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Abstract:
The purpose of this study was to measure biofilm thickness and density using a fiber optic sensor.
Biofilm thickness was related to shear stress.

Biofilm was grown in a horizontal rotating disk reactor under laminar flow conditions. Measurements
of biofilm thickness and density were performed with an intensity modulated fiber optic sensor.

The biofilm-water interface and the substratum-biofilm interface were detected with the sensor and the
biofilm thickness was determined. The sensor was calibrated to measure biofilm density. The results
for biofilm grown in the rotating disk reactor indicate that biofilm thickness depends on shear stress.
The maximum biofilm thickness was found for a shear stress of approximately 0.08 Nm”-2. Biofilm
thickness decreases for higher and lower shear stresses.
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ABSTRAGT

The purpose of this study was to measure blOfllm thlckness and densﬁy usmg a

fiber optic sensor. Biofilm thlckness was related to shear stress

Biofilm was grown in a horizontal rotating disk reactor under lammar ﬂoww

- conditions. Measurements of biofilm thickness -and denslty were performed with an
mtensnty modulated fiber optic sensor. _

: The biqfilm-water interface and the substratum-biofilm interface were détected with
~ the sensor and the biofilm thickness was:determined. The sénsor was calibrated to- -
. measure biofilm density. The results for biofilm grown in the rotating disk reactor indicate
that biofilm thickness depends on shear stress.. The maximum biofiim thickness was
found for a shear stress of approximately 0.08 Nm?. - Biofim thickness decreases for

“higher and lower shear stresses.




INTRODUCTION

Inert surfaces immersed in water become colonized with microorganisms forming

biofilms. Biofilms are undesirable in drinking water systems, where they pose a threat to

the hygienic safety, as vv.ell as they. are undesirable “in in‘dustrial{ water Systems:,‘whe,re"
biofilmsr deteriorate thequality of the product. Biofilm al_so.Obstruct the heat transfer in
oooling, towers.. Conversely, biofilms are desf'rable in many‘biotec‘hnological"apblications
where mrcrobral cells are preferred fixed to a substratum in order to resist washout With -
growrng rnterest in the role of biofilms, a growrng interest in the modelrng of brofrlm' o
systems has been reported (Grady, 1982).- New models have to be verified by testmg ‘

their variables i in experrments Brofrlm thrckness and densrty are vanables used in most

models, therefore expenmental methods must be found to determrne thrckness and

, densrty. If-thrckness_and density can be me.asured,‘ they can be ‘related_toother_

. parameters in the model'as was done in this thesis vvhere a correlation, between bi'ofilm
thrckness and shear stress was found A measurement system based on frber optrcs was
chosen because fiber optrc sensors have several advantages over other sensors. They
are durable and immune from electromagnetlc interference and the small size of the fiber

optic sensor makes it especially attractive for measurements in- biofilm.




Goal of Research

The goal of the research was to measure thickness and optical dénsity of biofilms

using a fiber optic sensor.

Objectives of Research

3
3

The specific objectives of the research related to sensor appllcatlon to measure

biofilm thickness and density were as follows

1. Determine the position of the biofilm-water interface using a fiber optics sensor.
2. Measure the biofilm thickness using'a fib.er' optic éensor. :

3. Determine the extinction coefficient of the biofilm.

4. Measure the density of the biofilm.

5. Correlate biofilm thickness, extinction coefficient and density to shear stress in

a rotating disc reactor.
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4
the substratum. Detached pieces of bic.inlm are remo’ye'd by the flow of the bulk liquid.
Erosion is the constant removal of single cells or a small group of cells from the biofilm,
and ‘is largely attributed to shear stressﬂat t‘hé.biofilm-ﬂuid interface. Erosion rate has
been expressed through the following forfnula (Charack_lis et al., 1988):

 R= kopAl | @
- where R, is the.erosion rate, k, the erosion coefficient, 0 the shear stress, the film
density, A the surface area of the biofilm and L the biofilm thickness. The erosion
coefiicient cén‘be determined if a correlétion "be‘tw.een the biofilm thickness and the s’hear
stress is es.tablishe'd‘.

Rittmann (1982) developed an expression‘f’or _detachment Which encompasseé
erosion and sloughing. Since detachment of biofilm is a ‘surface‘-phe‘no_menon, tﬁe rate
of detachment, R, is defined as a surface rate:

R, = b, X, L | )
where b, is the surface detachment coefficién_t, X, the biofilm density and L the biofilm
thickness; | |

The detachment coefficient, b,, can be expressed as a function of s‘hear stress. _
Different expressions for the relation between shear stress and detachment coefficient
~ could be found, depending on  the biofilm thickness and biofilm roughness. Other factors
might also influence the relation. -

For é biofilm thinner than 30um the fdllowing expression could be found
(Rittmann, 1989): |

b, = 8.62 * 10° &** | . )

For thicker biofilms the_foll‘owing equation held true: | |

b, = 3.62 * 10° {o/[1+0.0443(L-30)]}°* )




The Influence of Shear Stress
on Biofilm Thickness and Density

Erosion controls the extent of biofilm accumuiation and thus determihes the
biofilm thickness. As shown in the models above, erosioh is gont'rolled' by shear stress.
Most previous experiments, however, investigated the influence of flow velocity on biofilm
accumulation (Table 1). While flow velocity and shear stress are related through the
;ystem geometry, itis the sﬁear stress that ‘dir'ectly affects the developmeﬁt of the biofilm. _

Kornegay and Andrews (1967) measured biofilm thickness“vers‘us shear stress.
They found a strong decline in the biofilm thickness when the shear stress was increased |
from 1 to 3 Nm? In a study of bioﬁ‘lm accumulation in ‘turbulent ﬁow{ Charabklis (1980)
| found that bipﬁlm thic‘kne‘ss is dependent on shear stress and glucose Ioading‘rate. The
dependence of biofilm thickness on shear stress is smaller for lower substrate Ioading
rates. Only a small decrease in biofilm thickness was found for an increase in shear
stress from 2 to 3 Nm™®, when the substrate loading rate was low.

Zelver et al. (1982) did not find a significant difference in biofilm accumulation
. between fluid Velocfties of 0.30 ms™ and 0:50 ms™. Harty and Bott (1981) me‘as‘ﬂured the
effect of inéreasing velocity on maximum biofilm thicknesé on a simulated heat exchanger
surface. Their results showed that.‘ an increasé in velocity of 450%. from 0.1‘ ms" to 0,55 -
ms™ caused a decrease in the maximum biofilm thickness of 90%. A similar vreductio'n‘
was found for the accumulation.rate. Bland et al. (1978) evalﬁated the accumulation of
slime in drainage pipes.. Up to 0.7 kg dry matter m? was deposited in pipes close to a
turbulent inlet at a velocity of 0.5 ms™, whereas at a veloc‘:iﬂ/ of 2.4 ms™, deposition was

seldom greater than 0.05 kg m? Conversely, Pedersen (1982b) observed a significant




increase in rate of biofilm accumulation in seawater when the water velocity was

increased from 0.005 ms™ to 0.15 ms™. At these low velocities, biofilm accumulation is

6

probably mass-transfer-limited for the substrate, and an increase in velocity should

increase the biofouling rate.

Table 1. Literature data about the influence of shear stress on biofilm thickness.

System variable

Reference Experimental Parameter Results
condition measured
Kornegay and  RotoTorque ‘shear stress biofilm shear stress
Andrews; 1967 turbulent flow 1-3Nm*® - thickness thickness ¢
Characklis, RotoTorque shear. stress 2-3 Nm? biofilm “shear stress t
1980 turbulent flow glucose loading thickness thickness 4
Zelver et al., tube reactor fluid velocity accumulation velocity t
1982 turbulent flow 0.3-0.5 ms™ rate rate = const.
Harty and plug flow reactor fluid VeIOCiiy maximum velocity
Bott, 1981 turbulent flow 0.1 - 0.55.ms™ thickness thickness +
Bland et al., drainage pipes  fluid velocity - acc. solids. velocity +
1978 turbulent flow ~ 0.5-2.4ms* dry mass’ dry mass {
Pedersen, square cell; fluid velocity accumulation velocity 1
1982b lamellar glass 0.005 - 0.15 ms™ - rate rate t+
laminar flow

While not studied as extensively as the relationship between thickness'and shear

stress, biofilm density is also influenced by shear stress. Characklis (1980) investigated |

the influence of shear stress on biofilm density. An increase of biofilm density with an

increasgi in- shear stress was observed. Kornegay and Andrews (1967) conducted




. _ 7
experrments in a RotoTorque reactor under dlfferent shear stresses. lncreasrng shear

: stress had no sugnrflcant mfluence on blofrlm densrty under hrgh substrate loadrng rates.

Shear Stress on a Rotating Disk

One of the objectives of this thesis was to correlate biofilm thickness to shear-

stress thus, an experlmental system was needed in whrch the shear stress could be
calculated precrsely A reactor |n whrch the drsk revolves in a very tight housrng under
' lamrnar flow conditions meets thrs condrtron |

For lamrnar flow the Reynolds number Re, has to be smaller than 105 The
Reynolds number can be calculated in the followrng manner |

Re = Ry - R \ (6)

where R is the radius of the dISk 9 the radial velocﬂy and » the kinematic wscosuty

The wrdth of the gap between the rotatrng dlSk and the housrng, s, has to be
smaller than the boundary layer, b. The boundary layer thickness can be calculated from

velocrty and contmwty equatrons for a disk in an infinite water bath. .

We state that all velocmes are mdependent of the angular. coordinate, ¢, for .

reasons of symmetry The foIIowmg velocrty equatlons and contrnurty equatlons then hold o &

true (von Karman, 1921)

B, L. Vo L, Sy 4 6%V .
Vi sr + vzax r p o1 l( ‘ : ‘ (7)
: §_Vt 6V (20, . 8 _§3_5__\{: __§.2.‘.’t I 8
Vigr T Vx T T k ,( 5r24' r 6r 5.x).w AR ®)

5v 8V, 16p 16V, , 6%V, o .

2 ¥x ) Yx, ) . 4 . O Yx b .Ix o . . - (9
Vegr TV v (5F+r 6r+-.,5x;,. L O

’6r ) S p X




sv, v, o | |
6r+r +6vx =0 ‘ ‘ - ‘ (10)

The system can be solved with the following functions:
V=i w=reW o we=he) p=p (1)

Thus, equatrons (7) through (10) become equations (12) through (15), respectrvely

Fg+hdf/dx=ud2f/dx2 R I - (2
2fg + hdg/dx = »dg/dx® L o o | (ts)‘
dhidx +2f =0 | o | (14)
hah/ax = U dlk v iy -

Boundary conditions for the numerical integration are:
0)=0 f)=0 g(0)=0 gl)=0 h(®)=0
After‘ integration the thickness of the boundary layer can be found to be:
W b = 2.58 /(vlw) - ' ' o o o 6)‘ -‘

If the-gap between the disk and the housi.ng is smaller than the boundary layer,
the variation of the tangential velocityacross the gap becomes ‘li.near in the manner of
- Couette-flow. Couette-flow is defined.as flow ‘between two parallel walls, one-of which is
at rest, the other movrng along its own plane with a constant velocrty |

The equatron for the shear stress “ 7) can be solved exactly. |

.a'=,p.dv/dh . S - AT _H (17)

with the. followring boundary equations: | B

fors =0 :‘V‘i=:‘0 '

for h =s:v=‘rrw

s0:  o=prws’ o o ‘ (18)




Th'e shear stress is a linear function of the radius. A ‘Iineer velocity profile -

develops (Figure 2). .

IYLLL LIS LLLLLLLLLLLLL L L LL L Ls

YR IL Ryl NN i

Figure 2. - Velocity profile for Gouette-flow (Schiichting,1960).

Fiber Optic Sensos in Biofilm Research

A literature search was pen'crmed to find usetcl informetion in preyi'ous
apphcatlons of fiber optrc sensrng systems for the mtended research Fiber optic sensor . "
technology is a young field; thus only one very recent publrshed book (Krohn, 1988) ‘

" could be fcqnd which encompesses mainly sensor technolog_y. Personick (1 985) writes . -
in scme detail‘ about sensing systems. A‘br‘oad*rang;e. cf specialized.applications for fiber
optic. and. laser. sensors can be found; in the prcceedings of the meeting’ cf "The
International Society for Optical Engineering" (De Paula andUdd, eds.,1987). Especially
-interesting was one paper by Zhong and Li ‘(198v7) which descn'bes the -uée of an optical
fiber sensor for dust concentration measurements Here absorptron of light follownng the
Lambert Beer Law i is used effectively to measure partlcle concentratron Thrs is srmrlar to ‘

ourintention to measure the thickness of ‘br_ofrlm. a
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Two examples for absorption measurements in bioﬁlms were found in the
literature. Pedersen (1982a) used fhe absorbance of stained biofifm to measure biofilm
thickness. However, he used a spectrophotometer to measure the absorbance of stained
biofilm rather than sehsors. The absorbance of biofilm was successfully used te
determine its~thickness. Jgrgensen (1989) measured light penetration and absorption
in bacterial mats. He employed a fiber 'optic microprobe to detect radiance gradients in
the bacteriel mat. By usihg the fiber optic microprobe it was possible to measure the
- spectral qﬁantum flux within small clusters of cells. Quantum flux is the most important
| light parameter for microbial thtOSynthesig. |

Sensing systems detect ehysical or chemical conditions and pass this information -
in suitable form to an operator ‘or'to another system or device. A sensing device is_

-composed of four essential components: ‘oneor more Sensors, processors, an outpui
device and communicatien links.

A sensoris an iannt device that transduces a physical or chemical parameter into
an électrical or optical signal. A processor cohverts’ sensor .information into a form
suitable for output. An output device presents the processed information to a user, to an
actuator or to another sjstem. A communication link provides a pafh for the transmission
of an electrical or optical signal from the eenser to the processor or from the processor
to an output device. Typically the path is a wire or optical fiber. The fiber optic sensing

device used in this research is assembled in an analogous manner (Figure 3).
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. Stimulus - o
= physical or chemical parameter -
~ being monitored

Transmission

through biomm.«

] Sensor | y [Fiber OptiE Tip |

—— Communjcative Fiber Optic '

Link o |

Processor,[ | Opto-electronic Coupler |

—— Communjcative ~ Electrical ——

_ ~Link Wire - o
Output Device [Voltmeter |[Data Acquisition System]
Figure 3. Asensing device in general form and in the form used for the fiber optic

sensor.

P
T

The éensing device measured light-intensity chahgés- caused by the biofilm. it

therefore can be called an intensity-modulated sensor. Intensity-modulated sensors are

‘defined in Krohn (1988) as sensors that detect variatioris in light intensity. Light ‘int'en'sity

~ variations can be associated with the perturbing environment, i.e., transmission and

reflection in biofilm (Figure 4). Intensity-modulated sensors are generally anaiog devices.

Light

Transducing
material =

Signal

f Detector |

air/water

| source

4

Aﬂﬂ“ﬂﬂlt.

1Perturbing |
field =
biofilm

processor

Figure 4: Schematic of an intensity-modulated sensing'device.
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'The Iight intensity modulation can be described ,gualitatiVely‘by the laws of - ,

absorption. ‘Lambert’s ‘Law states that the rate of change of light intensity in 'passing
Mthrough a homogeneous medium is proportional to the light intensity. at any point wrthin
that medium, or:
 dlox = ., o - ‘«(1‘9)1
where | = lig_ht,intensity, | | | |
e = extinction coefficient :
. X = distance "
“Upon integration, this,equation yields: ‘.

(/) = -e*d B - e

where |, is the light intens’ity ‘-at the point where th‘e distance d, equals 0‘. Thus *ifthe‘ |
Iogarithm of light inten3|ty is plotted as a function of distance through a homogeneous |
medium, a line of constant slope gt would result Where the extiriction coefficient
changes abruptly from one value to another an abrupt change in the slope of the Iine i

would be expected. lti IS thls phenomenon WhICh is to be used to detect the biofilm-water .

interface. Biofilm has- .a‘;higvh extinction coefficl‘ent owing to the ,presen’ce ofa variety of
Iightabsorbing organic compounds, while' the bulk ‘water has a_‘very low extinction
coefficient. As'the sensor is moved th'rough the bulk"water"-toward thelight sour_ce,;a Ii'ne'
ot very low slope would be p'resumedi As the sensor'moyes through the b_iofilm,,_a, line

of much steeper slope results, corresponding to the extinction coefficient of the biofilm.

~ At the interface between these tWo‘media,'afdistinct break in the-slope of the line would =

be expected.

_ In‘a solution, the absorption depends upon the concentration and thickness of

the layer tra_versed. Unit layer and unit concentration absorb equal light as a_,_layer,tWicef
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~as’thick -but With half the concentratioh Calling the absorptron coeffrcrent of unit’

. concentratlon €, the thrckness d and the concentratron c, we have
.I, =, * gt .(Beers Law), or - . o (21)

inflyl) = cod N o ‘, . @

The In(ly/l) is ‘called 'absorbance'.- Beer’s. Law states that absorbance is lrnearly o

proporti'onal'to concentration. Thus, a relationship between the blofllm density and the

- slope of the absorbance curve is expected. .

The changes in lrght mtensrty, caused by absorptron were reglstered with a frber |

. optic sensor.. Extrinsic and mtnnsrc capabllltles of the sensor were used to determlne

biofilm th‘icknes‘s. Extnnslc fiber optlc sensorsuuse the optical flber asa transmrssron line ," ‘
to convey modUIation or' Iight intensity In intrinsic. sensors the optlcal fiber changes o

. physrcally in response to the physrcal or chemrcal parameter being monrtored A physrcal

change of the fiber is bending of the flber wh|ch occurs as a response to touchlng of the
substratum surface The optlcal pnncrples of refractlon and reﬂectlon descnbe the
- detection of Irght with a flber optlc sensor. | |

: Refractron occurs when Irght passes from one homogenous |sotrop|c medium to
another. - Inrour case the two medla consldered are air and the, glass of the optic cable.

“The Ilght ray will bend at the interface’ between the two medra The mathematic

 expression that. descrlbes the refractron phenomena is known as Snell s Law whrch can’

be derived from Maxwell's Equatrons.

n0 sin &, =N, Sin a (Snell s Law) R (23)

where n, = the mdex of refraction of the medlum in-‘which the Ilght is |n|t|ally travelhng B

n, = the index of refractlon of the second medium

o, = the angle rbetween_incidentrayﬂ and the normal to the interface .
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~a, = the angle between refracted ray and the normal to the interface
In the case of light passing from a high index medium to a low index mediﬁm refraction
is occqrring, but a certain portion of the incident ray is reflected. .

The transmission of the light ray thfough the. fi'ber optic cable is explained by tatal'
internal reﬂe.cti,on.: If the incident ray hits the boundary at ever increasing angles, a value
of @y = o will be reached at WhICh no refraction will occur. The angle Qs |s called the
critical angle The refracted ray propagates along the mterface not penetratlng the Iower
| index medium. So a, = 90° and therefore, sin a, = ny/n,. Forincident angles greater
than the critical angle the ray is entirely reflécted at the interface and no refraction takes
- place. This phenomena is known as total internal ‘reﬂectioh, .

In Figure 5 the refraction of the ray can be seen as it enters a ﬂat-ended fiber

cable. Total internal reflection can be observed as the ray propagates along the cyhnder

of the cable.

n

—"//

Figure 5. ~ Path of a ray through a fiber optic cable.

The fiber bends when it touches the surface of the substratum. This can be
detected,-because the ray propagation is disturbed in a curved fiber. Fora straight fiber,
the angle between the Iight‘ ray and the norrhal to _theplane of reflection is defined b_y the

angle 4. However, when the fiber is bent, the plane of reflection and the reflective angle _
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rotate by the angle s (Figu're'e). ‘ Therefore, for a curved‘fiber, the angle betyve'en the |
reflected and the tangent at the reflectlon pornt is ¢ 5. ln a strarght fiber, for ¢ > ¢, the |
rays wrll be totally rnternally reflected In a bent fiber the effective cntrcal angleis reduced
by &. Therefore rays rncndent between ¢c and ¢c - 6 will be Iost The effectrve critical
anglei is reduced ina bent fiber, and the amount of light that can be detected at the end
of the frber is reduced. |

A second mechanism adds to decrease' the amount of transrnitted Iightfurther. .
_‘ In this study the Iight source was in direct line with the sensor. When the sensor is
moved into a hard surface it not only starts bendmg, but the sensor tlp will also move
sideways. Thus the sensor is not pornted in the dlrectron of the Irght source anymoref

and the possrble hght uptake is decreased. Both effects are responsrble for a decrease

in registered hghtrntensrty,

Straight fiber -

Reflected ray

n=90 . “ ’ AY S
>~ ‘ N
\\ N ‘V’\ Bent fiber
nguree. o Bending effectsf-oncritical-ang‘le (Krohn{, 1988).

’Amb_ient light was prevented from interfering with the measurements through . i

frequency modulation.” The light souirc":e vyas frequency modulated with a frequency of
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1000 Hz- Modu‘lation is asystematic alteration of the wave which carries th‘e m‘essage
' An rllustratron of frequency modulatron can be seen in Figure 7 In analog modulation the
modulated parameter varies in drrect proportron to the modulating: srgnal Modulatron is
a reversrble process so. the message can be retrreved at the receiver .by the |

‘ complementary operation. of demodulatron where unmodulated lrght srgnals are

: drscarded Thus, ambrent lrght is frltered out.

“Figure 7. - F‘requency modulation with' a sinusoidal modulating wave, The detector
L .‘ and the light-source are modulated atthe same frequency, elrmmatrng the

effects of ambrent light on the measurement

| - The Optical signal produced with the fiber optic sensor had to:: be .converted to an |
electrrcal signal to allow easy recordrng ofthe measured data The devrce whrch converts ,
the optical signal into a voltage or current is'called the optrcal detector A detector with
its |nterfacrng electronrc crrcurt is called areceiver. In thrs expenment the Irght mtensrty
is converted rnto a voltage S|gnal |
| The approach to implementing:an optical detector is toallovv' the inlcident povver -

to iluminate a semiconductor device, resulting in the generation of hole-electron pairs by -
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- absorbed photons. These pairs can in turn flow in the presence of an-electric field to
_produce an observable c'urreht.* The current can be measured, or else the corresponding e

potential. -
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'MATERIALS AND METHODS

- The experimental setup and the procedures used for the research are described

in the following 'sectioné.‘

The Rotating Dis'ki; Reactor

"y

A mixed population biofilm was grown |n a r’otatiné‘disk reaetor (Figere 8). The
reactor yessel was a square cont‘ainer made ouit of transparent po‘lyearbOnate With‘,a side
length of 76 cm and a reactor height of 20 cm. A disk with a radius of 30 cm rotated in
the reactor. Radial grooves were cut into the lower side of the disk, where: transparent ‘
polycarbonate slides couId be inserted. The disk rotated at a dlstance s, of 2 mm from
. the bottom of the vessel and was submerged 5 cm. An electncal motor was used to turn.
“the dlsk at a rotational speed, w, of 1.05 s' - An electric thermostat :h__eld_ the water

ter‘nberatureconstant at 20°C, resulting- in an ebsolute viscosity of 0.01 g cm" sec” and
a ‘kinematic" viscosity‘ 'Of 1.01 *10°m?s™. The Reynolds ;humbef for this condition is 9 *
10%, which lndlcates lamlnar flow and a boundary layer thickness of 25 mm. Thus a
._ Ilnear veIocnty dlstrlbutlon existed in the reactor the condltlons for lamlnar Couette-flow

were met, and the shear stress could be calculated.
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The Fiber Optic Sensing Device

The fiber opiic sensing device was developed to detect changes in light intensity.
A red light diode with a wave length of 660 nm and an.infrared light diode with a wave
length of 820 nm were the two primary light sources, modulated at 1000 Hz. The sensor
and the following communicative link were oné ‘integ:rat‘ed fiber optic cablé, glass fiber
125/85, United Detector Technology. One.inch of the fiber was mechanically exposed
and, depeﬁding on the application.,‘ tapered.or cut to 'ob'tain éflat, defined surface. The
shape of the tip defined the maximum intensity of light which is taken up. The Iiéht was
transmitted to ‘én optic-electronic coupler, where the light si.gnal was frahsformed ihto an
electrical signél. The voltage output was proportional to the incoming light intensity. The
detector was a Standard High Responsivity Photodetector, ‘PIN;HROQO, United Detector
Technology. A custom made device compared the incoming signal to the modulation of
the light source. Only those parts of the incoming light in the same modulation interval
as the light source were transmitted to the output device. This ensured independence
of the measurement from ambient.‘ light. Two output devices were used. The first one
was a volt meter to observe a digital output during the me‘asurement. The second was
a commercial available data acquisition system which recorded and stored the data

automatically on disk. The f‘in‘al setup of the measurement device is shown in Figure 9.
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Sensor R : D -
Biofilm [

?E, 29 | 1 7

Diode

Automatic

: > Voltmeter — : 1
Micromanipulator Recorder
| S————
Figure 9. Schematic diagram of measurement device setup.

The sensor was mounted to an automatic micromanipulator.  The
micromanipulator allowed motérized rﬁovements in three dimen.sibhs. Continuous
- movements, step b_y:step movements or single steps, started by hand were possible, and.
step length, speed, and step interval can be set by hand.
~ In these experiments, step by]step movement in 'fhe vertical direction was used. The
mi\cromanipulatér moved the sensor ;iownward, so it would slowly penetrate the biofilm
from above. . The micromanipulator was calibrated for'différent settings ‘(Appendix A).
Through use of the automatic micromanipulator and the Aata acquisition system, a full
. measurement could be performed withéut direct operator control.

The exposed tip of a fiber optic cable was used as a sensor. The tip cbuld be
tapered to obtain a needle formed tip with a tip diameter of 10 um. Before tapering the
sensor, the proiective isolation was removed with a razor blade. Hydrofluoric acid (HF)

was used to taper the sensor. A syringe tip cover was put upright in a rubber stopper,
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and partially filled with HF The sehsor was placed in a holder, and inserted about 5 mm
into the acid. Taperr'ng occurs automatically with time when the acid evaporates. Aﬁer
30 minutes all the acid should be evaporated, and the sensor can be carefully remOv'e"d‘.
The sensor tip then must be checked under the microscope. Usually an evenly shaped

tip can be seen (Frgure 10).

Figure 10. Enlarged picture of the fiber optic sensor tip. °
Procedures

The locations of the biofilm-water interface and the blofrlm-substratum mterface
were found through light rntensrty measurements while moving the sensor through the’
film. A slide with biofilm was taken out of the reactor and put in the measurement device,
mounted above the light source. The sensor was lowered through the bulk water above
the biofilm into the biofilm until the sensor touched the slide. The light transmission was
recorded for every step of the sensor. The difference in the extincti.on coefﬁcients of
biofilm and the overlying bulk water was uséd to find the biofilm-water interface, through
an abrupt change in the slope of the light intensity versus distance curve. When the

sensor touches the surface of the slide, it starts bending, and the light transmission

-
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through the sensor decreases abruptly. -The data acquisition system records the time
between the b‘eginning and the end of the measurement. The distance is related to the
time through the spee‘d,‘ step length and frequency of m_OVement of the step motor.
Finally, a curve of intensity versus distance could be prepared.

From the same measurement, the extinction coefficient can be calculated ‘by
. using Lamb_ert's Law and graphing In(i,/l) versus the diétance which.the senéor travelled.
The extinction coe"fficient‘can be found as the slope of the curve.

The biofilm density can be calculated from the extinction coefficient, if .the
absorption coefficient of biofilm is known. .Lombining equations (26) and (22) yields:
| | e=c¢*c, | o ' . (24)
It can be seen that the extinction coefficient, e, divided by the absorption coefﬁcieﬁt gives
the bioﬁlrﬁ density. The‘ absorption cdeﬁiéient‘waé determined -from ‘rep‘resehtat’ive
samples of biofim from the experimental system. A sample of biofiim was homogenized
and different dilutions of the mixture were prepared. The absorbance of the diluted
samples was measured with a Varian DMS 90 UV-VISIBLE Specirophotometer at a
wavelength Qf 660 nm and a band width of 4 nm. ‘i"he cell constant, d, of the
spectrdmeter is 1 cm. After measuring the absorbance of each sample, the dry Qvefght
- perml homogenized biofilm was determined. This is defined as biofilm density or, usli‘ng
the not'ation of Beer's Law, a concentration of mass per unit volume. Thus, density or
concentration,'c,‘ times cell constant, d, could be graphed versus absorbance. A’
regression could be done, where the slope of the regressiqn line gives the absorption

coefficient, e.

A volumetric density measurement was used to obta,ih‘ independent density values

for a comparison. The biofilm thickness was measured with the fiber optic sensor, and
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the area was determined WIth a ruler. Next the dry weight was taken. The procedure to
* measure the dry weight followed the standard method no. 2540, "T otal Fixed and Volatnle .
Solids in- Sohd and Semlsohd Samples" (Clescen et al,, 1989) ‘The average blefnlm
_ densuty was determlned as: _ | |
= dryweight /(film thickness * area) . (@5)
“This value was compared to a mean density, obtained from six fiber optic measurements

on the same biofilm.
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RESULTS

In the following sections, results of the research‘ are preser_)ted consistent with the
objectives stated earlier. The biofilm-watér interface was located with the sensor, és was
the biofilm-substratum interface, enabling determination of biofilm thickness. Biofilm
absorption coefficients were obtained, and these were used to approximate biofilm

density. Finally, relationships between den§jty', thickness and shear stress are presented. |

Location of the Biofilm-Water Interface

All biofilms investigated showed absorption of infrared and visible light. Light
absorption by water was negligible compared to absorption by the cell mass. Thus, a
delinéation between biofilm and Water was possible USihg optjcal methods (Figures 11
- through 13). The  direction of thefsensbr movement ‘is shown on the graphs. The
distance the sensor travels is displayed on the x-axis as distance rélative to the
substratum.  On the y-axis the relative light infensity is graphed in millivolts, a
measurement unit which is directly proportional to the light intensity and was given by the
detector. The Iight intensiﬂ increases as the sensor enters the bioﬁlm and moves
| through the film. The biofilm-water interface is marked on the graphs where the light
intensity starts to increase. The first objective to find the biofilm interface could thus be

fulfilled.
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The variation of light intensity with distance from-the substratum.

- The rapid change in slope represents the biofilm-water interface. The

‘data are representative for a dense biofilm with thickness of 700 um.
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The variation of light intensity with distance from the substratum.
The rapid change in slope represents the biofilm-water interface. The
data are representative for a blofllm with a fluffy surface film and an overall

thlckness of 170 pm.
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Biofilm Thickness

Biofilm thickness was determined by locating the biofilm-water and the biofilm-
substratum interfaces; 'f'he biofilm-water rnterfaCe was found as shown above, and the
biOfiIm-substratum interface was indicated when the sensor touched ‘thevsubstratum. This
was manifested as a decrease irr light intensity, due to the bending of the fiber. The
distance between the biofilm-water interface-and the biofilm-substratum interfaee was the
biofilm thickness (Figure 14). |

| Biofilms which had a distinctly different extinction coeffieient for base and eurface

frlm were also investigated. The three different slopes in Figure 15 represent three

drfferent extinction coefflcrents for base film, with the highest extrnctron coefflcrent surface

fllm, with a lower extinction coeffr_crent,r and water with an extinction coeﬁrcrent close to

zero. Base and surface film thickness can be read from the graph.'
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Figure 15. The variation in light intensity with distance' from the substratum. The- first

increase in light intensity marks the biofilm-water interface, while the
second marks the transition from surface film to base film. The location
where the sensor touches the substratum is used as a zero reference for
distance. ' :
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Biofilm Density

The absorbance of homogemzed biofilm samples was measured with the

- spectrophotometer, and plotted as a functlon of the fllm dry mass densnty (Figure 16).

0.18 .
0.16 1
C0.144
o
0.12-
g
o 0:17
(4]
50.08 -
L .
2 0.05 -
x| absorption coefficient
0.04 4 ' '
0.02 0.87 m!/(cm*mg)
0 . 7 T T - T -
0 0.05 0.1 0.15 . 0.2 ' 0.25
dry mass mg/ml | .
Figure 16. Absorbance of horhogenized biofilm versus biomass concentration

("biofilm density" ) measured with a spectrophotometer at 660 nm.

Absorbance appears to be directly proportional to biomass concentration (density).
Assuming that biomass absorbs light according to Beer’s Law, the absorption coefficient

was determined to be 0.87 ml/(cm*mg) or 8.7m? kg". Data were obtained both from high
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| shear stress regions (marked with "2") and low shear srress regions (marked with "1").
Though using biofilm from two different Iocatrons the results mdrcate no difference in
absorption coeﬁlcrent as a function of shear stress. Thus, shear stress does not influence
the absorption coefficient.

The thiekness and the density of the biofilm were measured with the fiber optic
sensor on. randomly selected sites in a 24 cm * 1.5 cm large area of biofilm. The
measurements can be seenin the appendix. Figure 17 shows one of the measurements.
Theabsorbance, In(l,/1,) is graphed as the y-axis. Following Beer’s Law, the slope of the
graph is now related to the concentratron or biofilm density. The biofilm thickness can
be read from the graph; the mean slope was obtamed by fitting a regressron line through

-~ the data pomts which indicated the biofilm. Two independent series of measurements

were completed (Table 2).

Table 2: Comparison of volumetric measured density with optically measured
density. -

sample A sample B

# of measured profiles | 6. 4

average slope (cm™) . 88 11.1

absorption coefficient (ml cm™ mg™) 0.87 - 0.87

optically estimated density (mg ml”) 101 12

average thickness (mm) 0.29 - 033

volume (cm®) | 0.10 . 012

dry mass (mg) _ 0.78 0.82

volumetric estimated density (mg'ml") - 7.8 7.0

The optical measured densities were 2.3 mg mI" and 5 mg mi* higher than the

volumetric determined densities, a deviation of 23% and 40%, respectively.
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Figure 17.
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Absorbance in a biofilm versus distance.

The measurement is representative for the measurements conducted to
determine the biofilm density. The biofilm thickness was determined and
the slope of the regression line was calculated using the pomts which
indicate the biofiim. ‘
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Biofilm Thickness and Extinction
Coefficient versus Shear Stress
N

Transmission measurements'were conducted to obtain the biofilm t.hickrlness as
a function of shear stress. For each measured radial location on the disk (corréspondihg‘
to one defined shear stress), three meés@rements were performed and averaged. The
measurements were condubted on a 4-day-old biofilm (Figuré i8). The error bérs gfve
the standard deviation of the measurements. The flow velocity is plotted in the graph as
a second x-axis. This permits a cx)mparison'with the findings from literature, which all
were given as biofilm thickness versus flow velocity. It can be seen thaf the biofilm
thickness variés .arqund a constant value for a shear stress smaller than 0.07 N m?. The
biofilm thickness reaches a maximum at a shear stress of approximately 0.08 N m® and
decreéses again fo-r higher shear stress. | The same pattern can be seen in a
measurement of a 7-day-old biofilm (Figure 19), where biofilm thickness increases untit ‘
it reaches a maximum at a shear stress of approximately 0.08 N m‘é, and subsequently
decreases as shear stress exceeds 0.08 N.m*®, The maximum biofilm fhickness is also |
higher for 7-day-old biofilm.

Another measure‘ment sefies was performed for a higher flow velocify. Shear
stress could not be calculated, since the conditions for laminar flow-were no lohger met.' ‘
However, it was of interest to investigate biofilm thickness for higher flow veloéities. The
results confirm a decrease in biofilm thickness for Higher velocities (Figure 20).

“The extinction coefficient Was also calculated for the measuremehts on 7-d.ay-‘q‘l'd

biofilm grown under laminar flow conditions (Figure 21). Employing the relation that the |




36

extinction coefficient equals the absorption coefficient times the biofilm density, a mean

biofilm density was calculated using the absorption coefficient from earlier

spectrophotometer measurements. The mean dens‘ity of the biofilm was determined to

be 34 mg ml".

“biofilmi thickness in micrometer
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Figure 18.

Biofilm thickness versus shear stress/velocity for a 4-day-old biofilm.




biofilm thickness in micrometer.

Figure 19.

biofilm thickness in micrometer
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DISCUSSION

A fiber optic sensor was used to measure bi'o:film. thickness and density. The
following sections discuss the usefulness of the fiber optic sensor as a tool for biofilm

research. The results obtained with the measurements are evaluated. '

Fiber Optic Sensor Construction
and Application

-The sensor described m these experiments used a Iight.emitﬁng diode‘as light
‘source. Tﬁe light intensity of a diode decreases‘pfoportional to the distance squared.
The measurements were ccpnduc’ied in almosf tconstéht distance from the light source,
since the_movemeht of the sensor was in the range of a few millimeters. It was shown
that the change in Iight- intensity over a distance of 2 mfn in watér was smaller than the
noise level (see Appendix F); For measurements OQer larger distancés, however, a
different light source could be used, such as a laser diode which works as a beam emitter
and the light intensity s_téys nearly cons',tant,with‘ distance. |

AnOtHer problem with an LE‘D as light source was to line the sensor up so it did
not move out of the area of maximum intensity of the light source during measurements.
- When the sensor and diode weré misaligned, a decrease in light intehsity could be
detected,' even though the sensor moved closer to the diodé. This ‘préblem could be

avoided for a laser diode with a lens system to emit a wide beam of constant light
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" intensity. -The problém. was avoided in the preseht study by repeated test-measurements
and readjusting of the sensor. |
The fiber optic sensor was shown to be a useful tool for finding the biofiim-water
interface, and for m:easure'ments of biofilm thfckness and density, When applied to biofilms
grown on transparent slides. To increase the applications for the fiber optic sensor, a
. device where light source and sensor are coupled might be devéloped inthe future. This

might open possibilities for in-situ measurements.

The Delineation of the Biofilm and the Water Phase

* The difference in the extinction coefficients of biofilm and the overlying bl_.lll; water.
was successfully used to distinguish the biofilm/water interface, through an abrupt chang‘e
in the slope of the light intensity versus distance curve. |

To describé'transport ‘phenome‘na of nutrients and oxygen in thé biofilm and in
the bulk liquid, the biofilm water interface has to be located simultaneously with'vthe “
nutrient concentration. This is possible by combining any sensor with‘ the fiber optic

sensor. Concentration grédients can then be evaluated in direct association‘with the

position of the interface.
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The Determination of the Biofilm Thickness

The fiberoptic sensor can be used to measure biofilm thickness for biofilm grown
on transparent slides. Ln__sll_t_u_ measurements are possible, if the system to be measured
is configured in such a way that the biofilm grows on(a transparent substratum ‘an‘d the
diode can be placed underneath the éubstratum, while thé sensor can be moved into the  ‘
biofilm.

The determjn,ation of the biofilm thickness can bé problematic,‘-hbwever, for very
 fiuffy ‘biofilms where the biofilm-water interface is very difficult to detéct. In this tSipé of
biofilm the surface film ‘incorp‘orates more water than a dehser film. Hence,.a slqw |
transition occﬁrs from zero absorption (zero slope) to positive absorption (measﬁrable |
slope). The light intensity in the biofilm increases only very slowly, the biofilm-water -

interface is very difficult to find (Figure 22), and the biofilm thickness cannot be measured.
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' Figure 22. - The variation of light intensity with distance from the substratum in a fluffy

~or diffuse biofilm. The transition from water to surface filmis very hard to._
determine.
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The Determination of the Biofilm Density

The fiber optic sensor is a useful tool for monitoring biofilm density. For many
applications where biofilm density has to be monitored, only the_chénges in biofilm
density are of interest. Here the movable fiber‘o‘ptic sensdr can be used td mbnitor
absorbance versus distance. The slope of a graph from this data.gives the extinction
coefficient, which in turn can be used as a-measure of biofilm density. Changes in the
extinction coeﬁicient are diréctly proportional to changes in the bioﬁlm;_density.

For cases where it is important to know the absolute density of a b’iofil'm, the
absorption coefﬁéjent of the specific biofilm must be measured. This can be easily done
with a spectrophotometer, as described above. 'The absolute biofilm density can then be
calculated frorh the rhéasurement. | |

The following-assumptions had to be made for the calibration .of the fiber optic.
sensor with. the spectrophotometer. First, biomass is assumed to absorb light aqcording
to Beer’s Law. Second, the absorption cdefﬁcient must be the samé fora homdgeni_zed
biofilm sample as it is for an intact biofim. The third assumption is that the absorption
coefficient in a biofilm does not change with depth and is thus constant in the whole
biofilm. It cannot be assumed that the absorption coefficient is-constant for biofilms
formed by different species 6r under different growth conditions. A separate ca’libratioh
has to take place for evefy biofilm.

As shown in Figure-16 of this study, a single absorption coefficient was found to

apply to biofilm eXposed to the full range of shear stress from this study. However, it is
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possible that under turbulent conditions the ratio of cell mass to mass of extracellular
" polymer changes significantly, which. might also change thé absorption coefficient. The
| possibility that the absorptidn coefficient changes with biofilm depth cannot be excluded.
Slices of biofilm from diffgrent depths would be necessary to investigate this possibility.

Density measured with the volumetrié method was found to differ from the density
- measured with the fiber optic sensor. qu repeated meésurerhents, the density found with.
the volumetric method was about 25% lower than the density calculate‘d frdm the fi‘ber‘
optic measurement. This difference may résult from a difference in the abéorption.‘
coefficient measured with the seectrophotometer to the actual absorption coefficient seen :
by the fiber optic sensor. The absorption coefficient is a function of wavelength. The
wavelength for which the absorption coefficient was me‘asure.d‘ in the spectrophotometer
was 660 nm with a band width of 4 nm.. The wavelength of maximum intensity of the -
- diode was 660 nm, but ‘the bahd width of the emitted light was about 40 nm. 1t is
| possible that the absorption coefficient for wavelengths other than 660 nm is higher, and
therefore tHe extinction‘ coefficient measured with the bhoto spectrometer at 660 nm is
' somewhat lower than the overall extinction coefficient between 640 nm and 680 nm. This
means that the density found with the fiber optic measurement would be slightly too high.
. A laser diode with an exactly charactefiied emitting waveleng’_th could be used to avoid
this problem. | o |

The rﬁain advantage of this method, however, is that the density of any arbitrarily
chosen sublayer of the biofim can be estimated. Density for base film and: surface film -
can be compared quanﬁtatively. For most investigated biofilms, from this study, the“

density of the base film was higher than the density of the surface film (Figure 23).
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Figure 23.  Biofilm with distinct base and surface film.

- The Relation between Biofilm Thickness, Density
‘ and Shear Stress

in this stUdy, a maximum biofilm thickness was found to occur at a critical shear

stress of 0.08 N m* for the mixed population biofilm g'ro\'/'vn.' ‘Biofilm thickness decreases ’

for higher and lower shear stresses. The knowledge of this value ‘fof‘ other systems can
be used to optimize biofiim reaétors to obtain the maximum biofilm thickness; or in
industrial pipelihes to avoid maximum. biofilm fhickne_ss. |

. Bipﬁlm‘thickness was a maximum at a velocity of 0.2 ms™. This corresponds to

the findings 'of Pedersen (1982b), who observed an increase in the rate of biofilm

accumulation when the water velocity was increased from 0,005 ms™ to 0.15 ms™'. The




46

decrease in biofilm thickness for véry small velocities can be attributed to mass-transfer -
limitations for substrate. This might slow the bioﬁlm‘gro{/vth and lead to increased
sloughing. - Increased "sloughing can also‘-explain" vthe encountered large variation -in
biofilm th‘ickness for sméll velocities. o |
The decrease in the biofilm thickness for higher shear stress can be attributed
to erosion. The higher the shear stress, the higher the erosion and the smaller is the
“biofilm thicknéss. The finding that the biofiﬁn thickness decreases when flow velocity
increases was supported by other authors in various experiments‘ (Characklis and
Marshall, 1989), who conducted studies with velocities greater than 0.3 ms™, Kornegay
and Andrews (1967) observed a strong decline in biofilm thickness when the shear stress
was increased f?om 1 to 3 Nm® Characklis (1980) also found a decrease in 'biofilm
| thickn_‘ess when the‘shear stress was increased from 2 to 3 Nm2, These‘ results confirm
the findings of this study. R
. Alimitation of this experiment was that only a small range of low shear stress was
‘inVestig'ated. A higher shear stress could not be obtained with the geometry of thé
© reactor under‘ the conditions. of laminar flow. -~ Turbulent flow ‘conditions were not
investigated. In the future the experimental setup can be used to.perform similar-
méa’sﬁrementé on industrial relevant’biofilms and obtain additional valuable data.

A statistical test was performed on the mean values for the density of the biofilm "
versus ‘shear stress. A t-test for the slope ‘Of the line shoWed that for a 5% level of
significance the slope is not different from 0. The probability that the slope is different
from 0 is only 47%. The coefficient of correlation is 0.2. fhus é correlation between
shear stress and biofilm extinction coefficient or density could not be cqnc!uded. Density

of biofilms is probably independént of shear stress for laminar flow.
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CONCLUSIONS

The fiber optic sensor system is a well sutted tool for biofilm research. The
biofilm absorbs visible and infrared light better than water. The difference in the extinction
coefficient can be detected and permits detection of the biofilm-water interface.

The substratum surface can be detected by touching the substratum with the
sensor, which leads to bending of the ssnsgr; henc_e, most of the light is not transmitted,
~ ‘but escapes. A very sudden decrease in measured light _intertsity therefore indicates the
substratum surface. |

Throughfinding the biofilm-water interface and the substratum 'surfacs, the biofilm
thickness can be determined.

. .The sensor can be calibrated for biofilm density measursments by measuring.ths
absorption of a defined mass of biofilm suspended in a smetll volume of water With a
commercial spectrophotometer. Thus, mass _sdncehtratiori of the biofilm can bs
measured and a gradient in cell mass concentration or-"density" of the biofilm can tte
found. Chan'ges‘ in the biofilm density can be detected.

Biofilm thickness depends on shear stress in laminar flow. Maximum biofilm‘

thickness was observed for a shear stress of 0.08 Nm?2.
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NOMENCLATURE

A surface area of disk [L:]

b boundary layer thickness [L]

b, surface detachment coefficient [1/T]

c concentration [M/LY]
'd thickness of layer passed by light [L]

e extinction coefficient [1/1]

I light intensity [l]

l, incident light intensity [I]

k detachment coefficient [1/T}] %

K.S saturation coefficient for Monod kmetlcs [M/L"‘] '
L biofilm thickness [L] L
. n refractive index -
~r radial coordinate in a cyhndncal system

R radius of disk [L]
R, detachment rate [M/L:]

R, erosion rate [M/(L°T)]

Re Reynolds number
p pressure [N/L:]
s gap between rotating disk and housing [L]
S’ substrate concentration [M/L?]
X axial coordinate in a cylindrical system
X biomass concentration in suspension [M/L’] -
X, biofilm mass concentration [M/L%]
v velocity [L/T] '

v, radial, axial, tangential velocuty component
« angle between light ray and surface normal

§ angle of rotation o
_ ¢ absorption coefficient [L:/M] ‘
¢ angle between light ray and reflection plane normal
p absolute viscosity [M/(LT)]
Ln Max. specific growth rate [1/T]
" p density of fluid [M/L’]
pr density of biofilm [M/L?]

o shear stress [N/L:]

v Kinematic viscosity = u/p [L:/T]

w radial velocity [1/T]

2] angular coordinate in a cyhndncal system




53
UNITS:

| light intensity units
L length units

M mass units

N force units [ML/T:]
T time units
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APPENDICES
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APPENDIX A

' THE CALIBRATION OF THE MICROMANIPULATOR
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The. distance travelled by "the sensor per step was r(—_zcbrdéd for different

'manipu'lator seltings (Table 3).

@

Table 3: ~ Step length versus miqromanfpulator settings,
SPEED  STEPLENGTH . ACTUAL STEP LENGTH (um)

high 6 10 94
adj 7 5. 247 .

' 5 4 135
adj 4 4 9
adj '8 4 - 5
adj 4 2 1.1

5

Additionally the frequency of the éteps was méasured‘ and céiibrated for different

micromanipulator settings (Table 4).

Table 4: Step frequency for different micromanipulatoyr settings.

INTERVAL FREQUENCY (s7)

w316

- 1.43

- 0.40
024

5 0.20

ADWON =
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APPENDIX B

“THE VARIATION OF ABSORBANCE WITH DISTANCE FROM THE SUBSTRATUM

FOR DENSITY CALIBRATION

The measurements were conducted on 2 biofilm samples from the rotating disk
reactor. The measurement was repeated six times in the first sample; four times in the

" second sample. The mean extinction coefficient was calculated for €ach sample. -
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APPENDIX C

THE VARIATION OF ABSORBANGE WITH DISTANGE FROM THE SUBSTRATUM

' FOR A 4-DAY-OLD BIOFILM

The measurements were conducted on biofilm samples of 4-day-old7'biofilm from
the rotating disk reactor. The number in the upper left hénd‘ corner of the graph signifies
“the location from where the sample was taken.‘ Ii gives the distance from the center of .

- the disk in cm.
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