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Mass transport processes in biofilms

Diffusive transport / Reaction
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Advantages & Benefits

» Higher biomass concentration

* Higher volumetric conversion
capacity

* Less sludge is produced

* High settling velocity

* Load and toxic choc resistance
C, N and P removal (in same
reactor/granule)
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Diffusive transport / Reaction processes occur in :

Diffusive transport / Reaction

- Heterogeneous catalysis(A)
- Immobilized enzymes/cells (A)

- Biofilm with microorganisms

- Phenomenon :

1.
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Gradient of concentrations for
each compounds C,

Concentrations become zero at
penetration depth

8pen
Expansion of biofilm with the growth
of microorganisms
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e Microbial growth

-> Concentration gradients & Limitations

According microbial —1kgS-0.5kgO,-0.1kgNH,”+ 0.5kg X
growth equation: + 0.8 kg HCO, + (.. )H,O + (..)H"

1. From diffusive transports and growth,
gradients occur in biofilm,
with different penetration depths :

- Consumptions Cg, Cy,,, Cypa = DOWN gradients
- Productions C.,,, pH, = UP gradients

2. Growth is limited by the least
penetrating substrate/component

Biofilm

Different
penetration

CcoaL
depths \l
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Flux exchanges Bulk €= Biofilm
Inside Biofil Diffusion
nsiae blorim. - - -
Internal resistance : + : Diffusion | Convection
to mass transport + Reaction / Conversion
o | Biofilm Liquid  Bulk
Biofilm | Boundary Bulk stagnant liquid
layer C boundary phase
Cs; SB
W :.
5 = —> Mass balance for each compound:
3 £ 1. In boundary layer
S 3 2. In biofilm
b )I("’ 5|
< >

Outside Biofilm:
External resistance to mass transport
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e 1. Mass balance in Boundary Layer (1)

Assuming 1 Dimension:

—> C,; drops at increasing X position!
Mass balance:

Acc. = In — out + conversions

In control volume:

Balance
control
volume

() adegins wyiyoig

> |
() adegins wyiy pinbi

V = A.dx (A: Biofilm area) x+dx
Adx.oC e
.QX. i(x .
0 _ 3 A= (3.A+ 2R a4 41 Adx
ot OX
2
Liquid diffusion J =—D£ N oCix) __ 9 oCi) _ Da Cio
. . ax o x| ot ox?
Assuming no biomass in liquid layer, r; =0 ,
In 1 Dimension > A = Cst Cipy _ 0Ciy 1

G
o) D
time constant
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1. Mass balance in Boundary Layer (2)

After t >> 6%/D ~ 10 [s], a steady state is established, characterized by a
stable constant gradient with 0C,,/0t=0:

. o éC.., 0°C,,
Integration of stagnant biofilm liquid alt(X) =— 512 =0
layer mass balance equation: a(gj (D]

\time cc;ﬂstant T
@ZCi(X) Ci X
=0 —» =cst, »> C,.,—-C. ., =—.cst —(0)+Cst
2 a i(x) i(x=0) a b
AlE 5
S
For substrate C, at boundary conditions
from x =0 to & c -Gi=Ca X+Cey
X=0 Cjx=p) = Csg — Cst, =0 ) o

X=0 Cj=p) = Cgi = Cst= Cg; — Cgp
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it 1. Mass balance in Boundary Layer (3)

At liquid boundary layer, the overall diffusion flux is:

Elux = ] :_Dac [amount} D

———(C. —C..) =Cst
ox | m2h 5(5' sa)

. D »
with — def k. [ms”] J. = kL (CSB _CSi)

C,-C
. . . . . C — Si SB X+C
Biofilm liquid stagnant layer thickness 5() o >
o 1s known and k; follows from various
mass transfer coefficient correlations: 2 )
k. = 104 m/s; & ~ 10 um - Time constant is : 5D = k5 = 10_4 =10 sec. !
L

Summary :

« According diffusion in boundary layer, concentration decreases
linearly towards biofilm surface

« Steady state achieves quickly, in about 101 sec.
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Assuming 1 Dimension, mass

2. Mass balance in Biofilm (1)

balance in biofilm control volume, Css
V = A.dx (A: Biofilm area)
Acc. = In — out + conversions 2 5
5 S
Adx.oC, o0J A - 2
™~ 3. A-(3.A+Z2dx) + . Adx i S
ot OX Z ;‘E
) 2
oC. |
W =—Q+ri with 3 =-p 3%
ot OX dx
oC. 0°C.
2% P
X
aCi(x) 82Ci(x) 1
> = 7 +1;
pen
2 D
§pen g
rdif?l;sion
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2. Mass balance in Biofilm (2)
In biofilm, penetration depth 3, Is about 1 mm. ] _Ger O 107 10
Thus diffusive transport process time constant is: *™ D  k_ 10*
Concerning biomass conversion/reaction rates, ~_ _ G [Vl <5[s]
time constant is: [l

For time ~ minutes 2 0C;,,/0t becomes small ~ 0, oC. - o°C. "
—> a pseudo steady state can then be considered: ot D o2

+r=0

Assuming: 0 order consumption Kinetic gq = g™
Biomass concentration in biofilm C.

rs = — Cys Q™™

-2 |D.
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i 2. Mass balance in Biofilm (3)

0°C
OX?

In biofilm, if;|D.—> =q{™C,

Boundary conditions are:
X =0 Cq = Cg; (Biofilm interfacial concentr.)
X = Open —> No reaction. No transport.
- 0Ci(x)/0x =0
Integration gives o 2
concentration penetration Cy; —Copy = Gs~ Cxi Open |x 1 [LJ
profile of compound C, D Open 2
In the biofilm:

A (V) 9oBJINS WGoIg
(V) eoejIns wiy pmbi

0.5
Thus, 8y, is givenwhen: | [ 2DGC,
X = 8pen aNd Cgizpeny =0 ol gd™C

#7.1_BioFix Marc Deront (Sirous Ebrahimi)


http://www.epfl.ch/
http://lbewww.epfl.ch/LBE/Default.htm

. 2. Mass balance in Biofilm (4) .

" : a2(:0() max

By integration of: D. 2 0 C, ' Ce,

_ . 5 :( 2DC, Jo's I
With 0Ci(x)/0x = 0 when X =39,, ™ &, Csq
N GCaSX(X) _ qgna;CXf .X+(— qgnal;cxf .5pen] Cs (X) _ Csi _ qgnaxcg 5pen2 [%[5X ] B 5X J I O

I 8pen
At biofilm interface (surface), x = 0 where Cg-p =Cy | <=
the crossing substrate flux coming from boundary layer c — FluxJ
is given by: J Cxs at x=0
aCs X O qgn aXCXf qgn aXCXf T max % ) max 0.5
J, = DT”X_0 = D[ S .x+[— S .%BXO =(290™C, DCg; )2 : ko5 =(2Dgg™ C,; )

def

> %= k0'5'(C5i)Ol5 with K5 = (Z'D-qg‘ax Cy )0.5

Flux at biofilm interface increases with reaction and diffusive transport.
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Solving Biofilm & Liquid boundary layer (1)
From both sides of the biofilm/layer interface A
the mass flux J should be equal. IP
Liquid Stagnant layer Biofilm

def

Js =k (Cs —Cy) Jg = ko.S'(CSi)O'5 with k5 = (Z'D'qgnax C )0.5

Eliminating Cg; , J can be expressed as Cqg, D, g™ and Cy:

4 0.5 2
L

L

This shows limitations:
k. very small = External boundary layer transport limitation Cqg > Cg; = 0
2> J=k Cqg
k, very large = Mainly limitation from biofilm diffusion Cg; = Cgg
2> J =K, :Ceg’° = Jy| =, (NO limitation of transfer by liquid boundary)
layer)
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Solving Biofilm & Liquid boundary layer (2)

Thus, coupled Biofilm/Liquid boundary layer mass transfer can be
compared with unlimited transfer at boundary layer J, ...

Using Hatta Number, ratio of

0.5
maximal biofilm conversion rate vs | — M- internal conversion rate _ Kos (Cxe)

biofilm external transport rate max. external transport rate K Cos
4l

To estimate Transport Efficiency, L0 J _
I, -, expression is: | L

J 05 06 i

- =(1+0.250¢°) -05a
‘Jk =00
: 0.2 -
. L —>

One can then estimate external limitation! 0 1 6 10 Hattanb o

For Hatta number o > 1 - External mass transfer limitation is serious.
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Numerical calculation example (1)

In Biofilm: Biomass: Cy; =40 [kg.m?3]
Substrate: gs™* = 0.2 [kgS.kgX1-h1]
Stoichiometry of growth (neglecting maintenance):
—1kgS—-05kgO,-0.1kgNH,* +0.5kg X+ 0.8 kg CO,
Kinetics of growth: g5, = 0.1 [kgO,.kgX-h]
Ocoo™™ = 0.16 [kgCO,.kgX1-h1]

In Bulk:  O,: Cgor =9 - 1073 [kg.m?]
Substrate: Cgzgs =9 - 107 [kg.m?] (?)
Given:
Diffusion coefficient (for O, and S): D = 10° [m?s?1] = 3.6-107° [m2h]
Mass transfer coefficient: K, =3-10>[m.s1]=0.11 [m.h"]

Which compound transport limits growth, O, or Substrate?
What are the respective penetration depths?
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Numerical calculation example (2)

In Biofilm:

def - K = 5.36 1072 [kgO,%5. m©5.h-1
Jg = k0_5.(CSi)0-5 with k. = (Z-D-qg]ax 'CXT) kgzgzz 759 103 [k[ggo.;. m05.h-1] :
In Stagnant layer. With no transport limitation, J,, -, = K5 Csg"?
Jki=w 1 Csg = Cgjand Cpypp = Coy;
2 Ji=wo02 5.0910* [kg.mzh?] 0.509 [g.m2h7]
Jt=ws 7.2010% [kg.m2.h] 0.720 [g.m2.h1]
Flux with transport limitation [ ¢ | a=0.514 for O,

o ==

using Hatta number. kC: | a=0.727 for Substrate

JJ =(1+O.25a2)0'5 _05¢| — 0.775for 02
= 0.7 for Substrate

9 02 JOZ — 0775 JKL:OO,OZ — 39510_4 [kg.mz.h_l]
Substrate:  Jg=0.7 - Jx) -0 s = 5.04-10 [kg.m2.h-1]
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Numerical calculation example (3)

USing ‘Js = kL (CSB _CSi)

Interfacial concentrations, -
- : 025kss , . )" K
knowing k; , Csg and Jg from previous or from |3 { = +ko,5c58] -05°%

Bulk Cg Interfacial Cg;
Coni  9:107° [kg.m?] 5.41 -107 [kg.m?]
Cq; 9-10° [kg.m3] 4.41 -1073 [kg.m?]
Penetration depth 8,5, = 98-107° [m] s _[20C )
O pen = 63-107° [m] pen [qgwcxf j

L

Conclusion
From Substrate penetration = limitation by transport of Substrate

with a transfer flux, Jq = 5.04-10~* [kgS.m2.h1] at biofilm interface.

From stoichiometry yield: 0.5 [kgO,.kgS1] = Thus, the O, flux required for
respiration Jo, = 2.52:10~* [kgO,.m2.h"1]

- Only (63%) of J5, = 3.95-10 [kgO,.m2.h1] transfer potential is used. (why?)
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