum (not shown).

modulus was slightly higher than 1. The maximum value of

the modulus during any experiment was 2.4 during one of

the 2 mg L°* dose experiments. Model simulation of the DISCUSSION

A phenomenological computer model of biocide action
1010 ' against microbial biofilm captured qualitative trends of ex-

perimental evaluation data but was not predictive. The
- model did simulate the rapid decrease of viable cells imme-
— 108 P~ diately following a biocide dose and the subsequent re-
£ growth of the biofilm. The model also captured the general
E
RN ¢
z 4 18
W
a
g 100 1 ~ ~
= T i '
g )
100 | = g
[
] ] | 'g 2 -4 §
0 50 100 150 200 = =
O 2
Time (hr) = S
- -]
s 1 412 @
Figure 3. Experimental and model results for a 7-day-Blseudomonas = ~
aeruginosabiofilm treated with two monochloramine doses 40 h apart,
experiment 17. Experimental cell areal densities are denoted by symbols

and model fits are denoted by line®,(—) viable cell areal density; 0 =0
(m,---) total cell areal density. The model results are fits to the data up to 0 1 2 3 4

the beginning of the second dose (at 40 h) and a priori predictions using the

same parameter values for the remainder of the data. Error bars (barel Time (hr)

discernable) are shown on three points to indicate the statistical reliability

of the plotted means. The first error bar on a viable cell point represents th€igure 4. (®) Effluent total chlorine detected dugna 4 mg L%, 2-h
SEM for two dilutions. The second error bar on a viable cell point repre-monochloramine dose andlf the overall reaction rate of monochloramine
sents the SEM for three dilutions. The total cell error bar represents thevith the biofilm during treatment, experiment 4. (—) The model fit to the
SEM for 10 fields counted. effluent total chlorine data.
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0.6 =1 4.0 Table IV. Parameter values estimated by data fitting.
435 Experiment no. k(L mg™*h™) k, (L mg™* h™) Yo (0 gH
_ 05 2
w3 d30 "= 3 100 1.95 4.50
&0 4 -;J 4 100 1.95 4.50
g 4-5 € 10 29 2.00 35.0
@ = 12 27 1.70 35.0
Z 03 420 = 14 200 0.90 2.00
= = 17, 1st dose 100 1.95 4.50
@ 415 & 17, 2nd dose 50 1.70 8.00
= 02 £ 18, 1st dose 29 2.00 35.0
S 410 § 18, 2nd dose 40 1.40 7.00
= o " 19, 1st dose 100 1.95 450
0.5 19, 2nd dose 50 1.50 6.00
0.0 -0.0

0 1 2 3 4 5 6 7 8 9

Time (hr) capacity and reduced disinfection susceptibility. The first of
these features we propose has the following characteristics.
Figure 5. (@) Effluent total chlorine detected dugna 2 mg L™, 8-h  \When the monochloramine concentration is low, less than
m_onochlo'rarmne dgse andlj the overall_reactlon rate of monochlor'amlne approximately 0.5 mg T_l, the bacteria are able to induce
with the biofilm during treatment, experiment 12. (—) The model fit to the . . . .. .
effluent total chlorine data. increased production of monochloramine-neutralizing bio-
mass constituents. When the monochloramine concentration

is above approximately 0.5 mgt, the bacteria are over-
shape of the total cell trajectory. Specific failings of the whelmed and the induction of increased neutralizing capac-
model included overestimation of the biofilm regrowth rate, ity is prevented or is ineffectual. This scenario would ex-
overestimation of the efficacy of second doses, inability toPlain why monochloramine concentration decreases during
extract a set of universally applicable values for key paramthe dose period for 2 mgt doses (Fig. 5). This feature of
eters, and inability to capture even the qualitative shape o€ 2 mg L* dose experiments is impossible to simulate
the effluent total chlorine versus time data @2 mg L't~ With any model that assumes constant or decreasing neu-
dose. The level of agreement seen between model and etralizing capacity in the biofilm. Induction of increased neu-
periment suggests that certain parts of the model are profitalizing capacity in the 2 mg T dose experiments is con-
ably adequate but other parts are inadequate or missin‘ﬂStem with the increased values of the biocide/neutralizer
altogether. yield coefficienty,,, obtained in these experiments. Esti-
We hypothesize that all of the deficiencies of the modelmates ofY,averaged 35 g'din 2 mg L™* dose experiments
can be attributed to an adaptive stress response by the ba@?d 5 g g* in 4 mg L™ dose experiments (Table IlI).
teria, a process not included in the model. This putativé-inally, induction of neutralizing capacity explains why the

adaptation has two aspects: increased biocide neutralizingMg L™ doses are less effective at disinfecting the biofilm
compared to the 4 mg 1 doses (Fig. 2). The time scale for

this induction to occur is approximately 1-2 h, based on the
15 time after dose initiation when the monochloramine con-
Lst Dose 7 centration begins to decrease (Fig. 5).
2cd Dose The observation that specific monochloramine reaction
7 rates are higher during second doses than during first doses
(Fig. 6) further supports the hypothesis of an induced in-
crease in neutralizing capacity. These data suggest that the
induced state is maintained for at least 40—60 h after the first
] 7 exposure to monochloramine.

A second feature of the hypothesized adaptive response is
that cells that have been exposed to monochloramine ac-
quire reduced susceptibility to disinfection. Evidence for
this is most clearly seen in the double dose experiments
(Fig. 2). The estimated value of the disinfection rate coef-
ficient, k,, averaged 2.0 L mg h™ for 4 mg L™, 2-h first
0 17 18 19 doses and 1.5 L mg h™ for 4 mg L™, 2-h second doses.
Prolonged doses at both dose concentrations (2 ThgaLh,
and 4 mg L*, 4 h) also gave rise to reduced estimatek,of
Figure 6. Comparion of specific monochloramine reaction rates duringCOmpared to shorter doses (Table 1V). For example, the
first and second doses. disinfection rate coefficient estimated for the 4 mg-L4-h

o
|

W
|

Specific Reaction Rate x 10°
(mg min-lem2 cell'l)

Experiment Number
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dose was 0.9 L mig h™, which is just half the value esti- titative kinetic descriptions of this adaptive response and
mated for 4 mg C*, 2-h doses. One interpretation of this extensions to mixed-population biofilms need to be formu-
result is that the disinfection rate coefficient decreased dralated to be able to construct an improved mathematical
matically in the second half of the 4 mg't, 4-h dose. model of biofilm disinfection. An immediate and practical
Based on the prolonged dose experiments, the time scale ofiplication of this work is that it is more effective to deliver
the phenotypic response is as fast as 2—4 h. This suggestsonochloramine in a short concentrated dose as opposed to
that the phenomenon is indeed an adaptive response ratherlonger dose of lower concentration. This would be ex-
than selection of a mutant strain. pected to be the case for any biocide that microorganisms

We speculate that the relatively slow experimentallycan adapt to.
measured regrowth rates, which were only one-third of the
maximum specific growth rate, were also due to a bacterial ~ This work was supported by the Center for Biofilm Engineering
stress response. Microorganisms that express new genes to at Montana_State_ University, a National Science Fc_)undation sup-
be able to counteract a chemical challenge must divert re- Eggggggggg)?r;?% E;fﬁ:réznf;f‘;ﬁ;éf;ﬁgffég’:cigifemem
sources away from the process of reproduction; it would not
be surprising if they were not able to grow at their maxi-
mum rate. NOMENCLATURE

The phenomenon of bacterial adaptation to industrial bio-
cides has been extensively investigated byzBtand co-
workers (Biael et al., 1993). Although they have not stud- ¢
ied monochloramine or free halogens in particular, they do p,
report significant adaptation to most agents. Thus, there is a D
good precedent for adaptation to disinfectants. Bacterial X  biocide disinfection rate CQ?ﬁiCie”tﬂmith_l)
oxidative stress response systems are also well character-ﬁr biocide reaction rate coefficient thy™ %)
. . o . ;i . < substrate Monod half-saturation coefficient (g3n
ized in Escherichia coliand Salmonella typhimuriuniFarr L, biofilm thickness (m ofum)
and Kogoma, 1991). It would be interesting to know if an L,  concentration boundary layer thickness (muon)
analogous response is invoked Bn aeruginosaupon ex- Q  volumetric flow rate (i h™)
posure to monochloramine. The postulated adaptive re- = overall reaction rate of biocide (g

biofilm surface area (%)

concentration of biocide (g ™)

concentration of substrate (g f

diffusion coefficient of biocide in water (frh™)
diffusion coefficient of substrate in water frh™)

sponse could also be related to the phenomenon of injury t overall reaction rate of biocide per biofilm volume (g™
(McFeters, 1990) or glutathione production (Chesney et al., t,
1996). v
Diffusive transport of monochloramine into the biofiim Vv
was not a significant factor in limiting biocidal efficacy in ~ Yon
the 4 mg L_* dose concentration experiments. The observ- :
able modulus (Table IIl) averaged 0.13 for these experi-

time (h)

duration of biocide dose (h)

particulate advective velocity (m™H

volume of bulk liquid compartment ()

yield coefficient of biocide on neutralizer (g9
yield coefficient of biomass on substrate (g'g
distance coordinate normal to the substratum (m)

ments, which is small enough to rule out any significant Greeks

transport limitation. In the 2 mg 1! dose experiments,
transport limitation was possibly a significant or transiently &.
significant factor in determining biocidal efficacy. The ob- ®n
servable modulus averaged 1.04 for these experiments andg“max
its maximum value was 2.4. While these numbers do not .
exceed 1 by much, the decrease in disinfection efficacy with &
the onset of transport limitation can be dramatic (Stewart

cell fraction of total biofilm volume

neutralizer volume fraction

maximum specific growth rate (f)

cell intrinsic density (g rr)

biofilm/bulk fluid effective diffusivity ratio

observable modulus comparing reaction and diffusion rates

and Raquepas, 1995). These conclusions regarding transporfuperscripts

limitation of monochloramine concur with those reached in
earlier work in this particular system (Chen et al., 1993). "
The absence or borderline presence of transport limitation
of biocide efficacy in this system can be largely attributed to

influent value

bulk fluid value

the fact that the biofilm was relatively thin, 30m. References
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