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Chlorine Penetration into
Artificial Biofilm Is Limited by a
Reaction—Diffusion Interaction
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Bozeman, Montana 59717

The retarded penetration of chlorine into artificial
biofilms of Pseudomonas aeruginosa entrapped in
agarose gel slabs was investigated experimentally and
shown to be consistent with an unsteady reaction—
diffusion model. A chlorine microelectrode was
used to measure transient chlorine concentration profiles
in artificial biofilms in a flow cell. While chlorine
penetrated relatively quickly into pure agarose films
(~15 min), its penetration into biofilms was greatly
retarded when cells were present. The degree of
retardation was proportional to the initial cell density

in the biofilm. After 3 h of treatment with a flowing
chlorine solution, the chlorine concentration at the
substratum under a 526 xm thick biofilm containing
14 400 mg L™ cell mass had only risen to 10% of

the bulk solution value. A mathematical model of the
transient reaction—diffusion interaction correctly
captured the qualitative behavior of experimentally
measured chlorine concentration profiles. Parameter
values for the simulations were obtained from the
literature and from independent investigations of bio-
mass—chlorine reactions using well-mixed suspen-
sions. Kinetic and stoichiometric coefficients for the
reactions of agarose and cell mass with chlorine
were obtained by fitting a simple first-order (in both
reactants) kinetic model to chlorine versus time
data. The reaction rate coefficient for chlorine—cell
reaction (1.1 x 1073 L mg~! s71) exceeded that of
chlorine—agarose reaction (3.7 x 1078 L mg=! s~%) by
2 orders of magnitude. The yield coefficient relating
the amount of cell mass consumed to the amount of
chlorine consumed ranged from 0.6 to 4.3 mg mg™1,
depending on the duration of the experiment. This study
shows that the reaction rate of chlorine with cellular
biomass is fast enough that diffusion of this
disinfectant into the biofilm readily becomes rate
limiting. This reaction—diffusion interaction affords
an excellent explanation for the poor efficacy of
chlorine when used against biofilm microorganisms.

* Corresponding author, telephone: (406) 994-2890; fax: (406) 994-
6098.

2078 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 30, NO. 6, 1996

Introduction

This paper addresses the control, using chlorine, of
detrimental microbial biofilms that form on wetted surfaces
in engineered systems. Biofilm formation in these systems
can impede heatand momentum transfer, induce corrosion,
and present health risks. Biocides, such as chlorine, are
commonly employed to deal with these problems. For
example, chlorine is routinely applied to manage biofouling
in drinking water distribution networks, industrial cooling
water systems, swimming pools, paper mills, food process-
ing equipment, and numerous other systems. Efficient
control of biofouling problems is frustrated by the pro-
foundly reduced susceptibility of attached or biofilm
microorganisms to disinfectants when compared to their
planktonic counterparts (1—3). The reduced efficacy of
chlorine against biofilms becomes a more acute limitation
as environmental regulations on the release of chlorine
and chlorinated organics grow increasingly stringent (4, 5).

The phenomenological basis for biofilm resistance to
chlorine is not well understood, though it has long been
suspected that this agent fails to fully penetrate biofilm (6).
We have recently demonstrated this penetration failure
directly by measurements made using a chlorine-sensitive
microelectrode (7). The purpose of the work reported in
this paper was to further elucidate the underlying physical—
chemical basis of the retarded penetration of chlorine into
biofilm. We hypothesized that a reaction—diffusion in-
teraction was responsible. In other words, chlorine is
neutralized by reaction with organic constituents of the
biofilm faster than it diffuses into the film. This paper
describes an experimental test of this mechanism made in
a well-defined artificial biofilm system.

Materials and Methods

Artificial biofilms consisting of bacteria dispersed in agarose
gel slabs were used as a model system for the investigation
of simultaneous transport and reaction of chlorine. An
artificial biofilm system was chosen because it affords a
simple geometry, control over such parameters as biofilm
thickness and cell density, and good reproducibility.
Pseudomonas aeruginosa ERC1 was used in pure culture
throughout. Thisenvironmental isolate and known biofilm
former was grown in a rich medium at 27.5 + 0.5 °C and
harvested by centrifugation. Artificial biofilms were pre-
pared by spreading an agarose—cell mixture in a thin layer
on a stainless steel slide and allowing the mixture to gel.
Agarose solution was prepared by melting 2% agarose (low
gelling temperature, type VII, Sigma) in a 65 °C water bath
for 30 min. The solution was cooled to about 40 °C and
then mixed with an equal volume of washed, resuspended
cells to obtain a final gel concentration of 1%. Artificial
biofilm thickness was determined optically by the method
of Bakke and Olsson (8). Each reported thickness represents
the average of two measurements at the beginning of the
experiment and two at the end of the experiment. The
initial cell density and biofilm thickness were varied as
summarized in Table 1.

Chlorine concentrations were measured by either an
amperometric chlorine microelectrode or by the DPD (N,N-
diethyl-p-phenylenediamine) colorimetric method. These
measurements were calibrated to a standard chlorine
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TABLE 1

Summary of Artificial Biofilm Experimental
Conditions?

expt Xio (Mg L71) Co (Mg L™Y) Lt (um) figure
1 0 10.4 773 4A
2 901 9.8 428 4B
3 983 14.9 476
4 1160 13.4 771
5 4270 14.2 456
6 14 400 18.6 526

2The parameters are Xi,, initial biomass concentration; C,, initial
chlorine concentration; L;, biofilm thickness.
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FIGURE 1. Apparatus for chlorine concentration profile measurement
within artificial biofilms. Components of the system include A,
chlorine solution carboy; B, phosphate buffer carboy; C, three-way
valve; D, flow rate control valve; E, flow cell; F, stainless steel slide
with artificial biofilm; G, chlorine microelectrode; H, reference
electrode; |, picoammeter; J, micromanipulator; K, step motor; L,
step motor controller; M, computer for data acquisition and step
motor automation.

solution whose concentration was determined by the DPD
ferrous titrametric method (9). The standard solution
concentration was the average of three titration values,
whose relative errors between any two values were less
than 1%. The chlorine microelectrode consisted of a glass-
covered platinum wire with a cellulose acetate coating over
the tip, the construction and operation of which has been
described elsewhere (7). The electrode operated with an
applied potential of +0.2 V relative to a saturated calomel
electrode. The current through the circuit, which was
measured with a picoammeter (Keithley Instruments, Model
480), was directly proportional to the chlorine concentra-
tion.

The intrinsic kinetics of chlorine reaction with planktonic
biomass were investigated in stirred batch experiments.
After mixing a chlorine solution and cell suspension (or
agarose solution), the decay of chlorine concentration with
time was measured. In short duration experiments (20
min), chlorine concentration was measured using a micro-
electrode. In a few long-duration experiments (20—24 h),
chlorine concentration was measured by the DPD colori-
metric method.

Chlorine concentration profiles were measured in
artificial biofilms placed in a flow cell (Figure 1). Two
carboys supplied the influent by gravity feed. One con-

tained a phosphate buffer solution (4.59 mM, pH 7.2), and
the other contained a chlorine solution made by diluting
sodium hypochlorite solution in the same buffer. The
influent chlorine concentration in each experimentis given
in Table 1. Effluent from the flow cell was removed by
aspiration. The working volume in the flow cell was
approximately 40 mL. Flow rates through the reactor of
approximately 400 mL min—! were used corresponding to
a hydraulic residence time of 6 s. The chlorine micro-
electrode was positioned with a micromanipulator coupled
to a computer-controlled step motor. A horizontally
oriented binocular microscope (7—15x) was used to
determine when the microelectrode had reached the surface
of the artificial biofilm. Chlorine concentration profiles
with depth in the biofilm were determined with a step size
of 15—25 um; 3—5 min was typically required to acquire a
single profile.

Mathematical Modeling and Data Analysis

A simple two-constituent reaction model was used to
simulate the kinetics of chlorine—biomass reaction. The
reaction rate was assumed to be first order with respect to
both chlorine and biomass (cells or agarose) concentrations,
leading to the following differential balances for the batch
system:

dc

= kxe 1)
dX _
op = —kvxc @)

Here Cisthe chlorine concentration, X is the concentration
of chlorine-reactive sites in cells (X;) or agarose (X), k is
the reaction rate coefficient, Y is a yield coefficient, and t
is time. The concentration of chlorine-reactive sites in
biomass is given in terms of equivalents of fresh biomass.
Thatis, initially the concentration of chlorine reactive sites
is numerically equal to the dry mass concentration of total
biomass. Chlorine reactive sites (but not necessarily total
biomass as dry weight) are depleted during exposure to
chlorine. The yield coefficient, Y, is the mass of cells or
agarose in which reactive sites have been depleted per mass
of chlorine consumed. The solution to this system of
equations is

X, — YC
C= 0 (¢] (3)

X
—Y +exp InC—0 + (X, — YC )kt
(o]

X =X, — Y(C, — C) ()

where C, and X, are the initial values of C and X, re-
spectively.

Anonlinear least-squares method was used to determine
values of the two parameters Y and k for each experimental
data set. The Marquardt—Levenberg algorithm in the
software SigmaPlot (Jandel Scientific) was used.

The penetration of chlorine into an artificial biofilm is
amenable to description by reaction—diffusion theory. We
assumed that diffusion is the only mass transport mech-
anism in the film and that the density and effective diffusion
coefficient were homogeneous in space. The one-dimen-
sional differential balance on chlorine is
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The four terms in eq 5 represent, from left to right,
accumulation, diffusion, reaction with cell mass, and
reaction with agarose. D, denotes the effective diffusion
coefficient of chlorine in the biofilm, and z denotes a spatial
coordinate normal to the substratum. A no-flux condition
at the substratum and a matching-flux condition at the
biofilm—bulk fluid interface constitute the boundary con-
ditions for the chlorine balance equation:

%:o atz=0 forallt=0 (6)
D
e%:%(co—q atz=L; forallt=0 (7)

The parameter 6 in eq 7 is the dimension of an external
mass transfer resistance layer, which is sometimes con-
ceptualized as a stagnant fluid film adjacent to the biofilm.
Ls denotes the biofilm thickness.

Neglecting cell growth and detachment, balances on
cell mass and agarose are respectively

X,

R = —YlklxlC (8)
and

X,

R = _Y2k2X2C (9)

Once again, the parameters Y; and Y, in eqs 8 and 9 are
yield coefficients that represent the mass of cells (Y1) or
agarose (Y,) in which chlorine reactive sites are depleted
per mass of chlorine consumed. Initial conditions for the
biomass balances imposing uniform initial concentrations
of both biomass constituents are

Xi=Xie X=X, att=0 forO=<z=L; (10)
Equations 5—10 were solved using a Gear algorithm

implemented in a shared software called XTC.

Results

Most of the chlorine measurements made in this investiga-
tion relied on a chlorine microelectrode. This electrode
was characterized with respect to its sensitivity to stirring,
pH, buffer concentration, interference by oxygen, and
applied potential. The microelectrode was not stirring
sensitive, exhibiting less than 5% change in signal as the
rotation rate of a magnetic stir bar in the sensed solution
was varied from 0 to 1000 rpm. It was sensitive to pH, in
a manner similar to that reported previously (7). Because
all of the solutions used were well buffered, pH changes
were negligible. The electrode signal was independent of
buffer concentration between about 50 and 200% of the
buffer concentration used in experiments. Below ap-
proximately 50% buffer concentration, the electrode signal
declined sharply. Oxygen contributed to the electrode
signal at applied potentials less than approximately 0.0 V
as determined by alternatively purging the measurement
solution with air or with nitrogen. Atthe applied potential
used for chlorine measurement in this study, +0.2 V, air-
sparged and nitrogen-sparged signals were identical. In
addition to precluding interference by oxygen, the applied
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FIGURE 2. Sensitivity and selectivity of chlorine microelectrode at
different applied potentials. Selectivity (#) was calculated by
dividing the signal measured in solution with chlorine (O) by the
absolute value of the signal measured in solution without chlorine
Q).
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FIGURE 3. Typical kinetic data for batch reaction of chlorine with
suspended cell biomass. The data are for various initial biomass
concentrations. Lines are regression results fitting eqs 3 and 4 to
individual data sets.

potential of +0.2 V provided an optimal signal to back-
ground ratio (Figure 2).

Chlorine reacted with cell mass and with agarose.
Kinetic rate coefficients were determined by analysis of
chlorine concentration versus time data collected in
suspended biomass batch reaction experiments; an example
is reproduced in Figure 3. The kinetic form of the model
we used, which assumed first-order dependence of the
reaction rate on chlorine and biomass concentrations,
adequately captured the observed behavior. Chlorine
reacted much more rapidly with cellular biomass than it
did with agarose. The chlorine—biomass reaction rate
coefficient averaged 1.1 x 10734+ 0.3 x 103 L mgts71in
short-duration experiments (Table 2) and 4.7 x 1074+ 1.0
x 10™* L mg~!s1in long-duration experiments (Table 3).
The chlorine—agarose reaction rate coefficient was ap-
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TABLE 2

Chlorine—Cell Reaction Rate and Yield Coefficients
from Short-Duration Experiments®

Co (Mg LY Xio (Mg L7Y) ki (Lmg~ts™h Y1 (mg/mg)
4.2 4.62 8.3 x 10~ 3.1
4.2 4.62 125 x 107 3.2
4.2 9.24 135 x 107 3.6
4.2 9.24 14.2 x 10~ 3.2
4.2 23.1 15.2 x 1074 6.2
4.2 23.1 15.8 x 1074 6.4
4.38 5.28 10.3 x 107 4.2
4.38 5.28 9.5 x 104 44
4.38 8.44 9.2 x 10~ 4.6
4.38 10.6 9.3 x 104 51
4.38 10.6 8.0 x 10~ 5.1
4.38 15.8 8.8 x 107 6.1
4.38 15.8 8.5 x 1074 5.6
4.68 6.94 9.3 x 10~ 3.7
4.68 6.94 13.8 x 1074 4.1
4.68 10.4 11.2 x 1074 51
4.68 10.4 11.2 x 10™ 4.4
4.68 13.9 14.7 x 1074 4.0
4.68 13.9 17.5 x 1074 45
7.96 2.2 9.5 x 10~ 3.1
7.96 5.5 9.8 x 107 3.6
7.96 55 10.2 x 10~ 3.5
7.96 8.25 8.5 x 104 3.9
7.96 8.25 7.2 x 1074 3.7
7.96 11.0 9.8 x 10™ 3.2

av 11.2 x 1074 43
SD 2.7 x 107 1.0

2The parameters are C,, initial chlorine concentration; Xj,, initial
biomass concentration; k;, biomass—chlorine reaction rate coefficient;
Y1, biomass—chlorine yield coefficient.

TABLE 3

Chlorine—Cell Reaction Rate and Yield Coefficients
from Long-Duration Experiments®

Co (mg L7 Xio (Mg L71) ki (Lmg1s) Y; (mg mg—1)
7.01 1.80 53 x 104 0.61
7.11 1.80 45 x 1074 0.29
7.01 2.66 3.0 x 104 0.72
7.01 2.88 4.3 x 1074 0.57
7.01 3.50 6.5 x 1074 0.59
7.01 5.31 45 x 10~ 0.75

av 4.7 x 107 0.59
SD 1.0 x 104 0.15

2The parameters are C,, initial chlorine concentration; Xi,, initial
biomass concentration; k;, biomass—chlorine reaction rate coefficient;
Y1, biomass—chlorine yield coefficient.

proximately 2 orders of magnitude smaller, averaging 3.7
x 1078 L mg~1s~1 (Table 4). Yield coefficients determined
in these batch suspended biomass experiments ranged from
0.60to 4.3 mg of cell biomass/mg of Cl to 540 mg of agarose/
mg of CI (Tables 2—4).

The rate of chlorine penetration into artificial biofilms,
as directly measured with a microelectrode, depended on
the biofilm cell density and biofilm thickness. Chlorine
penetrated a pure agarose film containing no cells (773 um
thick) within 10—15 min (Figure 4A). Penetration was
retarded when cells were incorporated into the gel matrix,
even when the biofilm was thinner (Figure 4B, 428 um thick
biofilm). In one experiment in which a 526 um thick film
containing 14 400 mg of cell mass/L initially was treated
with 18.6 mg L~ chlorine, the concentration of chlorine at

TABLE 4

Chlorine—Agarose Reaction Rate and Yield
Coefficients?

Co (Mg LY Xoo (Mg L71) ke (Lmg~ts™h Y, (mg mg™)
1.13 200 3.7 x 1076 490
2.25 200 4.1 x 1078 590
3.00 200 3.3 x10°6 540

av 3.7 x 1076 540
SD 0.3 x 1076 42

2The parameters are C,, initial chlorine concentration; X, initial
agarose concentration; k;, agarose—chlorine reaction rate coefficient;
Y,, agarose—chlorine yield coefficient.

the substratum only rose to 1.8 mg L~ after 3 h of exposure
to the chlorine solution. Chlorine concentration profiles
were measured in a total of six experiments with different
initial biomass densities and biofilm thicknesses.

Two control experiments were also performed to assess
the influence of the substratum and of the artificial biofilm
matrix on electrode response. The chlorine profile in the
flowing fluid adjacent to a clean substratum (no artificial
biofilm of any kind) was flat, indicating that the substratum
itself did not perturb chlorine measurement by the mi-
croelectrode. A flat response was also recorded when the
electrode penetrated an artificial biofilm in a chlorine-free
solution; this showed that the agarose—cell gel did not
induce any artifactual signal.

Transient penetration of chlorine into artificial biofilm
was calculated using an unsteady reaction—diffusion model,
and the theoretical simulations were compared to experi-
mentally measured chlorine concentration profiles. Pa-
rameter values were either experimentally determined or
estimated from correlations (Table 5). Asexplained below,
one parameter value, Y, was adjusted to obtain the match
to experimental data presented in Figure 4.

In previous work (7, 19), we have used a literature value
(10) for the diffusion coefficient of chlorine in water of 1.44
x 1075cm?s~L, Thisvalue, however, appearsto correspond
to diatomic chlorine. At the pH of our experiments, the
chlorine species in solution are hypochlorous acid and
hypochlorite ion. The Wilke—Chang correlation was used,
therefore, to estimate the diffusion coefficient of HCIO with
the resulting value of 2.67 x 107> cm2 s~1 (10). The ratio
of the effective diffusion coefficient in the biofilm to the
diffusion coefficient in water was estimated from a cor-
relation suggested by Westrin and Axelsson (11) that
accounts for reduction in effective diffusion coefficient due
to the polymer content of the film. The cell volume fraction
in artificial biofilms was always less than 0.1% and so was
expected to have a negligible effect on diffusion co-
efficients.

Theoretical and empirical correlations for the external
mass transfer coefficient were used to estimate the dimen-
sion of a fictitious stagnant liquid film, 6. With a Reynolds
number (based on mean hydraulic radius) of 660 in the
flow cell system, 6 was calculated to be 148 um and 98 um,
respectively, for the two approaches used (12, 13). Avalue
of 100 um was used in model simulations; this value is also
close to the values estimated by inspection of experimental
chlorine profiles.

In preliminary model runs, itwas observed that the time
course of chlorine penetration was particularly sensitive to
the yield coefficient relating the proportions in which
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FIGURE 4. Transient chlorine concentration profiles in artificial
biofilms. Negative numbers on the x-axis represent the bulk fluid,
and zero corresponds to the interface between the bulk fluid and
biofilm. Sequential data sets collected at different times after the
onset of chlorine treatment are shown. Panel A corresponds to a
773 pum thick film containing agarose but no cells. Panel B
corresponds to a 428 gm thick film containing both cells and agarose.

biomass and chlorine are consumed, Y;. The experimen-
tally determined range of this yield coefficient was also
broad, with estimates from short-duration and long-
duration experiments differing by a factor of 7. To obtain
an adequate match between model simulations and
experimental data, the value of Y; was adjusted. The fit
between experiment and theory was judged by visual
inspection. Values of Y; that fit the data well were
consistently near 1.8 mg mg~1, which is midway between
the values determined experimentally. In short-duration
experiments (5 min), Y; averaged 4.3 mg mg~1, whereas in
long-duration experiments (20 h) Y; averaged 0.6 mg mg—1.
The duration of most of the chlorine concentration profile
experiments was 2 h.
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The time required for chlorine to penetrate biofilm was
also expressed in dimensionless form by dividing the
experimentally determined time required to attain 50% of
the bulk solution concentration at the substratum by the
theoretically predicted time for anonreactive tracer to reach
the same degree of penetration in a biofilm of the same
dimension:

t50De

=— 11
0.379L7 (1)

Ts0

where tsg is the experimentally measured penetration time
in seconds. If there were no interaction of the penetrating
molecule with the biofilm, 7sg would be 1. The extent by
which tsg exceeds 1 is ameasure of the retardation of biocide
penetration. In an earlier theoretical study (14), it was
predicted that 75 is essentially directly proportional to the
“reactive capacity” of the biofilm, denoted by p, where

XY, + XY
o= 1 1C 2/ Yo (12)

o

As shown in Figure 5, 750 ranged from close to 1 to greater
than 100 and was approximately directly proportional to
p. In physical terms, this means that the degree of
retardation of chlorine penetration is directly proportional
to the biomass density of the biofilm and inversely
proportional to the bulk chlorine concentration.

Discussion

Chlorine reacted rapidly with cellular biomass and also
reacted, though much more slowly, with agarose. The order
of magnitude of the reaction rate between chlorine and
microbial biomass was comparable to that reported in
earlier studies (15—17). The rate of reaction was sufficient
to account for the failure of chlorine to penetrate artificial
biofilms during treatment with chlorine solutions (10—20
mg L~1) over periods of several hours. More specifically,
the penetration failure can be attributed to a reaction—
diffusion interaction in which chlorine is neutralized by
reaction with biofilm constituents faster than it diffuses
into the biofilm. Related evidence for such a mechanism
of reduced biofilm susceptibility includes chlorine con-
centration profiles measured in a natural biofilm (7), spatial
gradients in physiological activity within biofilms in re-
sponse to disinfection by monochloramine (18), chlorine
penetration and disinfection efficacy of bacteria entrapped
in alginate gel beads (19), calculation of monochloramine
flux into biofilm (20), and biocide reaction rate measure-
ments (21).

The penetration time of chlorine into biofilm is pro-
portional to the biofilm cell density. Our experimentswere
conducted at cell densities substantially lower than those
encountered in real biofilms. Extrapolating our results to
natural biofilms, for example, with an assumed biomass
density of 20 000 mg L™! and thickness of 500 um, the time
required to reach 50% of the bulk fluid chlorine concentra-
tion at the substratum for a 2 mg L=* chlorine treatment
would be 114 h. The analogous penetration time for a
nonreactive tracer in the same biofilm would be ap-
proximately 44 s. In experiments with bacteria entrapped
in 3 mm diameter alginate gel beads, chlorine penetration
times on the order of days were determined (19). The
retardation of chlorine penetration in real biofilm systems,
therefore, may be profound.
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TABLE 5
Parameter Input Values for Biofilm Modeling®

parameter symbol case A case B
initial cell mass concn (mg L™1) X1o0 0 901
initial agarose concn (mg L™71) X20 20 000 10 000
biofilm thickness (um) Ls 773 428
concn boundary layer thickness (um) o 100 100
bulk fluid chlorine concn (mg L™1) Co 104 9.8
chlorine effective diffusion coeff (cm? s—1) De 2.4 x 1075 25 x 1075
chlorine—cell reaction rate coeff (L mg=1s1) ki 0.0 1.1 x 1073
chlorine—agarose reaction rate coeff (L mg=s™1) k> 3.7 x 1076 3.7 x 1076
cell—chlorine yield coeff (mg mg=1) Y1 0.0 1.85
agarose—chlorine yield coeff (mg mg1) Y> 540 540
2 Case A corresponds to Figure 4A, and case B corresponds to Figure 4B.
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