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Biofilm kinetics — key concept

e Addition of a key mechanism: DIFFUSION

— Diffusion of substrates
— Diffusion of e acceptors
— Diffusion of nutrients

* Fick’s Law of diffusion

aC
— Fick’ st . R Yt
Fick's 1% law: J=-D O0x J = flux of a substance [ML?2T]
D = diffusion coefficient [L°T™]
dC 0%C C = concentration of a substance [ML3]
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Assumptions for biofilm analysis

ldealizing a biofilm:
— The biofilm has a uniform biomass density Xf(I\/IXL'3)
— It has a locally uniform thickness of L..

— Mass transport resistance can be important inside
the biofilm and to the biofilm.

» External mass transport (bulk liquid = surface of a
biofilm): represented by an effective diffusion layer of

thickness L (film theory)
* Internal mass transport (within the biofilm): molecular
diffusion (Fick’s 2" law)



Film Theory

* The entire resistance to mass transport resides
in a staghant film at the phase interface.

* Equilibrium is obtained at the interface

* The bulk fluids are sufficiently well-mixed so
that the concentration gradients in the bulk
fluid are negligible

* The concentration gradient in the film is linear,
following the steady state diffusion in a
stagnant fluid.



Film Theory

The flux in the film is:
D
] = _E (Cbulk — Cinterface)

J = flux of a substance [ML?T1]

D = diffusion coefficient [L°T]

6 = film (effective diffusion layer) thickness [L]
Cpuic = concentration in the bulk fluid [ML3]

Cinterface = CONCeNtration at the interface [ML?]



Deep & shallow biofilm

* Deep biofilm: the substrate concentration
approaches zero at some point in the film

— Further increase in biofilm thickness does not
increase the overall rate of substrate utilization

 Shallow biofilm: the substrate concentration
remains above zero at all points in the film

— Fully penetrated biofilm: a special case of shallow
biofilm where the substrate concentration at the
outer surface and the attachment surface are
almost identical



Substrate analysis

The substrate utilization follows Monod kinetics:

_axs

Tut K + Sf X: = active biomass density within the biofilm [M,L>]
S; = substrate concentration at a point of the biofilm [M,L3]

The molecular diffusion of the substrate (Fick’s 2"d law):

d?S;
Tairf = Dr 75

r4 = rate of substrate accumulation due to diffusion [ML>T"]
D= molecular diffusion coeff. of the substrate in the biofilm [M.L3]
z = depth dimension normal to the biofilm surface [L]

10



Substrate analysis

Combining the substrate utilization and diffusion, and
assuming steady state,

d2S;  GXpS
dZZ K + Sf

OZDf

Boundary condition | dS;

no flux to the attachment surface dz =0

.. “=br Ls = biofilm thickness [L]
Boundary condition II

Flux at the biofilm/water interface determined according to the film theory
ds

—D(S S)—Dde D
]_L s) — Mf - E

dz

D = molecular diffusion coefficient in water

z=0 z=0 L = effective diffusion layer thickness [L]

S, S, = substrate concentrations in the bulk liquid
and at the biofilm/liquid interface, respectively
[M,L]
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Substrate analysis — analytical solution

f'dz2 K+S; (+twoB.C.s)

0=

The first integration yields J and the second integration yields
S but closed-form solutions cannot be obtained for this
non-linear form
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Substrate analysis — analytical solution

 Dimensionless parameter for the deepness of the biofilm:
Li/t; > 1: deep biofilm
Li/t; << 1: fully penetrated biofilm

T, = \/ (Df - K)/(§ - X¢) = standard biofilm depth dimension [L]

Special Case: Deep biofilm
For a deep biofilm, we have an additional B.C.:

S =0
! Z=Lf
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Substrate analysis — analytical solution

In this case, we can get an analytical solution in a closed

form:
) K 1/2
Jaeep = |24XsDf | Ss + K In K+ 5.
For shallow biofilm:

A complicated procedure is needed

- A pseudo-analytical procedure method (with some iterative
calculations) is presented in pp. 217-220 of the textbook

- Or, you may try numerical approach!
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Biofilm analysis

* The active biomass mass balance at a position
inside the biofilm with a thickness of dz:

dt K +S;

(Xrdz) — b'Xrdz

b’ = overall biofilm specific loss rate [T]
: b (decay coeff) + b, (detachment)
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Biofilm analysis

* |Integrating over the entire biofilm depth:

Ly d(Xrdz Ly g8 Ly
f & )=j y 1 dez—J b'X,dz
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Steady state assumption

* (Pseudo) Steady state assumption:

— The biofilm thickness, Ly, and the active biomass density, X,
do not change with time

— Then, the biomass per unit surface area, Xi, do not change
with time

— Steady state as a whole: at any given point of the biofilm
steady state is not achieved, but the whole biofilm is at
steady state

— Dynamic steady state: near the outer surface, the substrate
concentrations are high, and active biomass growth is
positive; near the attachment surface, substrate
concentrations are low, and active biomass growth is
negative. The active biomass exchanges within the biofilm
to maintain uniform X;
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Steady state biofilm analysis

* By steady state assumption:

0

dt dt 0

e The active biomass mass balance over the whole
biofilm depth at steady state:

by qSs Ly
0= j Y deZ — b’deZ
o K+5 0
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Steady state biofilm analysis

 The growth term:

br  §Sy Ly
j Y Xedz = Yf ryedz =Y ]
0

K+ S, 2 | \
|

substrate utilization rate  Sybstrate transport from
over the entire depth  bylk liquid to the biofilm

* The loss term:
(L

Jo

b'deZ = b'X¢Ls (the loss process is averaged
across the biofilm)
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Steady state biofilm analysis

Now, the equation reduces to:

Biomass per unit area,

Y]

The biofilm thickness,

_Y
Xcb'

Ly
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Steady state biofilm — general solution

I T ™ I
Approaching = —order

» Key features of the solution

1 st order

1) AtS<S,,J=0and Xi,=0
(cannot maintain the steady =1
state). S, . is defined as: i

7 4
b’ /

SminzKYq\_br 2T 2

2) Jand Xdincreases very

sharply as S increases slightly //
above S, . . "

3) AtsomevalueofS>S ., the

min’
slope of Jvs. S approaches 1.
4) For a sufficiently large S, the S
flux becomes equal to that of a s , b’
deep biofilm. The slope of J vs.

Steady-state
solution

S approaches 0.5. -3 L) -1 0



Steady state biofilm solution — Deep biofilm

Q: Following parameters are given for a steady-state
biofilm:

L=0.01cm b'=0.1d?!

K =0.01 mg/cm3 D = 0.8cm?/d
Xy = 80 mg/cm? Df = 0.4 cm?/d
Gg=8d™" Y = 0.5

Compute the steady-state substrate flux (J) and the
biofilm thickness (L) when the bulk liquid substrate
concentration is 0.01 mg/cm3 (= 10 mg/L).
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Analyzing an attached growth bioreactor

For simplicity, let’s deal with the simplest attached
growth bioreactor, a completely mixed biofilm reactor:

Reactor volume, V
Liquid volume, hV
Biofilm surface area, alV/
Q; SO SN Biofilm accumulatiqn, XeLgaV S Q; Xa» S
Substrate concentration, S
Active suspended biomass
concentration, X, resulting
from detachment

h = fraction of water in the reactor
a = Arpioritm/V = biofilm specific surface area [L7]

A7 pioritm = total biofilm surface area in the reactor [L?]
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Analyzing an attached growth bioreactor

Steady-state mass balance for substrate

0=0S°—0QS—]-aV
Steady-state mass balance for biofilm’s active biomass

0=Y]-aV —b'X;Ls - aV

—

Calculate J and Xd,, and get S (Final target 1)
Get biomass production = b, Xd -aV (Final target 1)
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Analyzing an attached growth bioreactor

Suspended active biomass in an attached growth bioreactor

— For an attached growth bioreactor, suspended active biomass may
not significantly contribute to the degradation of the substrate

— Still, we are interested in suspended active biomass (originates
from detachment from the biofilm) because this affects the
effluent quality (particulate BOD/COD)

Steady-state mass balance for suspended active biomass

0= —QXa + bdetXfo -al

i} Biomass production = QX = bge XsLs - aV
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Analyzing an attached growth bioreactor

Q: Calculate the effluent dissolved substrate
concentration and biomass production in a completely
mixed biofilm reactor with an influent substrate
concentration of 200 mg/L and reactor configuration
parameters as follows:

V =1000m3,a=100m™!, Q = 10000 m3/d

Apply the parameters given in the last question for the
biofilm, plus b, = 0.05/d.
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