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Motivation: Reactive Mass Transfer
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Surface Active Agents

surfactant = surface active agent
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= Surface equation of state: o = G(T,clz,. . .,c]%/)
= Surface tension gradients induce Marangoni stress

» Surface coverage hinders mass transfer



Dissolving CO, Bubbles in Surfactant Solutions
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1-pentanol
3.2 mol/m3
o =68 mMN/m

A. Tomiyama et al.,
Kobe University

Clean water
o =72 mN/m

1-octanol
0.097 mol/m3
o =68 mN/m

Triton X-100
0.5 mmol/m3
o =67 mN/m

Cf. Hori, B., Hayashi, Hosokawa, Tomiyama, Int. J. Multiph. Flow 124 (2020)



Experimental Findings by Akio Tomiyama et al.
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Effects of surface active agents on mass transfer

= experimental findings

— surfactant coverage leads to local mass transfer hindrance

— mass transfer reduction depends on the reduction of surface
tension rather than on the surfactant concentration
(type of surfactant seems irrelevant)

- clean
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Thermodynamically consistent continuum model
of hindered mass transfer?

J. Aoki, et int., Tomiyama, Chem. Eng. Techn. 38 (2015)
Y. Hori, et int., Tomiyama, Int. J. Heat Mass Trans. 136 (2019)



Effects of surface active agents on mass transfer

» hindrance of mass transfer due to surface coverage

4.972-07 Es ky” kr k'
ok Q Q O
Surfactant surface concentration Se=0 0<Se<1 Se=1
[C] =mol/m?,t=0.08s.
_ Sardeing model : Sh=(1-Se)Sh,,,, +SeSh,,,,
surface coverage ratio 3 o
I e Sh,,. =042[Apgd” /p,v;] " Sc”
Se=—"2 = “sol S7 —0.54(00/ B8 (od? [ v2 )3 §pt3
I, o+BC, iy = 0.54(ct/B)" (gd™ /v )"~ Se

R. Sardeing et al., Chem. Eng. Sci. 61 (2006)

No quantitative match with experimental data (A. Tomiyama, Kobe Univ.)
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Chosing the Interface Position

Gibbs‘ construction of a dividing interface
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= replace steep gradient by » introduce excess quantities

discontinuous field to conserve (partial) mass



Chosing the Interface Concept

» Gibbs‘ construction tricky for multicomponent systems

— excess concentrations can become negative
— components appear/disappear on X depending on position of X

— modified construction of van den Tempel / Lucassen-Reynders:
positive excess, but interface can be shifted far away

» |s a transfer species like CO, present on the interface ?

— answer depends on the modeling approach !
— in diffuse interface models, any species is present in the transition layer
— unspecified in the Gibbs construction

— model by Guggenheim keeps the interface layer
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Effects of surface active agents on mass transfer

= sharp-interface continuum /
thermodynamics of multi- )

transition

component fluid systems .
with non-vanishing

interfacial mass densities

for all constituents ! / Qiquid

Aim: Thermodynamically consistent theory
of local mass transfer resistance

D. Bothe: Sharp-interface continuum thermodynamics of multicomponent fluid systems
with interfacial mass. Int. Journal of Engineering Science 179, 103731 (2022).

D. Bothe: Multi-velocity sharp-interface continuum thermodynamics of fluid systems with
adsorption. arXiv:2502.00906 (2025).
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Continuum Physical Modeling

Two-phase integral balance equations

%(/cbdwr/qbzdo): —/j-ndo +/fdm

1% Sy oV 1%
— /JE N ds +/f3do
phase I oDy Sy

(t)

e 27 (t),Q (t) bulk phases

e ny, unit interface normal (into £27)
e n outer unit normal to V

e (t) interface, Xy (t) := X(t) NV
phase 11 e 0y boundary curve of Xy

e N outer unit normal to 92y, N L ny

v

control volume




Balance equations for mass, momentum, energy

artial mass balance : .
P Opi + div (piv + ji) = M;r;

Oy p; + divs (p7v> + i) + [pi(v — v¥) + §i] - ns = M7y

momentum balance Or(pv) + div (pv @ v — S) = pb,

07 (p™v=) + Vx - (p*vZ @ v —8%) +[pv® (v — v¥) — S] - ny, = p~b”

_ N
internal energy balance O(pe) + V- (pev+q)=Vv:S+ ij' - b;
1=1

0% (0%e%) + Vs - (02VE + o) + [ (e + (v —2v2)2>]]

N
~[(v=v") - (Sng)] + [a- ns] = Vv : 8+ 3 57 b



Entropy Balance for Bulk-Interface

integral entropy balance

d
a(/psda:%— / p232d0>:— / <I>-nd0—|—/§da:

Vi(t) A(t) oV (t) V(t)
- — / <I>E-Nd3+/CEdo
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local entropy balance

O(ps)+ V- -(psv+®)=( inQ\X

O (p=s™) + Vs - (p=s™v= + ®*) + [ps(v—v") +®] -ng =¢> on X

[o](t,x) := hl_i%lJI_ (qb(t, X + hny) — o(t, x — hng))




Interfacial Entropy Production

Reduced interfacial entropy production (zero interfacial viscosities):
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Interfacial Entropy Production - Literature
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*based on conference proceedings: D.B. IBW7 (2015), D.B. RIMS (2016)



Interfacial Entropy Production

Reduced interfacial entropy production (zero interfacial viscosities):
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Class |

are these terms grouped correctly?



Interfacial Entropy Production — Class II
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D. Bothe: Multi-Velocity Sharp-Interface Continuum Thermodynamics of Fluid Systems
with Adsorption. arXiv:2502.00906 (2025).
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One-sided Mass Transfer Processes in Series

mass transfer as a sequence of ,ad- and desorption” processes

transfer species pass through the force field of the other (adsorbed) constituents



Mass Transfer Entropy Production

Reduced interfacial entropy production (zero interfacial viscosities):

5 _ py by 1N§ SIPB>
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Mass Transfer Closure

Interfacial mass transfer: decompose into ad- and desorption

-+, ad,+ de,+ . —,2 _ ad,— de,—
m; = 8, — 8, . m; = 8, — S,
Mass transfer entropy production (simplified):
N
+ L ad,x de, =& + Y
CTRANS = T Z (s — 5 (g — 1y7)
i=1
Closure of sorption kinetics: analogous to chemical reactions!
qa.d._i ai
i _ % o+ ¥ - +
n S?e’i = BT (;- —py’) with a;- >0
Desorption modeled explicitly, adsorption follows: (a;ft setto 1)

)uJ:.t — ‘UJZ
S?e’i _ kfe’ix?z, S?d,i _ kgle,iajfz exp i i
s , : RT



Mass Transfer Closure

Simple mixture assumption:

+

w (T'p,x1,...,xN— 1)—g% (T, p)—|—RTlnm
wr (T,p,ay, ... ,ax_y) =g (T.p~) + RT In a7’

Resulting (ad-)sorption kinetics:

PR
S?e,:t _ k;le,im?. S?d’i _ kgle,i exp| Z i iE:': . }{:qd’imft
. RT l i T
. = . . . _|_!Z . —,E
approximation: [1;] =0 < m " +m, " =0

Resulting mass transfer rates:

ktrans influence of surface tension



Mass Transfer Hindrance Model

= combination of several® interface free energy models

>
e mol_ak(T)—l—akRTln(l—l—ﬁ)—|—5k7rE_|_ > ) e + RT In 7
Z1
Xy is one of ¢ /e, ¢ /e or ay = ¢ />

+ contam

final result: m, =a(o)m,

up to non-linear corrections for
non-ideal interface mixtures

. clean  matches experimental
findings by A. Tomiyama

* lattice-based, area-based, gas-type, explicit solvent contribution, excluded area



Mass Transfer Hindrance Model

= combination of several® interface free energy models

1, = ap(T) + ap RT In( 1+— .Zf )ei +RT Inyy
1=1

main effect of
surface pressure =-0

final result: " = a(o) m"lean
Langmuir
energy (o) = exp| ——0 2|  Boltzmann
barrier ¢y RT factor

Since i = - (T*,0,x;) depends on surface tension:

surfactant k — changes o — changes all 12~ —> changes 77"



One-sided Mass Transfer Processes in Series

mass transfer as a sequence of ,ad- and desorption” processes

energy level

2 energy level
Hi in interface

T

transfer
activation
energy

+ energy level
bulk to bulk
mass transfer
driving force

Hi in phase +

energy level  —
in phase - Hi

mass transfer direction

transfer species pass through the force field of the other (adsorbed) constituents
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