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BIOCIDE ACTION OF MONOCHLORAMINE ON
BIOFILM SYSTEMS OF PSEUDOMONAS
AERUGINOSA
CHING-I CHEN†, THOMAS GRIEBE, and WILLIAM G CHARACKLIS
Center for Interfacial Microbial Process Engineering, Montana State University,
Bozeman, MT 59717, USA
(Received 3 June 1992; infinalform 15 September 1992)
Monochloramine was used to inactivate biofilm cells of Pseudomonas aeruginosa. Experimental results
indicated that the clean RotoTorque system had no monochloramine demand. The dose of 4 mg·l-1 killed in
situ biofilm cells more than 99·99% within 60 min, while the dose of 3 mg·l-1 killed 80% and the dose of
2 mg·l-1 showed no significant killing. Computations of pseudo steady state surface gradient of monochloramine and the observable modulus indicated that there was no marked mass transfer resistance in the biofilm
for the 4 mg·l-1 treatment, moderate mass transfer resistance for the 3 mg·l-1 treatment, and high mass
transfer resistance for the 2 mg·1-1 treatment. Mass transfer resistance within the biofilm impacts the biocide
performance.
KEY WORDS: biofouling, biofilm, Pseudomonas aeruginosa, monochloramine, mass transfer resistance,
substratum.

INTRODUCTION
Accumulation of aquatic microbial cells and their extracellular polymeric substance
(EPS) in a biofilm on equipment surfaces causes many problems in industry. For
example, biofilm causes the increase in heat transfer resistance on heat exchangers and
cooling tower fill, accelerates corrosion due to microbial processes at the biofilmsubstratum interface, and induces plugging of oil producing during secondary recovery
of petroleum (Characklis & Marshall, 1990). Control of biofilm accumulation is an
important hurdle to improved performance for industry.
Various methods have been used to mitigate the biofouling problem. Mechanical
cleaning of pipelines includes the use of "pigs", i.e. brushes forced through a pipeline by
water pressure. Anti-fouling coatings on the pipeline inner surfaces have been used
with limited success. Chemical additives, biocides, are used in combination with mechanical procedures or as the sole treatment (Characklis & Marshall, 1990). The oxidizing
biocide, free chlorine (hypochlorous acid/hypochlorite) has been used for decades.
Free chlorine, though popular and cheap, has limited success because it is effective in
predominantly aerobic systems only and the water itself generally has a high free
chlorine demand which lowers the biocide performance (van der Wende, 1991). There
has been concern in recent years about health effects of trihalomethanes and other byproducts formed during chlorination when free chlorine reacts with organic materials
in the treated water. Furthermore, it has been reported that free chlorine causes
†To whom all correspondence should be addressed.
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chemical corrosion of stainless steel and carbon steel due to its high oxidizing activity
(Ventura et al., 1989; Franklin et al, 1991; Gundersen et al., 1991).
The purpo'se of this study was to investigate the effectiveness of monochloramine
as a biocide and compare its performance with free chlorine. The experiments also
investigated the capability of the biocide to react with stainless steel as well as the other
system components, and assessed the biocide efficacy toward biofilm cells. In addition,
the influence of mass transfer resistance in the biofilm on biocide performance was
evaluated.
THEORETICAL APPROACH
Changes in bioreactor variables (e.g. substrate concentration, biofilm cell concentration) in the RotoTorque (a biofilm reactor described below) can be described by the
following material balance equations on which kinetic computations were based:
(1)
dX.

dCR
-£ =D(CBf-CB)+Kr^Cs,

A
CB) + rB(CB,Xs)+NB\sur/aJCB)-

(4)

with initial conditions:
where Xb, Xs, Cs and CB represent areal biofilm viable cell concentration, bulk viable
cell concentration, bulk substrate (glucose) concentration and bulk biocide (monochloramine) concentration, respectively. The variables Csf and CBf are feed substrate
concentration and feed biocide concentration, respectively. The functions u, rd, rs and
rB represent cell specific growth rate, cell detachment rate, volumetric reaction rate of
substrate with biocide, and volumetric reaction rate of biocide with biomass, respectively. Parameters D, A, V, Yx/S and K are dilution rate, biofilm surface area in the
RotoTorque, working volume of the RotoTorque, yield coefficient, and a reaction
(substrate with biocide) stoichiometric coefficient, respectively. The cell specific growth
rate of the biofilm is expressed as a mean(p) through the biofilm since u is a function of
Cs, and Cs is a function of position z (distance normal from the stainless steel slide
surface bearing biofilm) in the biofilm. The fluxes N^,^ and NB\surface represent fluxes
of substrate and biocide at the biofilm surface, respectively. They are given by Fick's
law:
S'Surface

glc j

'surface

(Q\

dCR
B'surface

monochl i
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(~j\

where D lc and DmonoM are effective diffusivities in the biofilm for glucose and monochloramine, respectively. Equations (1) and (2) are derived based on the RotoTorque
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Fig. 1 The RotoTorque system.

system before biocide addition while Equations (3) and (4) are derived based on the
RotoTorque system after biocide addition.
MATERIALS AND METHODS
Experimental System
A RotoTorque reactor was used for the biofilm experiments. As shown in Figure 1, the
reactor is essentially a Couette vessel which consists of two concentric cylinders (polycarbonate), a stationary outer cylinder and a rotating inner cylinder. Twelve removable
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polished stainless steel slides (SS304, each 1-7 x 19 cm) form an integral part of the
inside wall of the outer cylinder and permit the sampling of biofilms growing on them.
The bulk liquid is mixed by virtue of the cylinder rotation and draft tubes bored
through the solid inner cylinder. The draft tubes are positioned at angles so that the
rotation of the inner cylinder causes the fluid to rise in the tubes resulting in internal
recirculation. By virtue of the complete mixing, the RotoTorque is a Continuous Flow
Stirred Tank Reactor (CFSTR).
Three reservoirs containing dilution water (distilled), substrate/mineral solution and
phosphate buffer solution (pH = 70), respectively, were connected to the RotoTorque
through silicon tubing (Masterflex 6411-14 and -16) and peristaltic pumps (Masterflex
7553-30, Cole-Parmer). The flow rates of the dilution water, concentrated substrate/
mineral solution and buffer solution were 30, 1 and 1 mlmin" 1 , respectively. The
resulting influent contained (•!"') glucose 20 mg, KN0 3 13-6 mg, MgSO4 1-0 mg,
CaCO3 10 mg, (HOCOCH2)3N 200 ug, (NH4)6Mo7O24-4H2O l-4ug, ZnSO4-7H2O
142 ug, MnSCyH2O 11-4 ug, CuSO4-5H2O 2-8 ug, Na2B4Cyl0H2O 1-4 ug, Co(NO3)2H2O 2-3 ug, FeSO4-7H2O 159 ug, Na2HPO4 426mg and KH2PO4 205mg. The
experimental temperature was controlled at 25±0-5°C (water bath). The rotation of
the inner drum in the RotoTorque was set at 150rpm (92cms" 1 ) throughout all
experiments.
Inoculation
Pseudomonas aeruginosa ERC1 was selected. The species is commonly isolated from
hydraulic system biofilms and is an early colonizer in waste water systems. One milliliter of stock culture of P. aeruginosa (10s cellsml"1) was inoculated into a 250 ml
Erlenmeyer flask containing 50 ml medium with the same composition as the influent.
The flask was incubated with shaking at 25±0-5°C and 150 rpm (G24 Incubator
Shaker, New Brunswick Scientific) for 24 h. Then 10 ml of the culture (log phase) was
inoculated into the RotoTorque filled with the influent (600 ml). After 24 h of batch
cultivation at 25 + 0-5°C and 150 rpm (inner drum rotation), all continuous influent
flows were started.
The RotoTorque system was previously autoclaved at 121°C (17 psi) for 25 min. All
influent solutions except dilution water were autoclaved at 121 °C (17 psi) for 4h.
Dilution water was sterilized via filtration using 2 capsule filters (0-2 um, Gelman
Sciences) in series connected to the RotoTorque (Fig. 1). Concentrated glucose was
sterilized via filtration (0-2 um) before it was added to the sterilized, concentrated
mineral salt solution.
Analytical Methods
The effluent (representing the bulk fluid in the RotoTorque) and biofilm slides were
sampled in the following way. The biofilm was scraped off the stainless steel slide
into 150 ml of phosphate buffer (pH = 70, 5mM) using a sterile cell scraper (Fisher
Scientific) and homogenized via a Tekmar Tissumiser® for 2 min with 100% power
input. Total organic carbon (TOC) was analyzed by acidifying each sample with concentrated phosphoric acid and purging with oxygen for 6 min to remove inorganic
carbon before it was injected (1 ml) into a Dohrmann Carbon Analyzer (Model
DC 80). Soluble organic carbon (SOC) was analyzed using the same method except
that samples were first centrifuged (20,000 rpm for 20 min; Centrifuge RC5C, Sorvall
Instruments) to remove cells and EPS. Glucose was measured by an enzymatic method
using a Sigma Diagnostics/Glucose kit (detection limit 0-5 mg-1""1).
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Viable cells were counted by triplicate plating dilutions (in 5 mM phosphate buffer,
pH = 7-0) of homogenized samples (effluent and biofilm) on R2A® agar (Difco). The
result was expressed as number of colony forming units (cfu) -ml~'. Monochloraminetreated samples were diluted with phosphate buffer containing 0-1 % sodium thiosulfate
(biocide neutralizer). Total cell counts were performed by direct counting of stained
samples using an Olympus BH2-epifluorescence microscope according to Griebe
(1991). Homogenized samples on black polycarbonate membrane filters (diameter
25 mm, pore size 0-2 um; Nucleopore) were stained successively with 4',6-diamidino-2phenylindole (10 mgl" 1 ) for 10 min and acridine orange (0-1 mg-1"1) for 3 min. Three
polycarbonate filters with stained cells were prepared for each sample. Concentrated
monochloramine stock solution was prepared by using 3:1 molar ratio of ammonia
(ammonium chloride, Fisher) to free chlorine (pH 90). Monochloramine concentration was measured by the DPD colorimetric method using a Hach test kit (Hach Co.,
Model CN-66) for total chlorine (detection limit 005 mg-l~'). Since monochloramine
was the only chlorine in the system and there was no strong oxidant in the system
(monochloramine will not be transformed to dichloramine and trichloramine), the
total chlorine measurement represents the concentration of monochloramine.

RESULTS AND DISCUSSION
Monochloramine Reactions with System Components
Monochloramine demand of the RotoTorque system was determined by pulsing the
sterile RotoTorque system with concentrated monochloramine, resulting in 4mg-l"'
monochloramine in the bulk fluid, immediately followed by a continuous feeding
of 4mg-l~' monochloramine (contained in the influent). Results indicated that
monochloramine concentration in the effluent remained 4mg-l~'. Therefore, the
RotoTorque system under the stated operating conditions had no monochloramine
demand. Batch experiments were also conducted to investigate longer exposure of
specific system components (influent, stainless steel slides) to monochloramine.
Incubations (25°C) snowed that 4mg-l~' monochloramine was neither consumed by
the influent (medium) nor reacted with stainless steel (3 slides dipped in a stirred batch
of 4 mg-1""1 monochloramine) within 60 min. The 4 mg-l~' concentration dropped 8%
after 3 h of incubation with the influent while there was no drop for incubation with
stainless steel slides. The results were compared with those from van der Wende (1991)
treating the same system with free chlorine, who found that the influent (same composition as in this study) had a high free chlorine demand. Free chlorine (2-5 mgl~' dose)
lost 50% by 60 min. No data was reported referring to the specific reaction of free
chlorine with stainless steel by van der Wende.
In situ Biofilm Disinfection with Monochloramine
4 mg-r' monochloramine treatment. In all experiments, biofilms were accumulated to a
steady state before monochloramine was added to the RotoTorque. During the continuous process, cells attached on the stainless steel slides (as well as the other substrata
in the RotoTorque) grew at the expense of substrate and biofilms (cells + EPS) developed. The steady state thickness of biofilms on the slides in such systems is known from
previous work to be approximately 35 um with standard deviation of ± 20% (Siebel &
Characklis, 1991). Since the dilution rate was very high (3-2 h" 1 ), no planktonic cells
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Fig. 2 Changes of cell counts in the bulk fluid during growth of biofilms. • = viable cell count; + = total
cell count.

were retained. Essentially all cells in the bulk fluid were detached biofilm cells. Therefore, biofilm growth can be represented by changes in total cell counts and viable cell
counts of the bulk fluid.
The growth of biofilms reached steady state at 144 h as revealed by the viable cell and
total cell counts in the bulk fluid (Fig. 2). Each cell count (viable and total) reported
represents the mean of triplicate measurements for each sample. Standard deviations
were + 10% and ± 20% for viable cell counts and total cell counts, respectively. TOC,
SOC and glucose levels (error+5%) in the bulk fluid were also monitored during the
course of biofilm growth (Fig. 3). The glucose level dropped due to consumption by
biofilm cells. The TOC and SOC levels also decreased, consistent with consumption of
glucose. As biofilms reached steady state (revealed by the steady total cell counts and
viable cell counts), the glucose, TOC and SOC levels also reached steady state. The
steady state level of glucose was not detectable (below 0-5 mg-l~') while the steady state
TOC and SOC levels were around 4 mg-l~' and 3 mgl" 1 , respectively.
Two RotoTorques were treated with 4 mgl" 1 monochloramine by a pulse addition
of concentrated monochloramine solution, resulting in 4mg-l~' monochloramine in
the bulk, immediately followed by 1 h step feeding of 4mg-l~1 monochloramine
(contained in the influent). One RotoTorque was used for in situ biofilm disinfection
study. The other RotoTorque was used for bulk fluid disinfection measurements (by
assaying the effluent) and regrowth. Since injured cells can grow on the R2A agar plates
used for viable cell counts, the decrease in viable cell counts after the treatment
represents the amount of cells killed.
The results of in situ biofilm disinfection by the 4 mg-l~' treatment is shown in Figure
4. The areal density of viable cells in the biofilm on stainless steel slides dropped from
,3-8 (±0-37) x 1012 to 1-8 (±012) x 1010 cfu-m"2 at 15 min, and to 2-4 (±0-23) x 108
cfu-m~2, about a 4 order of magnitude decrease (more than 99-99% reduction), at 60
min. As shown in Figure 4, the areal density of total cells (around 4 0 x 1012 cells-m"2)
and TOC (around 400 mg-l~2) in the biofilm did not show marked changes during the
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Fig. 3 Changes of glucose, TOC and SOC levels in the bulk fluid during growth of biofilms. • = glucose;
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Fig. 4 In situ biofilm dynamics during treatment with 4mgl"' monochloramine. • = viable cell count;
+ = total cell count; * = TOC. Time / = 0 corresponds to the beginning of biocide addition.

treatment. The results indicate that there was very little detachment, if any, of biofilm
from stainless steel slides during the treatment, since TOC and total cell density content
of the biofilm did not change significantly. Duplicate slides were taken for the first (t = 0
min) and the last (f=60 min) sampling to confirm the efficacy, van der Wende (1991)
used 5-8 mgl~' free chlorine to treat the same biofilms (in a RotoTorque) and found
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that the 1 h treatment decreased areal density of viable cells in the biofilm by 2 orders of
magnitude only. With a higher dose of 10-8 mg-1"1, viable cells in the biofilm were
reduced by 3 orders of magnitude. Biofilm detachment during the 1 h treatment was not
noted in that article. Thus, it appears that monochloramine is more effective than free
chlorine toward disinfection of biofilm cells of P. aeruginosa.
The residual monochloramine concentration in the bulk in this experiment was
steady at 0-45 mg-1"1 after the first sampling at 2-5 min through to the end of the
treatment. A "pseudo steady state" in the bulk fluid was established. However, the
biofilm could not have been fully saturated with monochloramine molecules since feed
monochloramine (4mg-l~') was consumed very quickly. The bulk monochloramine
concentration would not have reached the feed level until all reaction sites in the whole
biofilm were saturated with monochloramine molecules. Although the treatment time
to observe the time for the bulk monochloramine concentration to reach the feed level
was not extended, experiments using thin biofilms (biofilms before reaching steady
state) showed that the bulk monochloramine concentration reached the feed level
(4 mg-l"1) within 120 min.
The bulk cells were killed very quickly (Fig. 5a). The number of viable cells dropped
(mostly due to disinfection, partly due to convection out of the bioreactor) from 2-5
( + 013)xl0 7 to5-3(±0-35)xl0' r cfu-mr 1 at5min,andto8-5(±0-75)xl0 2 cfu-mr 1
at 60 min. The number of total cells dropped from 3-5 (±0-58) xlO 7 to 0-9
(±012) x 107 cells-ml"1 at 60 min. The glucose level increased and reached 19 mgl" 1
(feed level = 20 mgl~') at 60 min (Fig. 5b) because cells were killed and glucose was no
longer being consumed. The SOC and TOC levels increased as well (Fig. 5b). The
number of total cells in the bulk, if there was no detachment of biofilms and no growth
(due to high dilution rate/biocide treatment) during the treatment, would have been
washed out as described by the equation:
which is the solution of Equation (2) (Xs can now represent either viable cell count or
total cell count since no growth term is involved in the equation). The predicted total
cell counts during the treatment, computed by Equation (8), are significantly lower
than the observed total cell counts (Fig. 5a). This indicates that there was some detachment of biofilm from surfaces of the other reactor components (e.g. the polycarbonate
drum) and/or some detachment, if any, of surface biofilm from stainless steel. The
detachment also explains the higher TOC and SOC levels (35mg-l~' and 30mg-l~",
respectively; Fig. 5b) in the bulk after the treatment as compared to the increased
glucose level (19 mgl~') while the number of total cells dropped. The detached biofilms
(especially EPS) contributed to the increase in TOC and SOC in the bulk.
2mg-r' monochloramine treatment. Disinfections by 2mg-l~' monochloramine are
shown in Figures 6 and 7 for the in situ biofilm and the bulk fluid, respectively. The
numbers of viable cells and total cells, and TOC content in the in situ biofilms on
stainless steel did not show marked changes during the treatment (Fig. 6). There was
very little detachment, if any, of biofilm from stainless steel during the treatment. The
residual monochloramine concentration in the bulk for the 2 mg-l~' treatment was not
detectable (below 005 mg-r 1 ) from the first sampling at 2-5 min to the end of the
treatment.
The 2mg-l~' treatment did not kill bulk phase cells as efficiently. The number of
viable cells in the bulk dropped from 3-5 (± 0-29) x 107 to 0-7 (±004) x 107 cfu-ml"' at
60 min (Fig. 7a). The viable cell count dropped more due to convection rather than

9

Downloaded by [Montana State University Bozeman] at 11:14 14 November 2017

ACTION OF MONOCHLORAMINE ON PSEUDOMONAS BIOFILMS

10
Time (min)

.§
O

o
CO

o
CO

O

o

(3

10

20

30
Time (min)

40

50

60

Fig. 5 Bulk dynamics during treatment with 4 mg-1"1 monochloramine. a. Viable cell count = • ; and total
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corresponds to the beginning of biocide addition.

disinfection. The predicted viable cell counts during the treatment, computed by
Equation (8) assuming no detachment and growth but convection only, are significantly lower than the observed viable cell counts (Fig. 7a). This indicates again that
there was some detachment of biofilm from the polycarbonate substratum (the entire
reactor, excluding the stainless steel slide, was made of polycarbonate) and/or some
detachment, if any, of surface biofilm from stainless steel. If disinfection occurred, its
rate must have been lower than the detachment rate. The change of total cell counts in
the bulk during the treatment also led to the same conclusion (detachment). The higher
TOC and SOC levels (higher than glucose level; Fig. 7b) in the bulk resulted from the
detachment of biofilms.
In order to establish if cells were injured (though not killed) by the 2 mg-1 ~' treatment
2 selective plates, Pseudomonas Isolation Agar (Difco) and Pseudomonas agar base
supplemented with SR 102 (Oxoid), were used. The injured cells will not grow on the
selective agar plates. Thus, the difference between cell counts from the R2A (injured cells
can grow on R2A) and either of the two selected agar plates will show the percentage
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Fig. 6 In situ biofilm dynamics during treatment with 2mg-l~' monbchloramine. • = viable cell count;
+ =total cell count; * = TOC. Time /=0 corresponds to the beginning of biocide addition.

injury. The results indicated that there was no difference between cell counts from
different plates, revealing that cells were not injured. However, cells were affected since
the glucose level increased (10-5 mg-1"1 at 60 min rather than the undetectable level
before treatment), indicating that glucose metabolism was retarded. It is possible that
the dehydrogenase system was inhibited under these circumstances. Roller et al. (1979)
reported that during the treatment of Escherichia coli and Haemophilus influenzae
with chlorine dioxide, total dehydrogenase enzymes were completely inhibited while
considerable numbers of bacteria remained viable.
3 mg-l monochloramine treatment. Based on the results from the 2 mg-1 ' treatment
(ineffective) and the 4 mg-l"1 treatment (very effective), the 3 mg-l~' treatment was
expected to exhibit disinfection efficacy between the 2mg-l"1 and the 4mgl~'. The
3 mg-1 ~' treatment killed in situ biofilm cells for about 80% (Fig. 8), an efficacy between
the 2mg-r' (no killing) and the 4mg-r' (more than 99-99% killing). The total cell
count (approx. 3-8 x 1012 cells-m~2) and TOC (approx. 450mg-l~2) in the biofilms
during the treatment did not show marked changes, indicating there was very little
detachment, if any, of biofilm from stainless steel. The residual monochloramine in the
bulk fluid was steady at 0-15 mg-l"1 after the first sampling at 5 min.
In the bulk fluid, the TOC level increased dramatically from the initial 4-1 mg-l~' to
485 mg-l~' 5 min after the treatment, and fluctuated between 230 mg-l~] and 580 mg-l~'
during the treatment (Fig. 9a). The SOC level fluctuated between 3-2mg-l~' and
16-3 mg-l"1. The glucose level increased from the undetectable level to 7-9mg-l~'
(feed = 20 mg-1"!) after 60 min. The total cell count increased after addition of monochloramine and became steady after 5 min (Fig. 9b). Material balance calculations
indicate that detachment, if any, of surface biofilm from stainless steel would not result
in such dramatic increase in bulk TOC (20 mg-l~' TOC increase if 5 um surface biofilm
detached). Thus, the dramatic increase in the TOC level and total cell count in the bulk
indicated that there was dramatic detachment of biofilm from the polycarbonate substratum in the reactor. As a result, the viable cell count initially increased and then
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+ = predicted by Eqn (8)) and total cell count=*. b. Glucose = • ; T O C = + ; SOC = *. Time /=0
corresponds to the beginning of biocide addition.

dropped (cell count was the same order of magnitude before biocide addition; Fig. 9b).
The detachment rate appeared to be greater than the killing rate.
Summarizing the results above, it appeared that the detachment was related to cell
physiology. When 4 mgl~' was used the biofilm cells were killed too quickly (10 min) to
have a physiological response which could result in significant detachment of the
biofilms. When 2mg-l~' was used biofilm cells were not significantly affected. At
3mg-l~' the biofilm cells were slowly killed, allowing for the physiological change
which caused biofilm detachment. The results also indicated that biofilm detachment
was highly related to the type of substratum.
Kinetic Computations for the Biofilm System
Mean specific growth rate and specific detachment rate in steady state biofilm. Computations of kinetics indicative of the steady state biofilm systems before and after biocide
addition were performed using Equations (l)-{4)- The cell specific growth rate in
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Fig. 8 In situ biofilm dynamics during treatment with 3 mg-1"' monochloramine. • =viable cell count;
+ = total cell count; * = TOC. Time / = 0 corresponds to the beginning of biocide addition.

the bulk liquid was u=0 since there was no growth of bulk cells in this high dilution rate
system. The rate of reaction between substrate and biocide was r 5 =0 since the RotoTorque system had no monochloramine demand. The rate of reaction between biocide
and bulk liquid biomass was rB = 0 since the planktonic cells had no monochloramine
demand (unpublished data).
The steady state detachment rate, rdjs, was calculated via
x

b*A

V'

where the subscript SS indicates steady state. Equation (9) is derived from Equation
(2). The biofilm surface area (A) was 0-18 m2 (12 slides+drum+other polycarbonate
surfaces) and the reactor volume (V) was 600ml. The calculated rd was 0071
(±00072) h" 1 using A^=3-8 (±0-37)x 1012 cfu-m"2 and AfJM=2-5 (+013)x 107
cfu-ml"1 (Figs 4 and 5, f = 0). The steady state mean specific growth rate across the
biofilm, jlss, is equal to rdM according to Equation (1).
Mass transfer resistance in the biofilm for monochloramine. The pseudo steady state
profile of monochloramine concentration in the biofilm cannot be determined until the
rate expression for biocide reaction is derived. However, the extent of mass transfer
resistance in the biofilm for monochloramine can be evaluated by computing the
observable modulus (<&) and the monochloramine concentration gradient at the biofilm surface {dCB/dz\su^ace). The observable modulus is an indication of mass transfer
resistance in the film. It is related to the effectiveness factor r\ (Bailey & Ollis, 1986)
which is defined as the ratio of observed biocide consumption rate in the biofilm to the
rate which would obtain with no biocide concentration gradients in the biofilm.
Clearly, an effectiveness factor of one (or close to one) represents no mass transfer
resistance in the biofilm for the biocide.
The observable modulus (O) is defined by (Bailey & Ollis, 1986)

;(3>

(10)
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Fig. 9 Bulk dynamics during treatment with 3mg-l~' monochloramine. a. Glucose — D, TOC=+;
SOC = *. b. Total cell count = +; viable cell count = D. Time / = 0 corresponds to the beginning of biocide
addition.

where Ro represents observed biofilm monochloramine consumption rate and Vb
represents biofilm volume in the reactor. It should be noted that O depends on the
measurable overall rate Ro; <D is independent of intrinstic kinetic parameters. Since
biofilm is a slab, the ratio VJA in Equation (10) equals to biofilm thickness (Lf).
Equation (10) is then transformed to
<D =
»

(11)

On the other hand, the gradient dCB/dz\surj-ace represents biocide concentration
drop (per um of biofilm) at the biofilm surface. If the gradient is high, mass transfer
resistance in the biofilm for the biocide is more likely.
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The gradient dCg/dz\ ^ was computed using Equation (7) after obtaining Dmonochl
and the flux. The diflusivity of monochloramine in water at 25°C was estimated to be
5-98 x 10~6 m2-h"' (within 5%; Perry & Chilton, 1973). The effective diffusivity of
monochloramine in the bionlm, Dmonochl, was estimated to be 82% of the respective
diffusivity in water according to Westrin and Axelsson (1991) by using the empirical
equation

De

f
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which was derived for determining effective diffusivity in a gel containing immobilized
cells. Since bionlm can be regarded as a gel containing immobilized cells, the equation
can be applied to a biofilm. Parameters De, D^, ep and ec represent effective diffusivity
in gel (or biofilm), diffusivity in water, polymer volume fraction of gel (or biofilm) and
cell volume fraction of gel (or biofilm), respectively. The polymer volume fraction of
biofilm, E , and the cell volume fraction of biofilm, zc, for this biofilm system were
calculated to be 0-013 and 0-091 (unpublished data), respectively.
The steady state fluxes of monochloramine at the surface for the various treatments were computed, according to Equation (4), to be — 37-9mg-m~2-h-l,
-30-4mg-m- 2 -h-' and -20-8mg-nr 2 -h- f for the 4mg-r', 3mg-r' and 2mg-r 1
treatments, respectively (negative sign indicates that the flux is directed into the biofilm). The values of dCB\dz\surfact for the various treatments were then computed and
listed together with respective values of O.and r\ in Table 1. Mass transfer resistance
was not marked for monochloramine for the 4mg-l~' treatment since the biocide
concentration drop at the biofilm surface was negligible (dCB/dz\surface=0-0078 mg-1"1
per um of biofilm) as compared to the surface concentration (CB|ror/ace=O-45mg-l~l)
and the value of effectiveness factor (T|) was close to one. Mass transfer resistance in the
biofilm was high for the 2 mg-1"1 treatment since the concentration drop at the surface
was significant (^CB/rfz|surface>00044 mg-l~" per um) as compared to the surface concentration (CB|surface<0-05 mg-1"1) and the value of effectiveness factor (T|) was small.
The extent of mass transfer resistance in the biofilm for the 3 mg-1""1 treatment was
between the 4 mgl~' and the2mg-l~'.
Regrowth of Biofilm Cells after Monochloramine Treatment
The regrowth of biofilm cells to steady state after 1 h 4 mg-l~' monochloramine treatment takes approximately 48 h (Fig. 2, curve after 216 h). Based on the steady state
biofilm cell specific growth rate of 0071 h~' calculated above and ignoring cell detachment during the regrowth, calculated biofilm recovery would take about 141 h to reach
the steady state shown in Figure 2. When accounting for cell detachment, a significant
event during regrowth (or there would be no increase in the bulk cell count as shown in
Fig. 2), this period would be even longer. Thus, cell growth rates were considerably
higher during biofilm recovery than at steady state and may have been caused by the
higher nutrient levels in the RotoTorque during biofilm recovery (Fig. 3). The higher
nutrient levels after biocide treatment occur as a result of the lower rates of nutrient
uptakes by the small number of viable cells left in the biofilm after treatment. Biofilm
morphology or porosity may be influenced by treatment. It is plausible that increased
nutrient transport through this modified biofilm and, hence, higher biofilm nutrient
concentrations resulted in the higher biofilm cell specific growth rates. The results were
consistent with those found by van der Wende (1991) in which a same RotoTorque
biofilm system was treated with free chlorine.
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Table 1 Computations of monochloramine concentration gradient at the biofilm surface {dCJdz\^J)an^
mine treatments
Monochloramine
treatment
(mg-l-1)

C1

(mgP)

(mg-l-'ym-')

4
3
2

0-45
0-15
<005

00078
00063
> 00044

'he observable modulus (<I>) for the various monochlora-

Mass transfer resistance
in the biofilm for
monochloramine

R**

*

4.
1083
869
594

0-60
1-45
>2-97

O-85~10**«
0-55-0-9
0-0-65

Not marked
Moderate
High

•Surface concentration = steady state bulk concentration since there was no external mass transfer resistance in the system under the conditions used (Characktis et al.t 1990).
•••Depending on reaction order ofbiocide; n was evaluated using Figure 4.21 in Bailey and Ollis (1986). Note (n for the 4 mgl ')> (i) for the 3 mg-l
each treatment.

) > (n for the 2 mgl

o
2|
O
O
X

5
w
o

i
K3

) even though a range of n, has been given for

s
</>
a
O
3
to
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CONCLUSION
Monochloramine was found to be non-reactive at all toward any of our system components as free chlorine was under the same operating conditions. A dosage of 4 mg-l~'
reduced biofilm cells by more than 4 orders of magnitude which was 2 orders of
magnitude more than free chlorine of 5-8 mg-1"1. Monochloramine was more effective
than free chlorine for inactivating biofilm cells of P. aeruginosa. There was very little
detachment, if any, of biofilm from stainless steel during monochloramine treatment.
Kinetic computations indicate that mass transfer resistance in the biofilm for
monochloramine was high for the 2 mgl" 1 treatment, and moderate for the 3 mg-1"1
treatment. Mass transfer resistance was not marked for the 4mg-l~' treatment. The
results were consistent with the observed disinfection performances by the respective
dosages. This indicates that mass transfer resistance in the biofilm impacts the
performance of monochloramine.
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NOMENCLATURE
Latin
A
CB
CBjCs
C5y
D
Daq
De
Dglc
DmonocM
Lf
B\\surface
N
N B
Nslsur/ace
Ro
rB
rd
rs
V
Vb
Xb

biofilm surface area in the the RotoTorque reactor [L2]
biocide (monochloramine) concentration in the bulk fluid [M-L~ 3 ]
biocide (monochloramine) concentration in the feed [M-L~ 3 ]
substrate (glucose) concentration in the bulk fluid [M-L~ 3 ]
substrate (glucose) concentration in the feed [M-L~ 3 ]
dilution rate [T~']
diffusivity in water [ L 2 T ~ ' ]
effective diffusivity in gel [L2-T ~']
effective glucose diffusivity in the biofilm [L2-T~']
effective monochloramine diffusivity in the biofilm [L2-T~']
biofilm thickness [L]
flux of biocide at the biofilm surface [M-L~2-T~']
flux
of substrate at the biofilm surface [ M - L ~ 2 T - ' ]
observed biofilm monochloramine consumption rate [M-L~ 3 -T~']
volumetric reaction rate of biocide with biomass [M-L T~']
cell specific detachment rate [T~']
volumetric reaction rate of substrate with biocide [M-L~ 3 -T~']
RotoTorque working volume [L3]
biofilm volume in the RotoTorque reactor [L3]
areal biofilm viable cell concentration [# of cells-L" 2 ]
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viable cell concentration of the bulk fluid [cfu-L~3; cfu=cell forming unit]
yield coefficient [M (cell)-M~' (glucose)]

Greek
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K
u
JE
O
ec
e^,
rj

reaction (substrate with biocide) stoichiometric coefficient (dimensionless)
cell specific growth rate [T~']
mean cell specific growth rate through the biofilm [T~']
observable modulus (dimensionless)
cell volume fraction of gel (dimensionless)
polymer volume fraction of gel (dimensionless)
effectiveness factor (dimensionless)
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