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Abstract

Sorption/desorption is important phenomena in various scientific and industrial fields, such
as contaminants removal via activated carbon in water treatment, duration of soil
remediation, gas separation in chemical engineering, pollutant transport by airborne
particles (or suspended particles/sediments in rivers or batch or column tests for
biodegradation or contaminant transport), etc. Sorption/desorption kinetics has to be
considered for sorbents with large grain sizes (d), distribution coefficients (K;) or small
intraparticle porosities (¢). A coupled model was developed taking both external film
diffusion and intraparticle diffusion into account. At early time, external mass transfer
resistance dominates mass transfer, while the internal mass transfer resistance takes over at
late time. Since no simple analytical solution in real time domain exists for the coupled
model even for homogenous sorbent and numerical solutions need intricate discretization in
time and space, [ derived a semi-Laplace solution for coupled model where the (average)
concentrations in each phase (e.g., solid and water) in real time domain can be obtained via a
very fast and efficient inverse Laplace transformation. For practical use, a first order
approximation solution for coupled model was derived, which can be easily applied for
fractional solute uptake in the solid phase ranging from 50 to 91% of equilibrium achieved,
representing scenarios typically encountered in batch experiments. The derived solutions
showed that mass transfer shifts from external film diffusion to intraparticle diffusion

depending on K, € or Sherwood number (Sh).

Secondly, I extended the semi-Laplace solution to redistribution in heterogeneous systems
allowing easy adaptation of different kinetics models for different sorbents in terms of their
properties (particle size, geometry, intraparticle porosity, organic carbon content,
distribution coefficient etc.) by using different transfer functions in Laplace domain; solute
concentrations in each phase can be obtained by inverse Laplace transformation. The
redistribution model was validated by two batch experiments (Phenanthrene/Anthracene
d10 redistribution in mixtures of spherical microplastics of different sizes and a sediment
suspension with polyethylene passive samplers). Sherwood numbers fitted to experimental
data agree well with Sherwood number relationships for suspended particles based on
boundary layer theory and Kolmogorov’s turbulence theory. Heterogenous materials (e.g.,
soils or sediments) with only few percent of strong sorbents might lead to pseudo-
equilibration at early times, which rapidly lowers concentration gradients and thus slows
down sorption in the remaining part of the mixture tremendously (even slower than in an
equivalent homogeneous strong sorbent). The kinetics of this few percent of strong sorbents
are super slow and their behaviors cannot be captured in short batch tests, which might
explain discrepancies in solute mass recoveries in batch tests (mass release from strong

sorbents not captured) and exhaustive solvent extraction methods.



The coupled model application also allows to nicely explain particle/gas distribution kinetics
of polycyclic aromatic hydrocarbons (PAHs) in the atmosphere. Mass transfer of low
molecular weight PAHs with low distribution coefficients (K,zs) is dominated by
intraparticle pore diffusion, while external film diffusion is limiting for high molecular
weight compounds. The latter results in maximum observed distribution coefficients i.e.
apparent bulk distribution coefficients (K,g4p,); appear independent on octanol-air
partitioning coefficient (K,;) or subcooled liquid vapor pressure (P/) (slope = 0); for
intraparticle pore diffusion they in-/decrease with the square root of K,, or P/. Moderate
molecular weight compounds lie in between (slope shifts from 1/2 to 0) and both external

and internal mass transfer resistances have to be considered.

Furthermore, I developed a numerical one-dimensional (1D) reactive solute transport model
considering different sorption/desorption kinetic mechanisms to investigate the impacts of
initial conditions (e.g., pre-equilibrium or after the first flooding of the column) and
heterogenous materials on column leaching tests. Through numerical experiments, steep
concentration gradients close to the outlet of column have to be expected for compounds
with small K; (< 1 L kg-1). Only for large K; (> 10 L kg-1), initial conditions can be neglected.
Longitudinal dispersion and non-linear sorption smooth the leaching curves and lead to
smaller initial concentrations than expected under equilibrium conditions especially for
compounds with small K,; values. Sample heterogeneity, including grain size and fractions of
sorptive particles, strongly influences leaching curves. A small fraction (< 1%) of strongly
sorbing particles with high K; may cause very slow desorption rates compared to
homogeneous sorbent having the same average K, especially if mass release is limited by
IPPD, leading to non-equilibrium. Mixtures of strongly coarse particles with a small fraction
(< 10%) of less sorbing fine material might lead to a stepwise concentration decline in the

column effluent.

Finally, I introduced two mesh free methods (semi-Laplace solution and physical informed
neural networks (PINNs)) to solve 1D advective-dispersive transport with coupled film-
intraparticle pore diffusion (ADE-FIPPD), which can replace the tedious numerical solutions
if pre-equilibrium condition (uniform concentration) is initially achieved (e.g., K; > 10 L kg1).
The semi-Laplace solution shows remarkable performance with deviations of normalized
concentrations within the spatial-temporal domain of less than 1% when compared to the
numerical solutions. PINNs exhibit slightly higher deviations (< 10%) than the semi-Laplace
solution which are still acceptable across most of the spatial-temporal domain excluding the
regions with stepwise concentration gradients. Since external mass transfer resistance and
dispersion predominate for a very short time period initially, the mass transfer shift in ADE-
FIPPD is more likely to be observed for coarse particles with large K;s (e.g., d >2 cm and K; >
1000 L kg'1) and intraparticle porosities (¢ > 0.2). ADE-FIPPD of fine particles (e.g., d < 400

um) show almost the same behavior of intraparticle pore diffusion (ADE-IPPD).
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This thesis provides various solutions for sorption/desorption kinetics dominated by film
diffusion or intraparticle diffusion including coupled models in both homogenous and
heterogeneous systems. Those models help us to better understand sorption/desorption
behavior in mixtures and the interactions of different sorbents (mass redistribution) within
different compartments, which can be easily applied in many fields, such as groundwater

remediation, chemical engineering, analytical chemistry, air pollution control, etc.



Zusammenfassung

Sorption/Desorption ist ein wichtiges Phdnomen in verschiedenen wissenschaftlichen und
industriellen Bereichen, wie z.B. der Entfernung von Schadstoffen mittels Aktivkohle in der
Wasseraufbereitung, der Dauer der Bodensanierung, der Verfahrenstechnik, dem
partikelgetragenen Schadstofftransport in der Luft (oder auch suspendierte
Partikel/Sedimente in Fliissen, Batch - oder Saulentests zur Untersuchung von Bioabbau oder
Schadstofftransport). Die Kinetik der Sorption/Desorption muss fiir Sorbentien mit grofien
Korngrofien ( d), Verteilungskoeffizienten (K;) oder kleinen intrapartikuldren Porositéen ( €)
berticksichtigt werden. Ein gekoppeltes Modell wurde entwickelt, das sowohl die &ufiere
Filmdiffusion als auch die intrapartikuldre Diffusion berticksichtigt. Zu Beginn dominiert der
Widerstand der Filmdiffusion den die Stoffibertragung, wéahrend der innere
Stoffibergangswiderstand durch intrapartikuldre Diffusion spaer limitierend wird. Da fiir
das gekoppelte Modell selbst fiir homogene Sorptionsmittel keine einfache analytische
Losung im Echtzeitbereich existiert und numerische Lésungen eine komplexe
Diskretisierung in Zeit und Raum erfordern, habe ich eine semi-Laplace-Losung fiir das
gekoppelte Modell abgeleitet, bei der die (durchschnittlichen) Konzentrationen in jeder
Phase (z.B. Feststoff und Wasser) mittels einer sehr schnellen und effizienten inversen
Laplace-Transformation ermittelt werden kénnen. Fiir die praktische Anwendung wurde
eine Losung erster Ordnung fir das gekoppelte Modell abgeleitet, die gut auf die
fraktionierte Aufnahme von Sorbaten in die Festphase im Bereich von 50 bis 91% des
erreichten Gleichgewichts angewendet werden kann, was Szenarien reprdsentiert, die
typischerweise in Batch-Experimenten vorkommen. Die abgeleiteten Lésungen zeigen, dass
der Stoffiibergang je nach Kj, € oder Sherwood-Zahl (Sh) vom externen Filmdiffusion zur

intrapartikuldren Diffusion iibergeht.

Zweitens habe ich die semi-Laplace-Losung auf die Stoffibertragung in heterogenen
Systemen erweitert, um eine einfache Anpassung verschiedener Kinetikmodelle fiir
unterschiedliche Sorbentien hinsichtlich ihrer Eigenschaften (Partikelgrdfle, Geometrie,
intrapartikuldre Porositd, organischer Kohlenstoffgehalt, Verteilungskoeffizient usw.) zu
ermoglichen. Dies erfolgte durch die Verwendung verschiedener Ubertragungsfunktionen im
Laplace-Bereich; die Konzentrationen des geldsten Stoffs in jeder Phase kénnen durc h die
inverse Laplace-Transformation erhalten werden. Das Umverteilungsmodell wurde durch
zwei Batch-Experimente validiert (Phenanthren/Anthracen d10-Umverteilung in
Mischungen von sphdrischen Mikroplastikpartikeln unterschiedlicher Gréfde und einer
Sediment-Suspension mit Polyethylen-Passivsammlern). Die an die experimentellen Daten
angepassten Sherwood-Zahlen stimmen gut mit den Beziehungen fiir suspendierte Partikel
tiberein, die auf der Grenzschichttheorie und der Turbulenztheorie von Kolmogorov basieren.

Heterogene Materialien (z. B. Boden oder Sedimente) mit nur wenigen Prozent stark



sorbierender Anteile konnen zu einer Pseudo -Gleichgewichtsbildung in den Anfangszeiten
fihren, was die Konzentrationsgradienten schnell absenkt und somit die Sorption im
verbleibenden Teil der Mischung erheblich verlangsamt (sogar langsamer als in einem
auivalenten homogenen stark sorbierenden Stoff). Die Kinetik einer kleinen Fraktion stark
sorbierender Anteile ist extrem langsam, und ihr Verhalten kann in kurzen Batch-Tests nicht
erfasst werden, was Diskrepanzen zwischen in Batch-Tests und erschépfenden
Extraktionsmethoden erklaren kénnte (Freisetzung von stark sorbierenden Anteilen wird

nicht erfasst).

Die Anwendung des gekoppelten Modells ermdglicht auch eine gute Erklarung der Kinetik
der Partikel-/Gasverteilung von polyzyklischen aromatischen Kohlenwasserstoffen (PAK) in
der Atmosphire. Die Stoffibertragung von PAK mit niedrigem Molekulargewicht und
niedrigen Verteilungskoeffizienten (K,4s) wird von der intrapartikuldren Porendiffusion
dominiert, warend die aflere Filmdiffusion fiir Verbindungen mit hohem
Molekulargewicht begrenzend ist. Letzteres flihrt zu beobachteten maximalen
Verteilungskoeffizienten, d. h. scheinbaren Gesamtverteilungskoeffizienten (K4, 4); diese
scheinen unabhdngig vom Octanol -Luft-Partitions-Koeffizienten ( K,, ) oder dem
unterkihlten Dampfdruck (P7) zu sein (Steigung = 0); fiir die intrapartikulare Porendiffusion
nehmen sie mit der Quadratwurzel von K, oder PP zu oder ab. Verbindungen mit mittlerem
Molekulargewicht liegen dazwischen (die Steigung verschiebt sich von 1/2 auf 0), und

sowohl externe als auch interne Stoffiibergangs widerstande miissen bertcksichtigt werden.

Dariiber hinaus habe ich ein numerisches eindimensionales (1D) reaktives
tofftransportmodell entwickelt, das verschiedene Sorptions-
/Desorptionskinetikmechanismen  berticksichtigt, um  die  Auswirkungen von
Anfangsbedingungen (z. B. Vor-Gleichgewicht oder nach dem ersten Durchspiilen der Saile)
und heterogenen Materialien auf Sailen -Auslaugtests zu untersuchen. Durch numerische
Experimente sind steile Konzentrationsgradienten nahe dem Auslass der Saule fiir
Verbindungen mit geringem K; (< 1 L kg1) zu erwarten. Nur firr grofle K; (> 10 L kg1)
kénnen Anfangsbedingungen vernachlédssigt werden. Langsdispersion und nichtlineare
Sorption glidten die Auslaugkurven und fithren zu kleineren Anfangskonzentrationen als
unter Gleichgewichtsbedingungen erwartet, besonders fiir Verbindungen mit geringen K-
Werten. Die Heterogenit® der Proben, einschliefdlich Korngréfde und Anteile sorptiver
Partikel, beeinflusst die kurven stark. Eine kleine Fraktion (< 1%) stark sorbierender
Partikel mit hohem K; kann im Vergleich zu einem homogenen Sorptionsmittel mit dem
gleichen durchschnittlichen K; sehr langsame Desorptionsraten verursachen, besonders
wenn die Massenfreisetzung durch IPPD begrenzt ist, was zu Nicht-Gleichgewichtszustanden
fihrt. Mischungen aus stark groben Partikeln mit einem kleinen Anteil (< 10%) weniger
sorbierendem Feinmaterial kénnen zu einem stufenweisen Konzentrationsabfall im

Saulenauslauf fithren.



Abschliefiend habe ich zwei gitterfreie Methoden eingefiihrt (semi-Laplace-Lésung und
physikalisch informierte neuronale Netzwerke (PINNs)), um den 1D advektiv-dispersiven
Transport mit gekoppelter Film-Intrapartikel-Porendiffusion (ADE-FIPPD) zu lésen. Diese
kénnen  die  aufwendigen  numerischen  Lésungen  ersetzen, wenn  die
Gleichgewichtsbedingung (gleichm&gige Konzentration) zu Beginn erreicht ist (z.B. K; > 10
L kg1). Die semi-Laplace-Lésung zeigt Abweichungen der normalisierten Konzentrationen
von weniger als 1% im Vergleich mit den numerischen Lésungen. PINNs zeigen etwas héhere
Abweichungen (< 10%) als die semi-Laplace-Lésung, die jedoch fir den Grofdteil des
raumlich -zeitlichen Bereichs akzeptabel sind, ausgenommen in den Bereichen mit
stufenweisen Konzentrationsgradienten. Da anfanglich der externe
Stoffiibergangs widerstand und die Dispersion fiir einen sehr kurzen Zeitraum vorherrschen,
ist der Wechsel im Stoffibergang in ADE-FIPPD wahrscheinlicher bei groben Partikeln mit
grofen K;s (z.B.d > 2 cm und K; > 1000 L kg1) und intrapartikuldren Porositden ( € > 0,2).
ADE-FIPPD von feinen Partikeln (z.B. d < 400 um) zeigt nahezu dasselbe Verhalten wie die
intrapartikuldre Porendiffusion (ADE -IPPD).

Diese Arbeit bietet verschiedene Lésungen zur Beschreibung der Sorptions-
/Desorptionskinetik, die von Filmdiffusion oder intrapartikuldrer Diffusion dominiert wird,
einschliefdlich gekoppelter Modelle in homogenen und heterogenen Systemen. Diese Modelle
helfen uns, das Sorptions-/Desorptionsverhalten in Mischungen und die Interaktionen
verschiedener Sorbentien (Massenumverteilung) in verschiedenen Kompartimenten besser
zu verstehen und konnen leicht in vielen Bereichen angewendet werden, wie

Grundwassersanierung, Chemietechnik, analytische Chemie, Luftreinhaltung usw.
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Notation

The abbreviations shown in brackets represent the dimensionality of the variable being used:
M = mass; L = length; L2= area; L3 = volume, T = time, Mol = amount of substance, Pa =
pressure.

a = grain radius [L]

a,. = specific surface area of elemental carbon [Lz M-1]

apg = half thickness of PE sheets [L]

apg, = radius of PE1 [L]

apg, = radius of PE2 [L]

apg3 = radius of PE3 [L]

a, = half thickness of plane sheets or grain radius of cylindrical particles or grain radius of

spherical particles for solid materials [L]; specific surface area of soot particles [Lz M-1]

agp = half thickness of plane sheets or grain radius of cylindrical particles or grain radius of

spherical particles for porous materials [L]

gp,1 = radius of fine sediment particles [L]

Qsp 2 = radius of coarse sediment particles [L]

Asphere,equiv.= €quivalent radius of sphere having the same volume of irregular particle [L]
A, = empirical constant for calibration of K,, under different temperatures [-]

Agp = total surface area of porous materials [L2]

A = undetermined coefficient

A° = specific surface area per unit volume of pore water [LZ]

b = lumped parameter for simplification or intercept of linear regression equation [-] or bias

of neural networks [-]

b, = empirical constant for calibration of P/ under different temperatures [-]

B = spatial-temporal differential operator of boundary condition or undetermined coefficient
B,= empirical constant for calibration of K, under different temperatures [-]

¢ = lumped parameter for simplification or intercept of linear regression equation [-]

C = constant term or undetermined coefficient

C4 = pollutant concentration in gaseous phase at time ¢ [M L-3]

Cg,0 C4(0) = initial pollutant concentration in gaseous phase [M L-3]

Cy,eq = pollutant concentration in gaseous phase under equilibrium condition [M L-3]

Cy,p = pollutant concentration in the intraparticle pore gaseous phase [M L-3]

Cy,p(0) = initial pollutant concentration in the intraparticle pore gaseous phase [M L-3]
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C;y = concentration of component i at any location, y, within the boundary layer at certain x
[M L]

Cinax = maximum concentration [M L-3] or [M M-1]

C, = pollutant concentration in suspended particles at time ¢ [M L-3]

C

peq = Pollutant concentration in suspended particles under equilibrium condition [M L-3]

Cpr = solute concentration in PE sheets [M M-1]

Cpz(0) = initial solute concentration in PE sheets [M M-1]

Cpg1(0) = initial Phenanthrene concentration in PE1 [M M-1]

Cpg2(0) = initial Phenanthrene concentration in PE2 [M M-1]

Cpg3(0) = initial Phenanthrene concentration in PE3 [M M-1]

C,, = solute concentrations in bulk water [M L-3]

C,, = unknown concentration at the particle/water boundary [M L-3]

Cw(0), Cy 0, Cyy in; = initial solute concentration in bulk water [M L-3]

Cw,eq = e€quilibrium solute concentration in the water phase [M L-3]

Cw,eq,quasi = €quilibrium solute concentration in the aqueous phase under quasi-steady state
[M L3]

Cw,in = solute concentration at the inlet of column [M L-3]

Cw,p = solute concentration in the intraparticle pore water [M L-3]

Cw,p,ini = initial solute concentration in the intraparticle pore water of fines and coarse
particles [M L-3]

Cy(0) = initial solute concentration in the intraparticle pore water of porous materials [M
L3]

Cw,p,asp = solute concentration at the solid/water boundary of porous materials [M L-3]
Cw_p,asp (0) = initial solute concentration at the solid/water boundary of porous materials [M
L3]

Cw,peak = Peak effluent concentration of solute in the leaching test [M L-3]

Cw pr = solute normalized concentration in PE sheets (= Cpg/Kpg) [M L-3]

Cw,sp,1» Cw,fines = Solute concentration in intraparticle pore water of fine sediment particles
[M L]

Cw,sp,2) Cw,coarse= Solute concentration in intraparticle pore water of coarse sediment
particles [M L-3]

Cy,sp,1(0) = initial solute concentration in intraparticle pore water of fine sediment particles
[M L]

Cy,sp2(0) = initial solute concentration in intraparticle pore water of coarse sediment
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particles [M L-3]

C, = solute concentration in solid [M M-1]

Cs,ini = initial concentration in sediments or solid materials [M M-1]

C,(0) = initial solute concentration in solid materials [M M-1]

Cs q, = solute concentration at the solid/water boundary of solid materials [M M-1]

ACy, fines = concentration changes in aqueous phase due to the contribution of fine weak

sorbent [M L-3]

ACy coarse = concentration changes in aqueous phase due to the contribution of coarse

strong sorbent [M L-3]

C,, = normalized concentration in bulk water in range of 0 to 1 [-]

Cw,p = normalized concentration in the intraparticle pore water in range of 0 to 1 [-]

Cy,pinns = predicted normalized concentration from PINNs in bulk water in range of 0 to 1 [-]

w,semi—Laplace = Predicted normalized concentration from semi-Laplace solution in bulk

water in range of 0 to 1 [-]

C4 = Laplace transform of solute concentration in gaseous phase [M L-3]

Cg P

L-3]

= Laplace transform of solute concentration in the intraparticle pore gaseous phase [M

Cpg = Laplace transform of solute concentration in microplastics/PE sheets [M M-1]
Cpg1 = Laplace transform of Phenanthrene concentration in PE1 [M M-1]

Cpr» = Laplace transform of Phenanthrene concentration in PE2 [M M-1]

R

pe3 = Laplace transform of Phenanthrene concentration in PE3 [M M-1]

C,, = Laplace transform of solute concentration in bulk water [M L-3]

Cw,in = Laplace transform of solute concentration at the inlet of column [M L-3]

Cw,p = Laplace transform of solute concentration in intraparticle pore water of porous

materials [M L-3]

Cw,p,a = solute concentration at the particle/water boundary in Laplace domain [M L-3]

¢

w,p.as, = Laplace transform of solute concentration at the solid/water boundary of porous
W Sp

materials [M L-3]

Cw,sp,1 = Laplace transform solute concentration in intraparticle pore water of fine sediment
particles [M L-3]

C~W,sp,2 = Laplace transform solute concentration in intraparticle pore water of coarse
sediment particles [M L-3]

C, = Laplace transform of solute concentration in solid materials [M M-1]

C, .= Laplace transform of modified solute concentration in solid materials (= C; — C5(0)/s)
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[MM1]

C,(0) = Laplace transform of initial solute concentration in solid materials [M M-1]
d = grain size [L]

ds = grain size of 5% sediment particles [L]

d,o = grain size of 10% sediment particles [L]

dsq = grain size of 50% sediment particles [L]

dgo = grain size of 90% sediment particles [L]

dgs = grain size of 95% sediment particles [L]

dmax = Maximum grain size of sediment particles [L]

dmin = minimum grain size of sediment particles [L]

dp,coarse = grain size of coarse particles applied in numerical simulation [L]
dp, rine = grain size of fine particles applied in numerical simulation [L]

d¢ = thickness of plane sheets or diameter of cylindrical particles or diameter of spherical

particles for solid materials [L]

dg, = grain size of sediment particles [L]

dsp 1, dsp, rine = grain size of fine sediment particles [L]
dsp,2, dsp,coarse= grain size of coarse sediment particles [L]
dpg = thickness of PE sheets [L]

dr, Ar = discrete radial distance [L]

dt, At = discrete time step [T]

dx, Ax = discrete longitudinal distance [L]

D =molecular diffusion coefficient [Lz T-1]

D, = apparent diffusion coefficient [L2 T-1]

D,q = aqueous diffusion coefficient [L2? T-1]

D, = inner column diameter [L]

D, = effective diffusion coefficient [L2 T-1]

D, = gaseous diffusion coefficient of the pollutants [L* T-]

D, = gaseous diffusion coefficient of the pollutants in the intraparticle pore space (=D €) [L? T"']

or pore diffusion coefficient of solute in porous media (=nDgq) [L? T-']
D, =longitudinal dispersion coefficient [L2 T-1]

Dpg = solute diffusion coefficient in microplastics/PE sheets [L2 T-1]
D, = solute diffusion coefficient in the solid materials [L2 T-!]

E = coefficient of efficiency of model [-] or kinetic energy [M L2 T-Z]
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E}, = total kinetic energy [M L2 T-2]

f = fractional uptake at equilibrium (mass in particle to total mass in the system) [-]

fec = elemental carbon content of airborne particles [-]

foc = organic carbon content of airborne particles [-]

fom = organic matter content of airborne particles [-]

F = mass flux density [M L2 T1]

F,4 = mass flux density in the external aqueous boundary layer [M L-2 T-1]

F,; = frictional force acting on the interface between the fluid and the particle [M L T-?]

F;, = mass transfer flux density at any location, y, within the boundary layer (= v, C;,) [M
L-2T1]

F, = mass flux density in the intraparticle pores [M L2 T-1]

Fg =buoyancy force of the spherical particle [M L T-2]
F; = gravitational force [M L T-2]

F = mass flux density in Laplace domain [M L2 T-1]

g = gravitational acceleration [L T-2]

Jp = transfer functions of airborne particles [L3 M-1]
Js = transfer functions of solid materials [L3 M-1]

Jsp = transfer functions of porous materials [L3 M-1]
Jsp1 = transfer function of fine sediment particles [-]
Jsp2 = transfer function of coarse sediment particles [-]
Jpg = transfer function of PE sheets [L3 M-1]

Jpr1 = transfer function of PE1 [L3 M-1]

Jpg> = transfer function of PE2 [L3 M-1]

Jpr3 = transfer function of PE3 [L3 M-1]

Iy = zero order modified Bessel function of first kind
I; = first order modified Bessel function of first kind

k, k,,+= mass transfer coefficient [L T-1] or training iteration step of PINNs (k) or wave
number (k) [-]

ks = mass transfer velocity of solid materials [L T-1]
ks, = mass transfer velocity of porous materials [L T-]
K, = distribution coefficient [L3 M-1]

K av = average distribution coefficient [L3 M-1]

K, = distribution coefficient between bulk water and porous particle, which also accounts
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for mass stored in the intraparticle pore space (K;, = Kq+&/pp) [L3M1]

Ka b average = €quilibrium average bulk distribution coefficient between mixing sample and
water [L3 M1]

Ka b, fines = bulk distribution coefficient between fine weak sorbent and water [L3 M-1]

K b coarse = bulk distribution coefficient between coarse strong sorbent and water [L3 M-1]

Kb fines = fitted bulk distribution coefficient of fines based on the initial solute mass

obtained from ASE measurement [L3 M-1]

K ini = distribution coefficient at the beginning of the batch experiment [L3 M-1]

K, 509 = distribution coefficient at the end of the batch experiment after 50% sorption [L3M-1]
K, 919,= distribution coefficient at the end of the batch experiment after 91% sorption [L3M-1]
K4 mean,s0%= mean distribution coefficient for 50% sorption batch experiment [L3 M-1]

K4 mean919%= mean distribution coefficient for 91% sorption batch experiment [L3 M-1]

K¢y, Ky = Freundlich coefficient [M M-1: (M L-3)/1] (1/n is the Freundlich exponent)

K,, = octanol air partitioning coefficient [-]

K, = organic carbon/water partitioning coefficient [L3 M-1]

K, 4 = equilibrium gas/particle distribution coefficient [L3 M-1]

Ky g,» = equilibrium gas/particle bulk distribution coefficient (K, 4, = Kpg + €/pp) [L3 M1]
Ky g,p,a= apparent gas/particle bulk distribution coefficient [L3 M-1]

K, = surface adsorption coefficients between air and soot particles [L3 M-1]
l,,, = mixing length of Prandtl [L]

L, x; = maximum transport distance [L]

L. = characteristic length [L]

Lo = maximum length scale of the vortex and normally can be assumed as the length of

paddle in the stirring system or width of a river [L]

Loss; = loss function that is defined as the mean square error of residuals (i = total, PDE, IC,

BC, data)

LS =liquid to solid ratio [L3 M-1]

LS.,; = liquid to solid ratio in column [L3 M-1]
m = slope of linear regression equation [-]

Mcm = cumulative leachate concentration based on dry mass of solid materials inside

column [M M-1]

Meymmax = Maximum cumulative leachate concentration based on dry mass of solid

materials inside column [M M-1]

mg = dry mass of solid phase or suspended particles [M]
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m, = empirical constant for calibration of P under different temperatures [-]
Kpg = partitioning coefficient between polyethylene and water [L3 M-1]

mg 4 = dry mass of fine sediment particles [M]

mg, = dry mass of coarse sediment particles [M]

Mg fines = dry mass of fine weak sorbent [M]

Mg coarse = Ary mass of coarse strong sorbent [M]

mpg = dry mass of PE sheets [M]

Mpgq = dry mass of PE1 [M]

Mpg, = dry mass of PE2 [M]

Mpgz = dry mass of PE3 [M]

m;,; = total mass of pollutants in the system [M]

m,, = mass of pollutants in the water phase [M]

mg; = mass of pollutants in the sorbent i [M]

M =mass of solute which has diffused into or out of the particle after a certain time ¢ [M]

M., = mass of solute which has diffused into or out of the particle under equilibrium
conditions [M]

M

g,eq = mass of solute in the gas phase under equilibrium conditions [M]

M,, .q = mass of solute dissolved in the free aqueous phase under equilibrium conditions [M]
M; .4 = mass of solute in the particles (sorbed and in the intraparticle pore space) under
equilibrium conditions [M]

MW, = molar mass of octanol [M Mol-1]

MW,,,, = molar mass of organic matter [M Mol-]

n = intergranular porosity [-] or turbulent frequency [T-1]

n; = total number of different components of solid materials [-]

n, = total number of different components of porous materials [-]

N = spatial-temporal differential operator of partial differential equations (PDEs)

N; = number of training data in training PINNs (i = PDE, IC, BC, data)

N,, = total number of the spherical particles [-]

P = pressure [Pa]

Pe = Peclet number [-]

PP = subcooled liquid vapor pressure [Pa]

g, = non-zero roots of transcendental function

q; = first positive solution of transcendental function derived from empirical formula
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r =radial coordinate [L]

1, = dimensionless radial coordinate [-]

r;" = normalized radial distance in range of 0 to 1 [-] (i = PDE, IC, BC, data)
To, Tp = radius of a sphere [L]

Tt = mass transfer rate constant [T-1]

R, = retardation factor [-]

Re = Reynolds number [-]

R,,= external mass transfer resistance [T L]

R;,= internal mass transfer resistance [T L™!]

Rey = Reynolds number based on Kolmogorov’s scale [-]
Repacro = Reynolds number of macroparticles [-]

Repicro = Reynolds number of microparticles [-]

Re, = particle Reynolds number [-]

s = complex Laplace coordinate [T-1]

Sh = Sherwood number [-]

Shgp1 = Sherwood number of fine sediment particles [-]
Shgp,, = Sherwood number of coarse sediment particles [-]
Shpgi = Sherwood number of PE1 [-]

Shpg, = Sherwood number of PE2 [-]

Shpgs = Sherwood number of PE3 [-]

Sh,, =local Sherwood number [-]

SL = solid to liquid ratio of sediment particles [M L-3]

Sc = Schmidt number [-]

t =time [T]

t. = contact time of leaching test [T]

te3.20, = characteristic time for 63.2% equilibration [T]

t; = normalized time in range of 0 to 1 [-] (i = PDE, IC, BC, data)
T = temperature [K] or maximum simulation time [T] or Kolmogorov’s time scale [T]
TSP = concentration of total suspended particles [M L-3]

u = Kolmogorov’s velocity scale [L T-]

U = time-mean velocity [L T-1]

U, = relative velocity between two points [L T-1]

v = seepage velocity of water [L T-1]
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v, = relative velocity of water with respect to the particle [L T-1]

v, = velocity in the flow direction [L T-1]

v, p = bulk velocity outside the flow boundary layer [L T-]

Vy,y = velocity at location y and x [L T-1]

vy, = velocity in the transverse direction [L T-1]

V; = volume of ambient air [L3]

Virreguiar = total volume of irregular particles [L3]

Vsp = total volume of porous materials [L3]

Vsphere = volume of sphere [L3]

V,, = volume of water phase [L3]

Viot = total volume of column [L3]

w; = weighting factors of loss terms [-] (i = PDE, IC, BC, data)

x = Cartesian coordinate [L] or the length of the column [L] or inputs of neural networks
x; = normalized longitudinal distance in range of 0 to 1 [-] (i = PDE, IC, BC, data)
X0 = net column length [L]

Xs,63.29 = mass transfer zone length [L]

X5 AapE—Fp = Mass transfer zone length for film diffusion [L]

X, apE—1ppp = Mass transfer zone length for intraparticle pore diffusion [L]
y = outputs of neural networks

v, = distance above the surface (y) at any x value [L]

1/n = Freundlich exponent [-]

Z,, = width of the boundary layer in the z direction [L]

Greek symbols
o = lumped parameter for simplification or dispersivity [L]
a4, = lumped parameter for simplification

P = ratio of the mass of solute dissolved in the bulk aqueous phase to the mass in the
particles (sorbed and in the intraparticle pore space) under equilibrium conditions [-] or

lumped parameter for simplification

y = the ratio of particle radius over surface to volme ratio (e.g,y = 1,2 and 3 for plane

particles, cylindrical particles and spherical particles, respectively.)
6 = concentration boundary layer thickness [L]
8ryim = external film thickness for mass transfer [L]

8aq = aqueous external film thickness for mass transfer [L]
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6;, = laminar flow boundary layer thickness [L]

0, = internal film thickness for mass transfer [L]

Opp = external film thickness of PE sheets [L]

&, = external film thickness of solid materials [L]

8sp = external film thickness of porous materials [L]

67 = thickness of the turbulent flow boundary layer [L]

€ = intraparticle porosity of solid particle [-]

Eqisp = energy dissipation rate [L? T-3]

v, v}, = kinematic viscosity of fluid (e.g., water) [L2 T-1]

p = density [M L-3]

pp = bulk density of the packed bed in the column (= ps(1-n)) [M L3]
Pec = dry density of elemental carbon [M L-3]

py = mass density of the fluid [M L-3]

Poct = density of octanol [M L-3]

Pom = dry density of organic matter [M L-3]

pp = density of the suspended particle [M L-3] or bulk density of the particle (= ps(1- €)) [M
L3]

ppr = dry density of polyethylene [M L-3]

ps = dry density of the solid [M L-3]

Ap = density difference between particle and fluid [M L-3]

7., = characteristic time of coupled film and intraparticle diffusion model [T]
‘L'é?l = characteristic time of intraparticle pore diffusion model [T]

75 = characteristic time of external film diffusion model [T]

75 = tortuosity factor [-]

T 1, = shear stress for laminar flow [M T-2 L-1]

Ty = shear stress for turbulent flow [M T-2 L-1]

¢ = undetermined coefficient or lumped parameter for simplification

6 = hyperparameters of the neural networks (weights and bias) or empirical constant to be

determined

y = empirical constant to be determined

Yoct = activity coefficient of octanol [-]

Yom = activity coefficient of organic matter [-]

9 = kinematic viscosity of fluid [Lz T-1]
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71 = Kolmogorov length scale [L] or learning rate for training the hyperparameters of PINNs

A4, A, =lumped parameter for simplification

u = dynamic viscosity of fluid [M L-1T-1]

w = lumped parameter for simplification

o; = learning rate for training each loss term of PINNs (i = PDE, IC, BC, data)

¢, = universal turbulence constant, or Karman’s constant
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1 Introduction

1.1 Sorption/desorption Kinetics and mass redistribution in

heterogeneous systems

Sorption/desorption processes play a pivotal role in many fields, such as water purification
via activated carbon (Shi et al, 2023), separation of mixtures of chemicals in
chromatography (Montes et al., 2017), gas separation or gas storage with selective sorbents
(e.g., zeolites) (Qian et al., 2023; Zhang et al.,, 2023), organic pollutants retarded migration in
the mobile phase (e.g., ambient air or water) (Ngueleu et al, 2013), etc. Under non-
equilibrium conditions, solute mass redistributes into each compartment via mass transfer
until new equilibrium state is reached. Instantaneous sorption/desorption simplifies the
mass redistribution problem, allowing for the straightforward calculation of pollutant mass
stored in each compartment using the respective distribution coefficients. However,
instantaneous sorption/desorption is hard to achieve especially for sorbent with large grain
size and high distribution coefficient or with small intraparticle porosity. In such scenarios,
sorption/desorption kinetics has to be considered. External film diffusion and intraparticle
diffusion models (governing equations and details see Chapter 2) are two widely employed
kinetics models in the literatures (Parnis et al., 2020; Wang et al., 2022). The external film
diffusion model assumes a concentration boundary layer near the surface of the sorbent
with a given thickness and the mass flux density between immobile (solid) and mobile phase
(e.g., water or gas phase) is proportional to the mass transfer velocity (k) times the
concentration gradient in the boundary layer (Fick’s first law). The intraparticle diffusion
model considers the mass transfer resistance inside the sorbent. If no intraparticle porosity
exists, the mass transfer of sorbents and mobile phase is dominated by solid diffusion while
for porous particles, mass transfer is dominated by the concentration gradient inside the
intraparticle pores and the instantaneous equilibrium is assumed between pore and solid
phase. In contrast to external film diffusion, intraparticle diffusion follows Fick’s second law
where the diffusion distance increases with the square root of time at early time. For
sorption/desorption kinetics, these two mass transfer resistances coexist and single models
do not mimic the sorption/desorption kinetics well as proven by many experimental results
where the kinetics at early times follow the external film diffusion model, while data at later
times obey Fick’s second law and thus the intraparticle diffusion model (e.g., Seidensticker et
al,, 2017). However, there is a lack of research on the shift in mass transfer resistance and the
development of corresponding mathematical models, particularly in heterogeneous systems
where different compartments interact and sorption and desorption processes occur
simultaneously. In addition, redistribution scenarios and their kinetics are relevant for

pollutants which enter environmental compartments on particles such as in atmospheric
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deposition or suspended solids in rivers. Mathematical models could help us to better

understand the mass transfer in those complex systems.

1.2 Suspended particles in turbulent flow system and

Sherwood number relationships

1.2.1 Development of mass transfer coefficients from boundary

layer theory

Bulk flow in most rivers is turbulent, and thus a high degree of mixing is usually achieved
that ensures high rates of mass transfer. The same is true for batch experiments with well
stirred or shaken bottles in the laboratory. The movement of a fluid past a solid surface or a
fluid/fluid interface results in the development of a boundary layer wherein mass transfer
occurs through a combination of molecular diffusion and turbulent flow (“eddy” diffusion).
Molecular diffusion occurs close to the surface, where a viscous and laminar sublayer exists,
while farther away from the surface, eddies move randomly and transfer solutes by turbulent
“eddy” diffusion. Turbulence can be damped at interfaces between the water phase and a
second phase by concurrent local movement of the two phases if the second phase travels at
essentially the same velocity as the fluid element in which it is suspended (e.g., a particle
perfectly suspended in water). This is characteristic of highly dispersed two-phase systems
such as clay particles suspended in flowing water or in rapidly stirred but not well-mixed
reactors. Thus, although bulk mixing and macroturbulence may be great in such systems, the
microturbulence at phase interfaces is low. In the following, flow boundary layers (laminar
and turbulent) are discussed and based on that concentration boundary layers are derived

which finally leads to mass transfer coefficients.
Flow Boundary Layers

Before discussing engineering approaches to quantification of interphase mass transport, an
understanding of the fundamental concept of a boundary layer should be developed. A flow
boundary layer occurs whenever a flow pattern is disrupted by a surface. This surface
produces shear stress, which causes velocity changes in the vicinity of the boundary. Flow
boundary layers affect interphase mass transport processes, and thus both cause and affect
the concentration boundary layer. Mathematical relationships to describe flow and
concentration boundary layers can be combined to provide a fundamental understanding of

the mass transfer coefficient and how it depends on fluid and solute properties.

Partial differential equations allow to describe the thickness and velocity distribution of
laminar and turbulent boundary layers. A general sketch of the flow regime near a boundary
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is given in Fig. 1.1. The foundation of boundary layer theory can be traced back to the
pioneering work of Prandtl in the early twentieth century. Blasius, a student of Prandtl,
solved the Navier-Stokes and the continuity equation for laminar flow over a flat plate having
a sharp leading edge. The two-dimensional forms of continuity and Navier-Stokes equation
to be solved for incompressible laminar steady-state flow are (Weber and DiGiano, 1996):
dx  dy
oV, dv, 10P 0%v, 0%v,
— 4y, =—-——+ +
Vx o Ty dy p 0x Vk(@xz dy?

v, v, 10P 0%v, 0%y,
Yo T oy T pox k<_6x2 * oy

(1.1)

Vi [L2 T1] is the kinematic viscosity with v, = u/p where u [M L-1T-1] and p [M L-3] denote
the dynamic viscosity and the density of the fluid, respectively. The velocity is zero in both x
and y direction at the surface of the boundary. For y values exceeding the full thickness of
the boundary, the velocity in x direction is constant and the pressure gradient in x direction
vanishes (dP/dx = 0). Profiles of velocity in the flow direction, v, = ¢(y), and transverse
velocity v, = @(y), are obtained at each location, x. The transverse velocity increases with
distance from the surface until the bulk flow velocity is reached, which is logical because as
the boundary layer increases in thickness with x, flow along the edge of the plate must
displace fluid in the y direction. The position y at which v, becomes equal to the bulk

velocity, v, j,, represents the total thickness of the boundary layer.

Transition Region Bulk Fluid

Turbulent Boundary Layer

Laminar Boundary Layer |

Fig 1.1: Boundary layer development on a sharp-edged flat plate (adapted from Welty et al.,
2007).

(a) Laminar flow boundary layer
Blasius (1908) used the Reynolds number in the bulk fluid to derive the laminar boundary

layer thickness (6;). He showed that the shape of the velocity profile within the boundary
layer remains constant regardless of the position along the x direction at which the
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boundary layer is examined. Figure 1.2 is the dimensionless plot of the velocity profile. The
abscissa is the velocity within the boundary layer (v, ) relative to the velocity in the bulk flow
(vy,») and the ordinate is (y,Re®%)/x, where y, is the distance above the surface (y) at any x
value and the Reynolds number (Re) is calculated from the bulk fluid velocity. It is clear from
the Fig. 1.2 that for any x value, the velocity increases linearly with y near the surface,
becomes curvilinear farther away, and then asymptotically approaches a terminal velocity.
The thickness of the laminar boundary layer (§;) can be estimated by evaluating the ordinate
when v, /v, , = 0.99, for which the value of the ordinate is 5 (derivation see Welty et al,

2007).

5x

= 1.2
0L Re05 (1.2)
6.0 |-
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Fig. 1.2: Blasius solution to the Navier-Stokes equation for a laminar boundary layer
(adapted from Welty et al., 2007).

Equation 1.2 states that the laminar boundary layer thickness increases with distance along
the boundary due to the viscous force and decreases with the square root of the Reynolds
number. Similar results can be derived from the von Karman integral, which is derived from

the fundamental mass and momentum balance equations.

5L 9pv
.f gxxdxzwdy+4n@dex::0 (13)
0

for the mass balance and
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5. dpv,
f vadewdy + pvypVyZydx = 15, Z,,dx (1.4)
0
for the momentum balance. Z,, [L] is the width of the boundary layer in the z direction and

75, [M T-2 L-1] denotes the shear stress for laminar flow.

Momentum in
y-Direction

)

Momentum in

x-Direction |

dx [

Fig. 1.3: Control volume for analysis of a fluid boundary layer (adapted from Welty et al.,
2007).

Dividing Eq. 1.4 by Z,, dx gives:
d (o
TsL = Ej pv,?dy + PVUx pVy (15)
0

and performing the same step on Eq. 1.3, yields:

< (16)
v,=——1| v,dy 1.6
Y dxJ),

The von Karman integral is obtained by substitution of Eq. 1.6 for v), in Eq. 1.5:

d (%
TsL = _Ef (Ux,b — V) pUxdy (1.7)
0

The Blasius solution to the Navier-Stokes equation reveals that the shape of the velocity
profile in the boundary layer is independent of x. This shape can thus be approximated by a
simple polynomial expression iny (e.g., vy = @y + a1y + ayy? + azy3 + ---), which, when

0%vy
] ayz -

forced to conform to four boundary conditions (y = 0,v, = 0;y =0 0y =68,,v, =

v .
Veps Y = SL,a—; = 0) gives:
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v 3 1 3
P 2 (Z) _Z (Z) (1.8)
Ux’b 2 6L 2 5L

This expression can be substituted into the right-hand side of Eq. 1.7. The shear stress term
on the left-hand side of the von Karman integral given in Eq. 1.7 can be expressed simply as
75, = u(dvy/dy)|y=o, and dv,/dy can now be determined from Eq. 1.8. Performing the
same mathematical steps as outlined above, the expression for the thickness of the laminar

layer becomes:

4.64x

oy = Re05

for Re < 10° (1.9)

The Eq. 1.9 derived from the approximation provided by von Karman integral compares very
well to the more exact one derived by Blasius. It is important to remember that the laminar
expressions for boundary layer thickness derived herein are applicable strictly only to

smooth surfaces.

(b) Turbulent flow boundary layer

The mathematical analysis of a turbulent boundary layer poses greater challenges compared
to that for a laminar boundary layer because the velocity in such case becomes a function of
time and space. The turbulent boundary layer may be conceptualized as comprising a
laminar sublayer and a fully turbulent boundary layer. Assuming a constant shear stress (7)
with the sublayer (same as for the laminar boundary layer discussed above), the velocity
increases linearly with distance from the surface. The velocity distribution in the remaining
portion (fully turbulent layer) is more complex. Mathematical descriptions are based in part
on Prandtl’s mixing length concept (1925) to describe turbulent shear stress 7, 7, as depicted

in Eq. 1.10:

d”">2 (1.10)

Tsr = p Ll (E

where [,,, [L] denotes the mixing length.

Prandtl (1925) demonstrated that the mixing length (1) is proportional to distance from
the surface (I,,, = ¢,,y) for regions close to the surface. The coefficient of proportionality {,, is
the universal turbulence constant, or Karman’s constant and must be determined
experimentally. A typical value is about 0.4. After taking the square root of both sides of Eq.
1.10 and integration it follows that:

UX

1
Z=Zlny+C 1.11
s y (1.11)
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where v; or (757/p)%> [L T-1] denote the shear velocity and C is a constant of integration. Eq.
1.11 is not valid in the laminar sublayer, where the velocity profile is linear, and thus is
restricted to the domainy > 6., where§;;is the thickness of the laminar sublayer.
Equation 1.11 shows that the thickness of the boundary layer increases exponentially with

increased velocity.

An empirical power-law equation was suggested by Prandtl to capture the general shape of

the velocity distribution given by Eq. 1.11, which is given as:

Vx y

0.143
— == 1.12
Ux b (6T) ( )

where 67 [L] denotes the thickness of the turbulent boundary layer. The general shape of the

entire velocity profile is shown in Fig. 1.4.

vx,b
0.143
Vx,b &7
y Or
v. = T5,.0Ls
x —‘u s
Laminar sublayer _‘76:1,5

Vx

Fig. 1.4: Velocity profile for the laminar sublayer and the turbulent boundary layer (adapted
from Welty et al., 2007).

An empirical expression developed by Blasius for shear stress (7;r) at the boundary in

turbulent flow has the form:

0.25
Vi
Tr = 0.0233pvZ, <v ; 6r> (1.13)
X,

Using the von Karman integral equation (Eq. 1.7) and substituting the left-hand side with the
Eq. 1.13 and replace v, at the right-hand side with the Eq. 1.12, the equation becomes:
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0.25 5 0.143 0.143
Vk d (°1 y y
0.0233p12 = py? —f 1- (—) <—) d 114
pvx,b (vx,b6T) pvx,b dx o [ 6T 5’[‘ y ( )

After integrating the right-hand side of Eq. 1.14, we get:

0.25
"") _ 40 (1.15)

0.0233 =—
(vx,de dx

Finally, after separation the variable and integration (assuming x = 0, §; = 0), Eq. 1.15 leads

to the following simple expression for the turbulent boundary layer thickness.

0.37x

~ Re0z2

St for 5x 10° < Re < 107 (1.16)
The turbulent boundary layer is thicker than the laminar boundary layer and also has higher
mean velocity. Consequently, a turbulent boundary layer involves significantly greater

momentum and energy than a laminar layer.

Concentration boundary layer and mass transfer

Turbulent flow is common in the natural systems, such as in rivers especially during floods.
Polluted urban particles may be flushed into the rivers and pollutants within river water and
native particles are redistributed depending on mass transfer. The concentration of the
pollutants in the water phase is of interest in environmental risk assessment. Mass transfer
from polluted particles into river water controls the equilibration time scale. In a turbulent
flow system, most of suspended particles follow the streamline and show a velocity similar
to the fluid. The relative velocity between particles and water is small and thus the laminar

boundary layer theory applies in the following discussion.

A mass transfer relationship can be derived by coupling the concept of the flow boundary
layer (4;) with that of a concentration boundary layer (more details see Weber and DiGiano,
1996). Here, we consider a simple example of mass transport away from a ‘soluble’
dissolving plate during laminar flow. If the velocity and concentration distribution can be
expressed mathematically, the mass transfer flux at any location, y, within the boundary
layer can be viewed as the result of advective transport of component F;, (= v, C;, ), where
Vy,y is the velocity at location y and x and C;,, denotes the concentration of component i at
this location. For a laminar boundary layer, the thickness of the flow boundary layer is given
by Eq. 1.9 and the velocity profile in boundary layer by Eq. 1.8. The concentration boundary
layer (§) is determined by diffusive transport normal to the dissolving plate. Like the velocity
profile, the concentration profile can be described by a simple polynomial iny (C; = ay +
a1y + a,y? + azy® + -+-). After applying the appropriate boundary conditions (y = 0, d2C;/
dy? =0; y=46,C; = 0anddC;/dy = 0), we have:
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R AT EaY (117)

where C; [M L-3] denotes the solute concentration at surface of the dissolving plate.

The mass balance at steady state in an elemental volume (Z, dxdy) of the fluid in the

concentration boundary layer, as shown in Fig. 1.5, is:

§ aCl’Ux
o Ox

dxZ,dy — F;Z,dx =0 (1.18)

where F; [M L2 T-1] denotes the solute mass flux density out of the dissolving plate.

The first term in Eq. 1.18 is the net advective transport in the x direction, while the second

term accounts for diffusive transport out of the boundary layer in y direction.

Flux of i in
y Direction

|

|

|

| Flux of { in

| x Direction |
| |
| dx |

I

Fig. 1.5: Control volume for analysis of a concentration boundary layer.

Replacing the flux term, F;, by Fick’s law, substituting and dividing by Z,,dx allows to express
Eq. 1.18 as:
aC;

0 f5
— | Cvdy =—Dgg;i—— (1.19)
oxJo 7 "oy y=0

where D, ; denotes aqueous diffusion coefficient of compound i.

Assuming that § < §;, allows to integrate left-hand side of Eq. 1.19 and the right-hand side
can be differentiated because both v, /v, ; and C;/Cs; are known functions ofy/§; and y/o
(Eqg. 1.8 and Eq. 1.17), respectively. The next step is to differentiate the left-hand side with

respect to x. The mathematical derivation is shown below for the left-hand side of Eq. 1.19:
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T ox [% 5 ﬁg—g] VabCsi (1.20)
3 5%l 3 §2Re05 3 52
= [_E4.64v°-éx1-5] Vst = [_EW] VipCsi = [_Eﬂ] Vseb Csi

3 (8\° 4.64
= |~ 30(5;) esz| oo

and the right-hand side of Eq. 1.19 becomes:

ac; d 3.9y 1,943
—Dygi=—lyeo = =Dagi—|1 == (=) += (= e
aq,t ay |y—0 aq,l ay [ 2 (6) + 2 (5) ] CS,lly—O

3/1\ 3y?
= Dt |5 (5) + 355] uo ez
3 1
~ EDaq,i ECS,i
Coupling Egs. 1.20 and 1.21 results in:
53 Daq_iReO'S
5_Z~ Vx,b
' 1.22
(5 )3 DgqiRe®* Re®S Dgq: 1 (1.22)
o; Vyb x vy Sc

where Sc [-] denotes the Schmidt number (vi/Dgq ). Finally, substitution for §; from Eq. 1.9

gives an expression to calculate the thickness of the concentration boundary layer:

4.64x

= Re1/25c7A (123)

Equation 1.23 makes intuitive sense since the thickness of the concentration boundary
decreases with increasing Reynolds and Schmidt numbers. Higher Reynolds numbers imply
that inertial forces are more important than viscous forces, a fact that is caused by greater
momentum transfer in the fluid. The kinematic viscosity (v, ) represents the proprotionality
between shear stress (75;) and the momentum gradient (p dv, /dy) - in other words, it is the
eddy momentum dispersivity. A high Schmidt number indicates the dominance of
macroscale momentum transfer over microscale momentum transfer, the latter produced by

molecular diffusion.

Knowing the thickness of the concentration boundary layer allows us to obtain the
relationship for mass transfer. The mass transfer flux density is equal to the diffusive flux

density given by Fick’s law and applied at y = 0, namely:
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ac,

Fi = kmt,i(Cs,i - 0) = _Daq,iE

(1.24)
y=0

where k¢ ; [L. T-1] denotes the mass transfer coefficient. The diffusional flux is obtained by

taking the derivative dC;/dy of the concentration profile (Eq. 1.17):

3 Da iCsi
F-=—< il ) 1.25
i =3 5 (1.25)

Using Eq. 1.23 to substitute the § and combining with Eq. 1.24, the local Sherwood number

(Sh,) can be expressed as:

k.. ix xv, \Y2 [ v\
Shy = 4= = 0.323( "'b> ( « > (1.26)
Daq,i Vk Daq,i

Normally, a characteristic length (L.) is used instead of x to get an average mass transfer
coefficient or an average Sherwood number. Then the Sherwood number correlation derived

from laminar boundary layer theory becomes:

sh=fmuile _ o626 (L“Vx"’)m( L )1/3 = 0.626Re!/25¢1/3 (1.27)
Dqg,i Vi Dyq,i
It is important to note that the results given in Eq. 1.23, Eq. 1.26 and Eq. 1.27 are obtained
through characterization of a realistic physical model (boundary layer theory) by application
of fundamental principle of continuity, conservation of momentum and mass transport,
which does not include any empirical constant from experiments. Although the application
of boundary layer theory to more complex mass transfer situations is limited by our lack of
understanding of the physical details, it shows that the mass transfer relationships for
different systems can be related to relatively simple dimensionless numbers (e.g., Reynolds
number (Re), Schmidt number (Sc) or Peclet number (Pe = ReSc). This leads to a better

understanding of empirical correlations for mass transfer.

1.2.2 Development of mass transfer coefficients from

Kolmogorov’s turbulence theory

Theory of local isotropy of turbulence

Turbulence is always dissipative and requires a continuing supply of energy coming from
large scale eddies within the bulk flow to feed it. The mechanical energy associated with bulk
flow velocities is dissipated by viscous energy losses in the smaller eddies. In a stirred

system, the impeller continually produces primary eddies which are similar in magnitude to
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the dimensions of the main flow. When the Reynolds number of the main flow is high, these
large primary eddies are unstable due to small disturbances and disintegrate into smaller
eddies through inertial interactions. These small eddies, in turn, at high Reynolds number,
are also unstable. This process is repeated in the form of a cascade until the Reynolds
number of the smallest eddies are too small to permit further degeneration. Clearly nth
order sized eddies absorb some of the energy from the (n-1)th order eddies and transfer it
on partly to (n+1)th order sized eddies by means of work done against the Reynolds stresses
and partly to internal thermal energy. The energy transfer to higher order eddies will be
larger compared with the amount of energy dissipated (transform to heat) for the larger
eddies. However, the portion of energy which is dissipated by viscosity will increase for very
smallest eddies. As the process goes on, the viscous stress will finally dominate the energy
dissipation and small eddies are not forming anymore. This situation can be well described

in rhyme (Richardson, 1922):
‘Big whorls have little whorls, which feed on their velocity;
Little whorls have smaller whorls, and so on unto viscosity.’

As energy transfer from large eddies to small eddies occurs in different directions, the
directional information of large eddies is gradually lost. If a volume of fluid is considered
whose dimensions are small compared with the scale of main flow, the magnitudes of
fluctuating components of the velocity are equal. Thus, isotropic turbulence exists, even

though the turbulent motions of the larger eddies maybe far from isotropy.

Kolmogorov (1941) concluded that in fully turbulent flows (large Reynolds number), all
eddies which are much smaller than the primary eddies are completely independent of bulk
motion and details of the agitation device as well as external condition. The properties of
these small eddies are determined solely by the local energy dissipation rate (&4;5,), and the
kinematic viscosity of the fluid (v,). The energy spectrum of turbulent flow has been

formulated following a relative difficult mathematical and statistical treatment in the form:

E(k) = Ck*exp (—2k?vit) (1.28)

where C = f(v,t) is a constant, t is time and k (proportional to reciprocal of eddy size) is
called the wave number is related to turbulent frequency (n) given by k = 2nn/U, where U is
time-mean velocity. The energy spectrum E (k) as a function of the wave number is shown in
Fig. 1.6 and shows that the energy spectrum function E (k) increases rapidly, initially with k*,
then reaches a maximum and finally decreases monotonously as k increases. By integrating

over all wave numbers, the total turbulence kinetic energy (Ej, [M Lz T-2]) can be derived:
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E = f OOE(k)dk (1.29)
0
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Fig. 1.6: Schematic of turbulent kinetic energy spectrum (E(k)) as a function of wave
number (k) (L, denotes the maximum length scale of the vortex and normally can be
assumed as the length of paddle in the stirring system or width of a river. | denotes the

Kolmogorov’s length scale).

Based on Eq. 1.28 and Eq. 1.29 the rate of change of kinetic energy of turbulent motion (the
dissipation rate (£g4;5,) of turbulence energy) over all wave numbers becomes:
d [P E(k)dk 00
Eqisp = dly EGdk _ —2v j K2E(k)dk (1.30)
dt 0
It is clear from Eq. 1.30 that the energy dissipation is selective towards the high wave
number or small eddies. Viscous dissipation reduces the kinetic energy of turbulent flow

effectively for a fluid with high viscosity.

Figure 1.6 shows that the energy spectrum of eddies which are much smaller than primary
eddies can be divided into two ranges. The first part is the inertial range where the most of
kinetic energy of large eddies is transferred to small eddies and the viscous energy lost is
negligible. The second part is the dissipation range where the viscous energy lost (thermal
energy) is dominant. The boundary between these two ranges is dominated by Kolmogorov’s
length scale (n). The Kolmogorov’s length scale (1), time scale (T) as well as velocity scale (u)

are defined as:
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v \4
]’] =
gdisp

; =< Ve >% (1.31)

gdisp
1

u= (Vksdisp)Z

Calculating the dimensionless Reynolds number (Rey) based on Kolmogorov’s scale gives:

nu Edi
R disp

Vk Vk

1/4

1
(ngdisp)4 _ 1 (1_32)

When Reynolds numbers of eddies are smaller than 1, the properties of eddies are controlled
by the energy dissipation rate (&45,) as well as the kinematic viscosity (v, ). However, if the
Reynolds numbers of eddies are larger than 1, the properties of eddies are only dominated
by the energy dissipation rate (&4i5p). The size of the suspended particles (d,) in water is
usually much smaller than the length scale of the primary eddies (Ly). According to the
Kolmogorov’s length scale, the suspended particles can be divided into two parts

(macroparticle (Lo > d,, > 1) and microparticle (d,, < 7).

Relative velocities for suspended particles to the bulk fluid

Kolmogorov assumed that if M; and M, are two points with distance d in a small volume of
turbulent flow, U; and U, are the velocity components in direction of M; M, at the points of
M; and M,, then a relative velocity between two points U,, can be defined by FTZ =

(U, — U,)?, where U, denotes the square average relative velocity. U, is determined mainly

by the small eddies, which are statistically independent of the main flow.
(a) Macroparticle

The square relative fluctuating velocity of macroparticle depends on the energy dissipation
rate (&4;5p) and the distance (d, here grain size d,, is used). Based on the dimension analysis
(see section S1.1), the square relative fluctuating velocity of macroparticle can be expressed
as:

2 2/3 ;2/3
U," = Cregledy (1.33)

where C; is a constant.
(b) Microparticle

The square relative fluctuating velocity of microparticle depends not only on the energy
dissipation rate (&4;5) and the grain size (d,), but also on the kinematic viscosity of fluid
(vg)- The square relative fluctuating velocity of microparticle can be expressed as (derivation

see section S1.1):
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— Eqai
U,° = C, 22 g2 (1.34)

where C, is a constant.
Sherwood numbers of suspended particles

There are many studies available in the literatures in which solid-liquid mass transfer in
agitated and fluidized bed systems was investigated over a wide range of Reynolds numbers.

Most of these correlations can be adequately described by the following equation:
Sh = A+ BRe“®ScP (1.35)

where A is a constant (spherical particles: A = 2; derivation see section S1.2) and B is a
constant to be determined using a regression analysis of experimental data. o and 8 are

empirical constants to be determined.

The Schmidt number exponent 5 of 1/3 is widely used in many empirical relationships (see
Tab. S2.1 in section S2.5) based on the boundary layer theory (see section 1.2.1: 1/3 comes
from the ratio of the thickness of the fluid velocity boundary layer to the thickness of the
concentration boundary layer (Eq. 1.22)). The exponent of the Schmidt number might varies
slightly in the range of 1/3 - 1/2 depending on the hydrodynamic condition (Harriott, 1962;
Levins and Glastonbury, 1972). The exponent of the Reynolds number for suspended
particles mainly varies in the range of 1/2 - 3/4. In the following Sherwood numbers of
macroparticle and microparticle are derived based on their relative velocities from

Kolmogorov’s turbulence theory.

(a) Sherwood number relationship of macroparticle

Substituting the velocity term with Kolmogorov’s relative fluctuating velocity of

macroparticle (Eq. 1.33), the Reynolds number of macroparticle (Re;,qcr0) becomes:

Remacro -

1
U, d, _ (2aispp)dy _ <@>% (1.36)
Vi Vi L
Harriott (1962) experimentally showed the mass transfer coefficient (K, = Dgq/6 =
DgyqSh/dy) decreases with increasing particle size (d,) for small particles while the mass
transfer coefficient becomes nearly constant for larger particles (equivalent scheme see Fig.
S2.6). This finding implies the Sherwood number of macroparticle is proportional to the
grain size (d,), thus the exponent of Reynolds number of macroparticle should be 3/4.

Finally, the Sherwood number relationship of macroparticle is given as:

Sh =2+ BReJ/%, Sc'/? (1.37)
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(b) Sherwood number relationship of microparticle

Substituting the velocity term with Kolmogorov’'s relative fluctuating velocity of

microparticle (Eq. 1.34), the Reynolds number of microparticle (Re,,icro) becomes:

74, (%)

Vk Vk

1/2
dp) dy (1.38)

Remicro -

Kirwan et al. (1989) produced experimental data to prove the theoretical lower limit of the
Sherwood number of 2 for spherical particles and showed that mass transfer of suspended
particle in creeping flow (low Reynolds number; microparticles) can be well explained by the
Sherwood number relationship proposed by Friedlander (1961), which is given as:

Sh =2+ BPe/3 =2 + BRe}? scl/3 (1.39)

micro

Pe (= Re X Sc) denotes Peclet number.

Equation 1.39 was derived based on assumption that mass transfer is dominated by the
relative velocity between microparticles and microeddies (developing boundary layer
model), which originates from continuous formation and disappearance of microeddies that
are at the basis of the turbulent energy cascade process. Moreover, the motion of the
microeddies, the motion of microparticles in microeddies as well as the motion from one

vanishing microeddy all depend on viscous forces (details see Kirwan et al. (1989)).

[t is very interesting that many empirical formulas in literatures (for a summary see Kikuchi
et al,, 1988) are based on Reynolds numbers of macroparticles even if microparticles are
applied. Inserting Eq. 1.38 into Eq. 1.39, we obtain:

Sh=2+BRe!? $c'/3 =2+ BRe)?, Scl/3 (1.40)
The correlation of Ranze and Marshall (1952) was based on mass transfer data of
microparticles over a wide range of Reynolds numbers and has gained widespread

acceptance in the literature; the constant value of B is around 0.6:
= 1/2 1/3 1.41
Sh =2+ 0.6Re,, ;croSC (1.41)

Different experimental setups and hydrodynamic conditions might obtain slightly different
constant values (B). The mass transfer coefficients (kp,; = Dyq/8 = DgqSh/d,) of the

suspended macroparticles and microparticles can be calculated by applying corresponding

Sherwood number relationships (Eqs. 1.37 and 1.41).

Limitations of Kolmogorov's theory
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Kolmogorov’s theory assumed that the effect of gravity is small in comparison with that of
eddy motion at the particle surface. Harriott (1962) found essentially no effect of density
difference (Ap) over the range 0.005 to 2 g/cm3 for fully suspended particles. However, if
particles have large densities the effect of gravity cannot be neglected, and Kolmogorov’s
theory doesn’t hold any more. For particles under gravity (during sedimentation) according
to Stoke’s law (1851) reach a terminal velocity which can be used to calculate Sh and thus
the mass transfer coefficient (discussed in section S§1.3). In addition, Kolmogorov’s theory is
only able to explain mass transfer for fully suspended particles under the spatially
homogeneous energy distribution. In practice, the vertical gradient of particle concentration

in suspensions is often visible, which may cause the results departing from the theory.

1.2.3 Summary

In summary, suspended particles can be divided into two parts based on the Kolmogorov’s
length scale, microparticles and macroparticles. The minimum Sherwood number of
spherical particles is 2 (molecular diffusion in an infinite body of stagnant water). The
exponents of Reynolds number (based on Re,,,.r0) for macroparticles and microparticles
are around 3/4 and 1/2, respectively. Based on boundary layer theory, an exponent of 1/3
for Schmidt number is widely used in many Sherwood number relationships (see Tab. S2.1 in
section S2.5). The Sherwood number relationships derived from boundary layer theory and
Kolmogorov’s theory (Egs. 1.37 and 1.41) provide us a tool to physically determine the mass
transfer coefficients of the fully suspended particles and experimentally validation of those
theories is described in detail in chapter 3. The energy dissipation rates of different systems
(stirrer in the lab, river and ocean) and mass transfer coefficients of different grain sizes as
well as the dividing line of suspended particles (the Kolmogorov’s length scales) in

corresponding systems are discussed in section S2.5.

1.3 The objectives and the structures of the thesis

The objectives of the thesis are:

® to generate analytical and numerical solutions for sorption/desorption kinetics
governed by coupled film intraparticle diffusion for both homogeneous (chapters 2 and
4) and heterogeneous systems (multiple sorbents; chapters 3, 5 and 6). The solutions
should cover scenarios occurring in batch systems (chapters 2, 3 and 4) as well as cases

considering transport process in columns and rivers (chapters 5 and 6).

® to investigate different parameters (e.g., distribution coefficient, intraparticle porosity,

grain size, Sherwood number, etc.) impacts on mass transfer shifts in the coupled model
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(chapters 2, 3, 4 and 6).

® to figure out solute mass redistribution in heterogenous systems via derived models
and understand sorption/desorption behaviors of different sorbents and how they
interact with each other (chapters 3 and 5). Moreover, the redistribution model aims to

explain some unexpected slow kinetics behaviors of mixed samples.

® to experimentally validate coupled model (chapters 3 and 4) and assess the feasibility
of applying Kolmogorov’s turbulence theory to elucidate the mass transfer velocity of

suspended particles (chapter 3).
The whole thesis is structured as:

Chapter 1 briefly introduces the sorption kinetics models (film diffusion and intraparticle
diffusion model) and proposes the questions about the mass transfer shift of coupled film
intraparticle diffusion model as well as physical determination of concentration boundary
layer of suspended particles. Subsequently, the boundary layer theory and the Kolmogorov’s
turbulence theory are combined to lead out the dimensionless Sherwood numbers utilized in

calculating concentration boundary layer, thus mass transfer velocity.

Chapter 2 theoretically investigates the mass transfer shift of coupled film intraparticle pore
diffusion model and a simple first order analytical approximation solution for homogenous
sorbent is proposed, which allows to efficiently model coupled model kinetics in batch
systems (bath of finite volume) and a semi-analytical Laplace transform solution is derived
for validation of this simple analytical approximation solution. Mass transfer shift of coupled

model is discussed using mass transfer resistance ratio.

Chapter 3 extends the semi-analytical Laplace transform solutions to heterogeneous
systems, which allows to easily apply different sorption/desorption kinetics models for
different sorbents in terms of their properties (particle size, geometry, intraparticle porosity,
organic carbon content, distribution coefficient etc.) by using different transfer functions in
Laplace domain and a computationally very efficient numerical back transformation method.
Two batch experiments (Phenanthrene/Anthracene d10 redistribution in mixtures of
spherical microplastics of different sizes and a sediment suspension with polyethylene
passive samplers) are utilized to verify our redistribution model as well as the Sherwood

number relationships based on Kolmogorov’s theory.

Chapter 4 presents another application of coupled film intraparticle pore diffusion model in
explaining slope discrepancy of particle/gas distribution coefficients (K,4) of polycyclic
aromatic hydrocarbons (PAHs) in atmosphere. For model verification, three datasets

collected from recently published papers with different contact times between airborne

particles and air are utilized.
Chapter 5 presents the application of the kinetics models in leaching tests (based on
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German standard). The initial conditions, mass transfer mechanisms as well as sample
compositions (heterogeneity) influence on leaching tests are investigated. The traditional
leaching tests aim at equilibrium conditions (or uniform concentration distribution) before
the leaching starts, but the true concentration distributions inside the column after first
flood are seldom discussed. The transport model coupling with external film diffusion and
intraparticle diffusion model is utilized to simulate the concentration distribution inside the
column and leaching curves by the finite volume method. This chapter shows the complexity
of column leaching tests and the generated numerical model can be used to predict the
leaching behaviors of the contaminated materials especially when heterogeneity is

concerned.

Chapter 6 presents two mesh free methods (semi-analytical Laplace solution and physical
informed neural networks (PINNs)) to replace the tedious numerical model for solving non-
equilibrium advective-dispersive solute transport with coupled film-intraparticle pore
diffusion. The mass transfer shift of coupled model by considering transport process is

discussed.

Chapter 7 summarizes the main findings of the thesis and presents the outlooks.
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2 First order approximation for coupled film and
intraparticle pore diffusion to model

sorption/desorption batch experiments

Binlong Liu, Michael Finkel, Peter Grathwohl

Abstract

A simple first order approximation was derived to model sorption/desorption kinetics of
hazardous compounds in batch experiments based on a coupled film and intraparticle
diffusion model. The solution is accurate enough to replace infinite series expansions needed
in analytical solution for intraparticle diffusion and it accounts for the mass transfer shift
from diffusion in the external aqueous boundary layer to the intraparticle pore space. With
increasing distribution coefficient (K;) and intraparticle particle porosity (€) or decreasing
Sherwood number (Sh) this mass transfer shift from film diffusion to intraparticle pore
diffusion is delayed. The simple first order approximation equation allows analyses of mass
transfer resistances and calculation of characteristic times which is relevant for the planning
of batch experiments. The proposed solution is verified by a semi-analytical solution in
Laplace space for fractional mass uptakes in the solid phase at equilibrium ranging from 50

to 91%, representing scenarios typically encountered in batch experiments.

2.1 Introduction

In many experiments on fate and transport of hazardous compounds in the environment the
assumption of local equilibrium is questioned, and an analysis of sorption and desorption
kinetics is needed (Wang and Guo, 2020). Often, intraparticle diffusion or more specifically
intraparticle pore diffusion is limiting mass transfer of sorbates (e.g., organic pollutants) to
sorbents like soil aggregates, rock fragments, biochars, etc. (Cooney et al., 1983; Goltz and
Roberts, 1986; Hutzler et al., 1986; Roberts et al., 1986; Ball and Roberts, 1991a,b; Sardin et
al, 1991; Grathwohl and Reinhard, 1993, Riigner et al, 1999; Kleineidam et al., 1999;
Karapanagioti et al., 2000; Allen-King et al., 2002; Sabbah et al., 2005; Finkel and Grathwohl],
2017; Liu et al,, 2019; Mddenes et al.,, 2021; Pauletto et al., 2021) but especially at early times
(when intraparticle concentration gradients are still very steep), diffusion through the
external aqueous boundary layer (film diffusion) may be limiting as for example frequently
observed in sorption/desorption experiments of organic or inorganic pollutants with

sorbents like volcanic ash-derived soil, activated carbon, peat, microplastics, etc. especially
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for sorbates with large distribution coefficients (Ho et al.,1999; Staelin et al, 2018;
Seidensticker et al., 2017, 2019; Guo et al., 2019; Caceres-Jensen et al., 2020). While
sorption/desorption kinetics limited by film diffusion has a simple analytical solution,
intraparticle diffusion requires infinite series expansions and attempts to replace it by
simplifications has been elusive so far (e.g., Hills et al., 1986); short term and long term
approximations only cover small ranges in time or degrees of equilibration. The objective of
this work is to develop a simple first order approximation solution for the coupled model
which can be easily handled in spreadsheet calculations. The approximation is verified by a
semi-analytical solution for mass transfer controlled by retarded intraparticle diffusion and
an external aqueous boundary layer using a Laplace transform with numerical inversion. The
simple solution allows to analyze how different parameters influence the mass transfer shift
from the external boundary layer into the particle (e.g., based on mass transfer resistance
ratios); characteristic time scales needed for the design of sorption/desorption batch

experiments can be easily assessed.

2.2 Theory

2.2.1 Retarded intraparticle pore diffusion

Spherical intraparticle pore diffusion models are widely used in the design of activated
carbon adsorption, ion exchange as well as in chromatography. The governing equation of

intraparticle pore diffusion (IPPD) is:

(2.1)

0%Cyp 20C,,
or? r or

d
a(gcw,p + ppCs) =D, [

where r [L] is the radial coordinate and C,,, [M L3] is the solute concentration in the
intraparticle pore water; D, [L2 T-!],e[-] and p, [M L3] denote the effective diffusion
coefficient in the porous particle, the intra-particle porosity, and the bulk density of the
particle (= ps(1—¢); ps [M L3] is the density of the solid). C; [M M-1], the solute
concentration in the solid phase, is related to the aqueous concentration by the distribution

coefficient Ky, i.e. C; = Ky Cy, - Eq. 2.1 thus simplifies to:

Cyp 0%Cyp 20Cy,
~=D e 2.2
ot @ [ or2 ' r or (2.2)
where D, [L2 T-1] is the apparent diffusion coefficient:
L Dage __ Daat” 23)

D, = = ~
Y e+ Kap, Tr(e+Kapp) €+ Kapp
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75 [-] is the tortuosity factor and Dy, [L? T1] denotes the diffusion coefficient in water.
Empirical studies showed that D, increases approximately with the square of the
intraparticle porosity (Boving and Grathwohl, 2001); thus, the tortuosity factor 7y [-] for
diffusion in intra-granular pores may be approximated via the reciprocal of the intra-
granular porosity (z; = 1/¢). This derivation is based on a linear sorption isotherm. If a non-
linear sorption isotherm is available, a linearization is required for the relevant

concentration range of the batch experiment (see section S2.6).

Experiments on sorption kinetics are commonly performed in a well-mixed bath of limited
volume (“finite bath”) and an initial spike of solute in the water (sorption) or contaminated
material in initially clean water (desorption). Following Crank (1975) the analytical solution
of Eq. 2.2 can be expressed as a series expansion:

M - 68(B+1) D,

=1-— ) ——————exp [—qz—t] (2.4)
M, L9+ 9B + q7p? " a?

M [M] and M., [M] denote the mass of solute, which has diffused into or out of the particle
after a certain time t and after equilibrium was reached, respectively. a [L] denotes the
radius of a spherical particle. 8 represents the ratio of the mass of solute dissolved in the free
aqueous phase M,, ., [M] to the mass in the particles (sorbed and in the intraparticle pore

space €) M ¢, [M] under equilibrium conditions:

ﬁ_Mw,eq_ Vw _1_f

Ms,eq my (Kd +pi) f (25)
p

V,, [L3] and m, [M] denote the volume of water in the batch reactor and the dry mass of the
solids; f [-] is the fractional uptake at equilibrium (mass in particle to total mass in the
system). Note, M/M,, and thus § and fonly refer to the solute mass involved in mass transfer
independent on direction (i.e., for sorption and desorption). Very large § values approach
infinite bath conditions while small values represent the case where the sorbent “takes it all”
(or keeps the solute during desorption). The term K; + €/p, may be interpreted as bulk
distribution coefficient between bulk water and porous particles, K, ;,, which also accounts
for the solute mass stored in the intraparticle pore space. q,, denotes the nth non-zero root of

3qn
3+Baf’

tang, =

A large number of terms in the series expansion is needed to obtain an accurate result, which
makes the application of short term and long term approximation solutions quite attractive.
Barrer (1978) proposed the well-known square root of time solution (Sqrt(t)) as short term

approximation of intraparticle diffusion in a batch system:
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I\Zq_6j£(l+%) (2.6)

which is valid for M /M., < 0.1 when 8 > 0.1. Based on Eq. 2.6, the time needed for certain

degree of equilibration can be determined for intraparticle pore diffusion:

naz( M )2
Meq

36D, (1 + Ky ’3—;)2

e ()
= - 2.7)

Dage? (1 mgy mg
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144

A maximum equilibration time needed exists when liquid to solid ratio equals to distribution
coefficient (or f = 1). For smaller and larger f values mass transfer becomes faster (see Fig.
2.1). Note that this maximum in equilibration time needed only occurs in intraparticle pore
diffusion but not in diffusion in solids (without pores) because the diffusion coefficient in

solids is independent on distribution coefficient.

A long term approximation solution (LTAM) of intraparticle pore diffusion can be obtained

by using the first term of the series expansion solution and the respective transcendental

function (tan q, = — ) can be easily solved with empirical relationship:

3+ [)’ 2
M _BB+D (- 2Da, 3
Ve~ T ovopr ol 28)
with q;(ﬂ) :M
B +0.775

where q; () represents the first positive solution of transcendental function derived from
empirical formula. Equation 2.8 is sufficient to capture more than 90% equilibration of IPPD

when f > 0.1 (see Fig. S2.3 in section S2.2).

Equations 2.7 and 2.8 represent just two of many short term or long term approximations of
[PPD and more are compared in section S2.2. For small values of § (f < 0.1), no suitable
short term (e.g., square root of time solution) or long term approximation exists. For those
cases, the series expansion solution works but may be computationally challenging because
a ‘infinite’ number of terms in the series expansion was needed to capture the short term

behavior of IPPD.

2.2.2 Diffusion through an external boundary layer
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Mass transfer of contaminants between particles and bulk solution may be limited by
diffusion from the particle surface through an aqueous boundary layer. This external film
diffusion process (FD) can be well described by the linear driving force equation. The mass
flux through the boundary layer (M /dt [M T-1], dM /0t positive in case of desorption) is:

oM _ Daq 3md

o= 5 (G = C) (29)

aq Pp 4

The ratio Dyq /844 represents the mass transfer coefficient k [l T-1] where 6,4 [L] is the
thickness of the external boundary layer. The term 3m,/(p,a) [L?] represents the total
surface area of the spherical particles. C,, [M L-3] is the compound’s concentration at the
particle/water boundary where local equilibrium conditions apply (C,, = C;/K;) and C,, [M
L-3] denotes the compound’s concentration in the bulk water. C;, can be determined based on
mass conservation in the batch system (see section S2.1). For non-linear sorption isotherms,
K, needs to be determined by means of linearization for the relevant concentration range.
The solute mass change in the bulk water (due to desorption from or sorption into the solid

particles) finally can be expressed as:

M e 2 (1 p B Ny, —m) 2.10
ot N pp a VW my Kd,b eq ( ' )

Upon integration a simple analytical solution is obtained:

M1 ( = (md+ ! >t) (2.11)
=1l—exp|-k—(F+-— .
eq ppa Vw Kd,b

For FD, mass transfer becomes independent on K , in cases of strong sorption (1/K;, — 0).

Figure 2.1 compares Eq. 2.4 and Eq. 2.11.

The thickness of the external aqueous boundary layer §,, may be estimated from the
empirical Sherwood number (Sh) which relates the mass transfer coefficient k to D,4 and

thus the particle size d:

kd d d
Sh=——=— = §

Dag 6aq aq = Sh (2.12)

Numerous empirical relationships exist to estimate Sherwood numbers (for a compilation
see section S2.5); they typically are based on the particle Reynolds number (Re,) and the
Schmidt number (Sc):

v, v
Sh=2+cRel/’Sc3 =2+ ¢ [d=2 3/— (2.13)
v [Dgq

Sc for many solutes is fairly constant with a value in the range of 1000 - 1500 (Sc¢/3 ~ 10 —
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11); v [L? T-1] and v, [L T-1] denote the kinematic viscosity and the relative velocity of water
with respect to the particle. In batch tests, particles are usually fully suspended in water
(shaken or stirred); here the relative velocity of particles to the fluid may be estimated from
Kolmogorov’s theory (1941). Sh approaches a minimum value of 2 (a “motionless” particle

suspended in stagnant water).

Intraparticle pore diffusion (IPPD) and film diffusion (FD) exhibit quite different
characteristics with respect to solute uptake/release kinetics and its dependency on key
parameters (Grathwohl, 2014; Liu et al.,, 2021). To provide a basic analysis, we compare
solute uptake/release in a finite bath for § values of 3, 1, 0.3 and 0.1 corresponding to
fractional uptakes of 0.25, 0.5, 0.77 and 0.91 (fin Eq. 2.5), which represent typical values for
batch experiments on sorption kinetics (Fig. 2.1). At early times, FD is often slower and thus
would limit solute uptake. At later times, mass transfer shifts into the particle and becomes
limited by IPPD. The exact ‘threshold time’ when IPPD gets more control on mass transfer
than FD depends on § and Sh. Note that FD becomes slower with decreasing values of
while uptake/release limited by IPPD shows a reversed relationship - with fast (de-)sorption
kinetics corresponding to high fractional uptakes. A minimum for (de-)sorption kinetics of
IPPD is obtained for f = 1 (see Eq. 2.7) where K, ;, equals the liquid to solid ratio. Sorption
kinetics with IPPD thus is almost the same for § values of 3 and 0.3 because both cases are
exactly (or around) three times higher or lower than § = 1. Intersections of FD and IPPD
shift with increasing sorption (decreasing ) to later times or higher M/M,, indicating
longer mass transfer limitation by FD for strongly sorbing compounds. Increasing
intraparticle porosity (¢) would facilitate mass transfer by IPPD, and thus FD limits at early

times and the mass transfer shift from FD to IPPD occurs later.

10°
107!
= £ wee 3= 31PPD | | L A =3 1PPD
= s #=3FD S /A L A=3FD
) /4 #=11PPD || A A=11PPD
bR i o _ 4 -
107 ' /4 4=1FD 1071/ 4 A=1FD
oy v 3= 0.3 IPPD 2 C =03 1PPD
4 = 7= 0.3 FD & 4=03FD
& v = 0.1 IPPD A #=0.1TPPD
. 2 A=0.1FD X 2 J=0.1FD
107 ' ' 107 '
10° 10° 10* 10° 10° 10° 10* 10°
D ud’ D ud
aq aq
Fig. 2.1: Mass sorbed or desorbed relative to equilibrium conditions (M/M.q) vs.
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dimensionless time (Fourier number = D,,t/a?) for film diffusion (FD: dash-dotted lines, Eq.
2.11) and intraparticle pore diffusion (IPPD: dotted lines, Eq. 2.4) in a finite bath with

different values for § = % = ﬁ (0.1, 0.3, 1 and 3) and for intraparticle porosity € =
s.eq d,b d

0.05 (left graph) and € = 0.2 (right graph); Sh = 2.

2.3 Methods

2.3.1 Coupled film and retarded intraparticle pore diffusion: the

first order approximation model (FOAM)

In the following, the first order approximation model (FOAM) for intraparticle pore diffusion
coupled to external film diffusion is derived based on the dual film diffusion concept
describing mass transfer by diffusion through two adjacent films (Fig. 2.2). While the
thickness of the external aqueous boundary layer (6,4) is constant (at given Sh), the internal
film in the particle (6,) initially follows random walk theory (Stickler and Schachinger, 2016)
and grows with the square root of time and apparent diffusion coefficient (6§, = \/T[D_at).

t=te Cy=Cueq
t= 1:'4- CW = Cw,4
t=t3 C,=0Cyhs3
61,'3 t=1t, Cy = Cw,2
8y t=t Cy=Cya
. ! ' t=ty C,=C
= Opeq ; | — 8 qe— 0w w0

D, D,
_e((:\;/ - Cw,p) = Fp = Faq: ﬂ(Cw - Cy)
6p 6aq

Fig. 2.2: Development of concentration gradients during desorption of a compound from a
sphere in a batch experiment limited by diffusion in intraparticle pores (6,) and the aqueous

boundary layer (644) from time zero (t,, purple) to equilibrium (t.,, yellow).
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Under steady state conditions the fluxes through the two layers have to be the same:

Faq = 1;:;’ (Cw—Cy) = g—:(Cv’v —Cup) = F, (2.14)
where Fyq [M L2 T-1] and E, [M L-2 T-] denote the mass flux densities in the external aqueous
boundary layer and in the intraparticle pores, respectively. Dyq/6q4 [L T-1] and D, /6, [L T-]
represent mass transfer coefficients and their inverse may be regarded as mass transfer
resistances. As before, Eq. 2.14 can be solved for the compound’s concentration at the

interface between bulk and pore water (C,,) which then is inserted into one of the fluxes:

1
5, B TP (215)
D, Daq

E, =Fyy =

In a batch experiment, C,, and C,,,, change over time but since the total solute mass in the
system stays constant (mass conservation) this can be evaluated based on the equilibrium
concentrations finally achieved (see section S2.3 for details). The solute mass change in the
bulk water (mass which has diffused out (desorption) or into (sorption) the particle) finally

can be expressed as:

(2.16)

In order to solve that we assume an intra-particle boundary layer initially increasing in
thickness with the square root of time. With D, = De/(e + Ky pp) = D, /Kq) pp the mass
transfer resistance depends on time and becomes:

5,, 1/nD Tt 1
£

D, De Kap Pp

2.17
Daq de pp ( )

6,/D, decreases with the square root of D, (or the intraparticle porosity) and increases with

decreasing sorption (Kg ). Eq. 2.16 then becomes:

oM 1 3 (May 1 - )
Vo ' Kgp) ' o (2.18)

E B Tt + &ﬂ pp a
\} De Kd,b pp Daq

Upon integration we get (see section S2.3 for details):
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Aqu=1—exp< (b+cx/_)+—1n(b+cx/_)+(Q—anb)>

or simpler:

M =1—exp [—Ciz(c\/f—bln(b+c\/f)+blnb)]

Meq
with:
) 5aq (2.19)
Der e (B + )
ppa Vw Kd,b
and

S S
De Kap pp
3 (md 1 )
+
ppa Kap

b is the inverse of the rate constant and thus the characteristic time of FD, ¢ is the mass

Cc =

transfer resistance in the particle. If b is close to zero, then intraparticle diffusion dominates
in Eq. 2.19. At early times, it approaches the well-known square root of time approximation

for intraparticle pore diffusion (Eq. 2.6) in a batch system (Note that 1 — exp(—x) = x when

x - 0):
M 1 D de ppt 6 <md )
=1-—exp| — —
Meq P a Vw de

.6 D, depp (2.20)
pp
’D t
=6 o (1 +[—;>

If c approaches zero, the simple analytical solution for film diffusion (Eq. 2.11) is obtained

mt

(because of — 0in Eq. 2.18). FOAM can be easily extended for diffusion in

e Kap Pp

nonporous solids (e.g., polymers such as microplastics) by replacing the harmonic mean

mass transfer resistance term in Eq. 2.18 (\/T1 6”) with nlt g where D [L2 T-1] is
D

eKapPp Daq Kd Ds Daq

the solid diffusion coefficient.

2.3.2 Semi-analytical solution with Laplace transform (SALT)

For the validation of the first order approximation model derived above, we use an analytical

expression obtained after Laplace transformation of the governing equations in time.
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Seidensticker et al. (2017) used a Laplace solution of film-intraparticle solid diffusion (no
pores) to investigate the mass transfer shift of organic contaminants (e.g., phenanthrene,
tonalide, and benzophenone) in microplastics. Here, a more general Laplace solution of film-
intraparticle pore diffusion is derived where compound mass stored in intra-granular porous

water is also considered.

Assuming that the initial concentration within the porous particle is uniform (desorption) or
zero (sorptive uptake), C,,,(r,t =0) =C,,(0) [M L3], the governing equation of

intraparticle pore diffusion in Laplace domain is:

d?Cyp N 2dCuyp| _ 0
dr? r dr

$Cwp — Cwp(0) — D, [

with the initial and boundary conditions given by:

C~W,p (Cl) = C~w,p,a (22 1)
o) _,
r r=0

fw_p(r) = fw_p(O) vr

in which a tilde sign denotes the Laplace transform of the respective variable, and s [T"!] is
the complex Laplace coordinate. The solution of Eq. 2.21 in the Laplace domain can be

expressed as (see section S2.4 for derivation):

a% <c~w,p,a L (0)> 4 Lo © (2.22)

Cpp(r,s) =—
wp(T5) " sinh(a [ s s
sinh{a |5-
where (fw,p,a is the solute concentration at the particle/water boundary in Laplace domain.

The mass transfer through the boundary layer is driven by the concentration difference
between the bulk solution and the aqueous concentration at the surface of the spheres.
Hence, the continuity of mass fluxes in the Laplace domain requires:

- ~ s dcC

F=k(Cyppa—Cu)=-D, dﬁ"“ (2.23)

r=a

where F and C,, are Laplace transforms of mass flux density and solute concentration in bulk

water. Inserting the derivative of Eq. 2.22 at the particle/water boundary (ag‘:p ) into Eq.
r=a
2.23, we obtain:
[ Cwp(0 ~
D, ( Dicoth (a Di) —1> wp(0) + kC,,
~ a a a S
Cwpa = (2.24)

k+De( Diacoth<a L%)—%)

Considering the solute mass transfer in the external boundary, the concentration change in
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the bulk water phase can be expressed as:

dc, 3
W = (Cw,p (a: t) - Cw)ka

mqy

2.25
Voo (225)

where C,, ,(a,t) [M L3] is the solute concentration at the particle/water boundary. The

Laplace transformation for Eq. 2.25 yields:

my
Vw Pp

. . . 3
sCy — Cyw(0) = (Cypa — Cw)ka (2.26)
where C,,(0) [M L-3] denotes the initial solute concentration in the external bulk water phase.
Substituting Eq. 2.24 into Eq. 2.26 and rearranging terms finally yields the analytical solution

of FIPPD in the Laplace domain, which can be expressed as:

C 0
_ a—w";( )+Cw(0)
C. =
w a+s
[s s)_1 (2.27)
D, ( D, coth (a Da) a) 3 my
with a(s) = k—

k+De( /Diacoth(a Dia)—%) @V pp

Two limiting cases (the analytical solutions of IPPD and FD in Laplace domain) are also
considered (see section S2.4 for details of the derivation). This semi-analytical Laplace
transform solutions (SALT) have been compared for the limiting case FD and IPPD to the
analytical solution of FD (Eq. 2.11) as well as IPPD with the series expansion (Eq. 2.4), and
both cases showed perfect agreement (as is demonstrated in Fig. S2.4 in section S2.4). For
back-transformation, we use the numerical inversion method of de Hoog et al. (1982)
implemented in Matlab. This semi-analytical Laplace transform solution is computationally

very efficient and can replace the series expansion especially for small values of § (f < 0.1).

2.4 Results

2.4.1 Validation of the approximate solution

In Fig. 2.3 we compare the first order approximation model (FOAM) with FD, IPPD, short and
long term approximations of IPPD, and finally the semi-analytical Laplace transform solution
(SALT) for two different intraparticle porosities (¢ = 0.05 and 0.2) and § values of 0.1 and 1,
respectively (corresponding to fractional uptakes of 91% and 50%). At early times, FD limits
mass transfer and is well described by the semi-analytical Laplace transform solution (SALT);
after the mass transfer resistance shifts into the particle the short (Sqrt(t)) or long term

approximations (LTAM) of IPPD do not fit anymore, however the first order approximation
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model (FOAM) still matches very well. Increasing intraparticle porosity (&) or decreasing 8
values delay the mass transfer shift of FOAM (or SALT) from FD to IPPD. For low £ values
(e.g, B < 0.1), the square root of time solution (Sqrt(t)) only works well for M/M,, < 0.1,
but IPPD at that S range is often not important because FD dominates the mass transfer

behavior of strong sorbents (low ) at early times.
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Fig. 2.3: Mass sorbed or desorbed relative to equilibrium conditions (M/M,;) vs.
dimensionless time (Fourier number = Daqt/az) for the semi-analytical Laplace transform
solution (SALT: solid lines, Eq. 2.27), the first order approximation model (FOAM: dashed
lines, Eq. 2.19), the intraparticle pore diffusion model (IPPD: dotted lines, Eq. 2.4), the film
diffusion model (FD: dashed-dotted lines, Eq. 2.11), the square root of time solution (Sqrt(t):
diamond symbols, Eq. 2.6) and the long term approximation model (LTAM: cross symbols, Eq.
2.8) in a finite bath with different intraparticle porosities (¢ = 0.05 (left) and € = 0.2 (right));

VW
Kaqp mg

Sh=2;top: B = = 0.1 (fractional uptake = 0.91); bottom: f= 1 (fractional uptake =
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0.50).

The semi-analytical Laplace transform solution (SALT) is used as reference for the validation
of the first order approximation model (FOAM). Deviations of FOAM from SALT (Eq. 2.19 vs
Eq. 2.27) are shown in Fig. 2.4 for the finite bath with § values of 3, 1, 0.3 and 0.1 with two
different intraparticle porosities (¢ = 0.05 and 0.2). FOAM agrees reasonably well to SALT.
For the small intraparticle porosity case (¢ = 0.05), the deviations of FOAM from SALT are
less than 15% for f values 0.1 — 3; at early times FOAM underestimates kinetics slightly
while it seems to be too fast for f values 0.1 and 0.3. This also applies to the large
intraparticle porosity case (¢ = 0.2) where the error becomes maximum (17%) for a § value
of 3. Deviations in FOAM especially close to equilibrium may be explained by the assumption
of the increase of the internal diffusion distance with the square root of time, but this cannot
continue infinitely (it has to stay smaller than the radius of the particle, e.g., limited to 1/5 of
the radius, see characteristic times below). In real systems, approaches to equilibrium to
more than 90% (M/M,, > 0.9) hardly can be accurately followed because the precision of
batch experiments is typically less than 10%. The FOAM still is acceptable and can be used as
approximation solution for coupled film intraparticle pore diffusion for M/M,, < 0.9 if
values for (0.1 < #< 1). Unlike other conventional approximations for intraparticle diffusion
(Sqrt(t) and LTAM), FOAM does not produce escalating errors as shown in Fig. S2.3 (bottom)
in section S2.2. Close to equilibrium the error almost vanishes (see Fig. 2.4, bottom).
Remarkably in the coupled model, sorptive uptake (or desorption) is almost independent on
the fractional uptake (or f); all curves are concentrated in narrow ranges (see Fig. 2.4, top).
This is because of the distinctly different behaviors of FD and IPPD mass transfer kinetics
(see also Fig. 2.1): At early times, when IPPD may be hardly approximated, FD dominates

mass transfer and later IPPD takes over.
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Fig. 2.4: Mass sorbed or desorbed relative to equilibrium conditions (M/M.q) vs.
dimensionless time (Fourier number :Daqt/az) (top) for the semi-analytical Laplace
transform solution (SALT: solid lines, Eq. 2.27) and the first order approximation model

Vw
Kd,b m

=0.1, 0.3, 1 and 3, Sh = 2) with

d

(FOAM: dashed lines, Eq. 2.19) in a finite bath (8 =

different intraparticle porosities (¢ = 0.05 (left) and € = 0.2 (right)) and the % deviation of
FOAM from SALT (bottom).

2.4.2 Mass transfer shift analysis

The first order approximation model (FOAM) assumes the internal film thickness increases
with square root of time while the external film thickness stays constant. Thus, IPPD tends to
limit mass transfer at late time periods while at early times FD dominates. In order to

elucidate this mass transfer shift, ratios of the external and internal mass transfer
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resistances (R,y, Ri, [T L] = inverse mass transfer coefficients) may be used:

Sag O

Oaq d ,
&= Daq — Daq ~ ﬁg =E Kd,bpp
Rin S  /mD,t g e? Sh |mDa,t (2.28)
De DaqEZ Kd,bpp

With increasing agitation Sh increases and mass transfer resistance moves into the particle.

Using the common empirical Sherwood number relationship of Ranz and Marshall (1952;

Sh=0.6 Re;/2561/3), Eq. 2.28 becomes:

d
R, <Fé d
—ex = Sh_ ~ 0946 |—p,Kyp ScV/6 (2.29)
Rin D4t Va t

where d /v, represents the contact time of particle with water at given velocity. According to

Kolmogorov’s theory the velocity depends on the energy dissipation rate of the system (&4;sp)

as well as on the particle size v, ~ (edispd)l/g which leads to:

=

R_Z ~ 094 ¢ Kd’l; Py dY3eq;5,~ /0 SC1/0 (2.30)
The energy dissipation rate is quite insensitive in Eq. 2.30 and quite similar for different
systems. Chickadel et al. (2011), Fisher et al. (2002) and MacDonald et al. (2007) reported
energy dissipation rates in rivers in the range of 107 — 107> m2 s-3. In oceans, values are
roughly one magnitude lower than in rivers (Moum et al., 1995). As Eq. 2.30 shows, with
large distribution coefficients (K; ;) and particle sizes (d), mass transfer becomes more
limited by the external aqueous boundary layer. With time the ratio drops below one, which
indicates the point where intraparticle pore diffusion starts to dominate

sorption/desorption Kinetics. £4;5, and Sc have only minor influence on the ratio of mass

transfer resistances.

Alternatively, 64, may be estimated from the time of the renewal of the aqueous boundary

layer, e.g. d /v, which leads to a definition of Sh as a function of the square root of the Peclet

number (e.g., Sh = 0.1 Pel/2; pe =d ;—“; Liu et al. 2014) and eliminates the Schmidt number:
aq

R de |K dK,
fex _ 48 |RapPp _ ge . |24 Pp
Rin d v, TDgqt v, t

Daq (2.31)

K
~ 0.56¢ ’%ppdlﬁedisp_l“

Again, with decreasing intraparticle porosity, mass transfer shifts from the external
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boundary layer into the particle and IPPD dominates the sorption kinetics (because D,

becomes very low).

In order to investigate influence of intraparticle porosity (&), sorption (K;) or § as well as
Sherwood numbers on the mass transfer shift in FIPPD, M/M,, was calculated (Eq. 2.11) at
the time point where the external and internal mass transfer resistances are equal
(Rex/Rin = 1) for two different Sherwood numbers (Sh = 2 and 20); results are shown in Fig.
2.5. Higher values of M /M, indicate that the mass transfer shift occur closer to equilibrium
(or at later times). For strong sorption (low £), FD controls until M /M., almost approaches 1
for sorbents with large intraparticle porosity even for small Sherwood numbers approach
the minimum of 2, which may be encountered in natural environments (e.g., rivers or
oceans). For laboratory experimental conditions (e.g, stirred or shaken in lab) of course
higher Sh are expected and mass transfer shifts occur earlier and IPPD becomes more
important especially for weak sorbents (high f) or at high liquid to solid ratios. Mass
transfer characteristics observed in laboratory experiments thus may not truly reflect

natural conditions and mass transfer shifts may be quite different (Seidensticker et al.,, 2017).

Sh=20

Fig. 2.5: Mass sorbed or desorbed relative to equilibrium conditions (M/M,,) for external

film diffusion (FD) at equal external and internal mass transfer resistances (% =1) vs.
A

solute ratios in water to solids (£) and intraparticle porosity (&) for Sherwood numbers (Sh)

of 2 (left: rivers, oceans) and 20 (right: laboratory).

2.4.3 Characteristic times

The semi-analytical Laplace solution (SALT) of FIPPD allows to derive characteristic times

7. for external (film diffusion) and internal mass transfer (intraparticle pore diffusion) (see
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section S2.4.2 for derivation):

. . ~— Cw,eq
I Jy Cw(®) = Cueq 1M (CW s ) (2.32)
ch CW(O) - Cw,eq Cw (0) - Cw,eq
The final result shows that the characteristic time of FIPPD equals:
a a?
(18
3k " 15D, (2.33)

T =
" (L + m)
Kd,b Vw

which can be interpreted as the sum of two characteristic times & and t} for the cases of

FD and IPPD, respectively:

por 1 Pp® _ 1 2p,a* - 1 ppa®
) 3 T (L a3 (L ) 3D

Kd,b Vw Kd,b Vw Kd,b Vw (2 34)
rin — 1 ppa* _ 1 ppa’
ch (LJF@) 15D, (LJF&) 15D 4,2

Kap VW Kap Vi

The characteristic time (7., ) is an important indicator to assess time scales in
sorption/desorption experiments. The external characteristic time (7¢y) represents an
equilibration of 63.2%; a maximum external characteristic time is reached when Sherwood
numbers decrease to their minimum of 2. In contrast, the internal characteristic time (z?

does not reflect a constant degree of equilibration (in terms of a fixed M /M,,); for g values
ranging from 3 to 0.1, 7} denotes equilibration to 68-83%. In the infinite bath, 7} is close to
the time of ca. 63.2% equilibration (see Glueckauf’s solution Eq. S2.14 in section S2.2) and

for this case the characteristic time ratio is:

& 10€?
— = —— < 5¢2 2.
h  Sh ¢ (235)

The characteristic time ratio increases with the square of intraparticle porosity and
decreases with the increase of Sherwood number, but it is independent on the distribution
coefficient. Note, this conclusion would agree with the mass transfer resistance ratios
discussed above (Eq. 2.28) if a fixed internal boundary layer thickness of one-fifth of the
particle radius is assumed (8, = a/5). Glueckauf (1955) used the same value for a long term
approximation of IPPD in the infinite bath (f — o). This fits for weak sorbents (low K ;)
with a large apparent diffusion coefficient and a rapidly increasing internal boundary layer
thickness. For strong sorbents (high K ;) the internal diffusion distance is short (and still
growing) after the mass transfer resistance shifts from the external boundary layer into the
particle (6, = \/Wat < a/5). The internal diffusion distance, however, cannot grow
infinitely, it has to stay smaller than the radius of the particle (e.g., limited to 1/5 of the

radius).
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In FOAM 63.2% equilibration is obtained if the argument of the exponential function equals -
1 (see Eqg. 2.19) and this leads to a different definition of the characteristic time compared to
SALT (because 6, is a function of time). In order to illustrate the differences of the two
approaches, M /M., was calculated for both characteristic times (Eq. 2.19 and 2.33) using the
semi-analytical Laplace transform solution (Eq. 2.27) for a range of § values and
intraparticle porosities (¢) and for two Sherwood numbers (2 and 20; Fig. 2.6). For strong
sorbents (low ), M /M., obtained in SALT (red surface) amounts to more than 80% while
FOAM (green surface) stays around 63%. For weak sorbents (high ), the trend is the
opposite where M /M., obtained in FOAM (green surface) amounts to more than 70% while
SALT (red surface) stays around 68%. The deviations of FOAM from SALT are partly due to
the overestimation of the internal film thickness (6, = \/nTat > a/5). For § values around 1
both methods agree very well with Sherwood numbers (Sh) of 2. The intersection lines shift
to higher g values with the increase of Sherwood numbers (better agreement, see Fig. 2.6
right). Figure 2.6 also illustrates the difficulty in defining an unique characteristic time which
is valid for a given M /M,,. Nevertheless, in typical batch test conditions (0.1 <3< 1), the
assumption of FOAM (&, = \/Wat) seems appropriate and the characteristic times of FOAM
correspond to M /M, in the range of 55% - 70%.

Sh=2 Sh=20
1 1
0.9+ ' 0.9
5 0.8 | 508 T 1 63,20, Ot FOAM
= = 7 of SALT
= 07- = 07- ‘
0.6+ : 0.6 - ]
0.5 0.5 L
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Fig. 2.6: Mass sorbed or desorbed relative to equilibrium conditions (M /M,,) of the coupled
film and intraparticle pore diffusion (FIPPD) using characteristic times from the first order
approximation solution (FOAM; Eq. 2.19) and the semi-analytical Laplace transform solution
(SALT; Eq. 2.33) vs.f and intraparticle porosity (¢) calculated by SALT for Sherwood
numbers (Sh) of 2 (left) and 20 (right).

2.5 Conclusions

A fairly simple first order approximation model (FOAM) allows to simulate coupled
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intraparticle pore diffusion and mass transfer through an external aqueous boundary (Figs.
2.3 and 2.4) for sorption/desorption batch experiments. In contrast to existing short and
long term approximations, FOAM fits the semi-analytical Laplace transform solution (SALT)
over the complete time range of a sorption/desorption experiment very well (Fig. 2.4). FOAM
may be easily implemented in spreadsheets and deviations to SALT are mostly less than 10%
(see Fig. 2.4 bottom). FOAM is applicable to any sorbent and sorbate for typical experimental
conditions (ratio of dissolved to sorbed mass, : 0.1 < § < 1), and it is more friendly and
convenient than SALT especially for evaluation of batch experiments if programming
experience is limited. In contrast, the semi-analytical Laplace transform solution seems a
better choice for modelers with coding experience. FOAM is a simple analytical solution and
thus allows for an easy analysis of mass transfer characteristics. For large distribution
coefficients (K, ;) and intraparticle particle porosities (¢) or small Sherwood numbers (Sh)
mass transfer is dominated by the external film diffusion at early time periods (e.g., for
strongly sorbing compounds), but on the long term this shifts to intraparticle pore diffusion
especially if Sh becomes large like in laboratory experiments (this may be quite different to
natural conditions). Due to this mass transfer shift the coupled models become almost
independent on sorption and liquid to solids ratios or equilibrium fractional uptake in a
batch system (Fig. 2.4). While the characteristic time (z.;) derived in FOAM applies to
M /M,q of 0.63, T,y in SALT results in M /M., of 0.6 - 0.8. Despite the good agreement of the
first order approximation (FOAM) with the semi-analytical Laplace solution with numerical
back transformation (SALT), the latter is the optimal choice for a precise simulation of
sorption/desorption kinetics especially if very large or very small § values have to be

considered.
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3 Mechanistic modeling of pollutant mass
redistribution (sorption/desorption) in
heterogeneous systems explaining unexpected
slow Kinetics

Binlong Liu, Michael Finkel, Qiyue Qin, Wenxiao Shi, Peter Grathwohl

Abstract

Redistribution of pollutants between aqueous and solid phases occurs frequently in field and
laboratory settings, but it is rarely considered in data interpretation especially if
sorption/desorption kinetics are concerned. Examples are input of polluted particles into
soils or rivers or passive sampling in laboratory solid suspensions. Since multiple mass
transfer mechanisms are involved and soils and sediments typically are very heterogeneous,
modelling of kinetics gets very challenging. Here, we present a semi-analytical model
formulated in the Laplace domain to simulate pollutant redistribution Kkinetics in
heterogeneous systems. The model describes the sorption and desorption as a coupled
process governed by intraparticle and external boundary layer diffusion. It considers the
heterogeneity of various sorbents (e.g., geometric shape, grain size, distribution coefficient,
organic carbon content of solid, and intraparticle porosity) as well as mass transfer
resistance shifts from an external aqueous boundary layer into the intraparticle space for
both solid and porous materials. Pollutant concentration changes in different solid fractions
and water are efficiently simulated by numerical inversion of their analytical solutions in the
Laplace domain. The model is validated against data of two batch experiments: (i) the
redistribution of Phenanthrene in spherical microplastics of different sizes and (ii)
redistribution of Anthracene-d10 and Phenanthrene in heterogenous sediment suspension
with polyethylene passive samplers. The model allows to explain temporary overshooting of
concentrations in the aqueous phase due to different kinetic controls of various particles
involved (fast desorption vs. slow sorption) as well as initial fast kinetics followed by
surprising long tailing in batch experiments. In heterogeneous particle mixtures, even a
small fraction (< 1%) of a strongly sorbing particles may lead to pseudo-equilibration at
early times, which rapidly lowers concentration gradients and thus slows down sorption in
the remaining part of the mixture tremendously. The mechanistic model allows to elucidate
redistribution scenarios and fitted parameters agree with classical mass transfer theories

(e.g., Kolmogorov’s turbulent theory or Sherwood number relationships).
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3.1 Introduction

Pollutant mass redistribution in heterogeneous systems is ubiquitous in the environment
such as mixing of polluted urban particles with natural (virtually clean) particles in rivers
e.g., during stormwater runoff (Riigner et al., 2013; Schwientek et al., 2013), or deposition of
polluted atmospheric particles (e.g., black carbon) in soils. If desorption (e.g., from small
particles with high loading) in rivers is faster than uptake of pollutants in natural particles,
concentrations in water temporarily peak, which may impact aquatic life (so-called
contaminant shock loads) (Meyer et al., 2007 and 2010). Furthermore, laboratory batch tests
on pollutant sorption/desorption kinetics or biodegradation with natural soil or sediment
samples typically involves mixtures of heterogeneous sorbents, which makes it very difficult
to interpret concentration changes in water and solids in terms of simple kinetic models

(Kleineidam et al., 1999; Riigner et al., 1999; Karapanagioti et al., 2000; Golikov et al., 2020).

Traditional methods for describing sorption/desorption to/from heterogeneous sorbents
are either multiple mass transfer rates e.g., using probability density functions, e.g.,
lognormal or y distributions (Culver et al., 1997; Saiers et al., 2000; Shang et al., 2011) or
numerical solutions (Golikov et al., 2020; Liu et al., 2021). However, either method leads to
fitting parameters sometimes without real physical meaning or is computationally expensive
and may involve numerical errors. This gets exaggerated if different mass transfer
mechanisms occur in parallel or mass transfer resistances shift from an external boundary
layer (film diffusion) into intraparticle space (intraparticle diffusion) as described by
Seidensticker et al. (2017) and Liu et al. (2022). Furthermore, classical mass transfer models
focus either on sorptive uptake or desorption kinetics, but not on the redistribution where
both directions are needed (which for instance applies in passive sampling in sediments
suspensions). The objectives of this paper thus are to (i) elucidate redistribution kinetics in
heterogeneous systems accounting for external film diffusion, intraparticle diffusion and
coupled film-intraparticle diffusion for different geometric shapes (plane, cylinder and
sphere) of solid and porous materials, (ii) validate a semi-analytical model formulated in the
Laplace domain supported by experimental batch test data (Phenanthrene/Anthracene d10
redistribution in mixtures of spherical microplastics of different sizes and a sediment
suspension with polyethylene passive samplers), and (iii) understand how sorbent
heterogeneity results in temporarily “overshooting” of aqueous concentrations and
unexpected slow sorption/desorption Kkinetics, and (iv) compare the Sherwood numbers
obtained fitting from our experimental data to the values calculated from two different
Kolmogorov’s theory length scales. The overarching objective is to demonstrate how
mechanistic understanding of mass transfer processes in complicated settings can lead to
better insight on pollutant behavior in the environment, e.g., redistribution of pollutants in

rivers.
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3.2 Materials and methods

Two sets of batch experiments were conducted to study the redistribution of pollutant mass
in different materials: a mix of different sized microplastics (see Fig. 3.1) and sediment
particles of different sizes in a mix with polyethylene sheets (passive samplers) (see Fig. 3.2).
In both cases, pollutants (here PAHs) are transferred from polluted particles to initially clean

particles or materials.
3.2.1 Phenanthrene redistribution among  spherical

microplastics of different sizes (tests A-C)

Batch test setup and sampling: Polyethylene particles (density ppg = 0.92 kg L) of three
sizes were used: PE1l (dpg; = 145pum) and PE2 (dpg, = 260 pm) are approximately
spherical shaped while PE3 has a cylindrical shape with 4.4 mm diameter and 2.5 mm height
(resulting in a sphere equivalent diameter of 4.2 mm based on the equal-volume method =
surface to volume ratio). To avoid biodegradation and photo-oxidation of Phenanthrene, 0.05
g L1 NaN3 were used and bottles were kept in the dark at a temperature of 20 °C. Details on
the setup of batch tests A-C are shown in Fig. 3.1. Measured Phenanthrene concentration

changes in aqueous phase are presented in Tab. S3.1.

Test A (sorptive uptake in PE1): 0.2 g clean PE1 were added into 200 mL Phenanthrene
aqueous solution at a Phenanthrene concentration of 110 pg L-1. Bottles were permanently
mixed on a horizontal shaker with a rotational speed of 150 rpm. 1 mL of the supernatant
solution was sampled initially and after 5 min, 10 min, 15 min, 20 min, 30 min, 40 min, 60

min, 180 min and 1020 min.

Test B (pre-loaded coarse microplastics PE3 mixed with clean fine microplastics PE2): 0.5 g
clean PE2 were added to 450 mL water containing 0.5 g contaminated PE3 leading to an
initial equilibrium aqueous Phenanthrene concentration (C,,(0)) of 2.94 ug L-1. Bottles were
covered with aluminum foil and put on a magnetic stirring system with a rotational speed of
1000 rpm. 1 mL solution was sampled initially and after 10 min, 20 min, 30 min, 40 min, 50
min, 1 h,2h,4h,8h,12h,22h,34h,45h,70h,95h, 150 h, 180 h, 220 h, 300 h and 390 h.

Test C (pre-loaded fine microplastics PE2 mixed with clean coarse microplastics PE3): 400
mL clean water containing 0.5 g clean PE3 were added to 100 mL water containing
contaminated 0.5 g PE2 with an initial equilibrium aqueous Phenanthrene concentration of
1.55 pg L1, which after initial mixing decreases to 0.31 pg L1 (C,,(0)) due to dilution. Bottles
were shaken as in test A. 1 mL solution was sampled initially and after 10 min, 20 min, 30

min, 40 min, 50 min, 1 h,2h,4 h,9h,23h,50h, 75h,150 h, 200 h, 400 h and 600 h.

Chemical analysis: 1 mL water samples were taken using a glass pipet, filtrated by a 20 um
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pore-size glass fiber filter to get rid of potential fine plastic particles (PE1 or PE2) and
transferred into a 1 mL glass vial. Particle mass loss was quantified by weighing the
microplastics sticking to the glass pipet wall after drying (< 0.005 g, < 1%) at each sampling
time. Then, 10 pL of deuterated internal standard solution and 300 pL of cyclohexane (CH)
were added into the vials and closed firmly with crimp caps and polytetrafluoroethylene
(PTFE) coated silicon septa. After shaking for 40 min, vials were allowed to rest for 5 h and
the cyclohexane phase was transferred into 0.3 mL GC-autosampler vials for analysis by GC-
MS. For more details on chemicals used and analytical methods see Seidensticker et al.
(2017).
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Batch test A

Sorbed Phe

Dissolved Phe

Spherical PE1 particles

Shaker 150 rpm Shaker 150 rpm
200 mL Phe solution 0.2 g clean PEI (dpgy = 145 pum) Solid-to-liquid ratio
Cy(0) =110 pg L Cpp1(0) = O pgkg! Mg pp1/Vy =1 gL

Batch test B

Spherical PE3
particles

© o0 —
e®_oeo
(<] @ —/
(<] \.
Spherical PE2 particles

Magnetic stirrer 1000 rpm Magnetic stirrer 1000 rpm

450 mL pre-equilibrium solution 0.5 g clean PE2 (dpg; = 260 pm). Solid-to-liquid ratios
with 0.5 g PE3 (dpgz =4172 pum). Cpp2(0) = 0 pg ke'! mape2/Vy = 1gL!
G, (0) =2.94 ng LY Cpp3(0) = maprs/Vy =1 gL
KppC,y(0) = 4.60 * 10* pg kgt

Batch test C

Spherical PE3
particles

Spherical PE2
particles

Shaker 150 rpm Shaker 150 rpm Shaker 150 rpm
100 mL pre-equilibrium solution 400 mL clean water with 0.5 g Solid-to-liquid ratios
with 0.5 g PE2 (dpgz= 260 pm). clean PE3 (dpgz = 4172 pm). mgpp2/Vw =1 gL
Cy(0) = 1.55 pg LY; Cppz (0) = Cpp3(0) = 0 pg kg! Mg pp3/Wy =1 gLt
KpgCo (0) = 2.42 + 104 pg kgt €, (0) = 031 pg L (dilution)

Fig. 3.1: Batch tests of Phenanthrene redistribution between different polyethylene (PE)
particles. Batch test A: Sorptive uptake of Phenanthrene in PE1 (dpg; = 145 pum); batch test
B: Desorption from pre-loaded coarse microplastics (PE3; dpgz = 4172 um) and uptake in
initial clean fine microplastics (PE2; dpg, = 260 um); batch test C: Desorption from pre-

loaded fine microplastics (PE2) and uptake in clean coarse microplastics (PE3).
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3.2.2 Anthracene-d10 and Phenanthrene redistribution in a

sediment suspension with polyethylene passive samplers (Test D)

Sediment sample preparation: Urban sediment samples were taken near the inlet of a park
pond (so-called ‘Anlagensee’, a sediment trap) constructed between 1907 and 1908 in the
city of Tibingen, Germany. Three samples were taken at 7.5 cm, 15 cm and 30 cm below the
surface, well mixed, freeze dried and homogenized in a planet ball mill. Milling reduces
particle sizes which is desired to keep experimental times reasonably short, but it does not
lead to a uniform particle size (see section S3.2; 50% of the particles were 7 pm and 74 um in
size). Phenanthrene background concentration in sediment was ~ 150 pg kg1 as measured
after accelerated solvent extraction (ASE) with acetone/toluene (for details see section S3.2).
The grain size distribution of the pulverized sample was measured via laser granulometry
(Malvern Mastersizer 2000); 90% of the particle sizes were in the range of 2 - 240 ym
(cumulative grain size distribution is shown in Fig. S3.1). For modeling, this grain size
distribution was represented by two characteristic equal grain size fractions (dsp 1 = 7 um
and dp, , = 74 um, more details are shown in section S3.2). The organic carbon content of
the sediment was determined by elemental analysis (TOC = 5%); since most of the particles

are in the silt sized fraction, we assumed a homogenous distribution of organic carbon.

Passive samplers preparation: Polyethylene (PE) sheets were used as passive samplers.
The sheets were first cut into squares with a mass of ca. 1 g and cleaned with 400 mL
cyclohexane (CH) in a 500 mL bottle. After shaking for 24 h on a horizontal shaking bed, PE
sheets were transferred to a 500 mL bottle with 400 mL ethyl acetate (EA) and shaken for
another 24 h and then purged with Millipore water to remove the remaining organic solvents.
PE sheets were then kept in Millipore water on horizontal shaking bed for at least 24 h,
before the preloading with Anthracene d10 (Ant-d10) as performance reference compound
started. The Ant-d10 stock solution was prepared from a standard solution with a
concentration of 1.09 mg mL! in methanol (500 mL bottle filled with 400 mL Millipore
water and 100 mL methanol including 15 pL of Ant-d10 standard solution). Then, 15 pieces
cleaned PE sheets (ca. 15 g) were added and all bottles were covered with aluminum foil and
kept in the dark. Before batch tests, preloaded bottles were put on the horizontal shaking
bed for more than 1 week to ensure equilibration was reached. The initial Ant-d10

concentration in PE sheets (Cpg an¢—a10(0)) was 227 pg kg-! (nominal).

Batch test setup and sampling: 24 bottles were prepared for 8 samplings at two solid
(sediment)-to-liquid ratios (SL = 0.15 and 0.3 kg L-1); each sampling was performed in
triplicate (data are presented in Tab. $S3.2). In addition, 6 bottles were prepared for three
blanks and the control group. The detailed setup of batch test D is presented in Fig. 3.2. Ant-
d10 preloaded PE sheets (1 g in total) were taken out of the stock solution, dried with
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lintless tissue, cut into strips (7 cm*4 cm*30 um) and added to 250 mL sediment containing
bottles. Then, bottles were filled with 100 mL Millipore water and put on a horizontal shaker
to maintain a well-mixed suspension. At designed sampling times, PE strips were separated
from sediment suspension, quickly soaked with Millipore water 4 times until no sediment
particles were left on their surface. After cleaning, strips were put in 250 mL brown bottles
to avoid photo-oxidation and extracted with 50 mL EA twice; each extraction lasted for 24 h.
After extraction, EA extracts of 100 mL in total were collected in round flasks and 10 uL
internal standard solution were added for analysis of PAHs. 100 mL solvent were reduced to
10 mL on rotating evaporator and transferred to 1 L brown bottles, then mixed with 800 mL
Millipore water and shaken for 30 min; after adding 10 mL CH and shaking for another 30
min PAHs were transferred from the EA/water mixture into CH. Then, all bottles containing
extracts and water stood overnight for phase separation of CH from the EA/water mixture.
All CH was transferred with a pipette to 10 mL vials and further evaporated to ca. 150 pL
under nitrogen and 40 °C on evaporator (Barkey). 150 pyL. CH were then transferred to
autosampler vials and the concentrations of Ant-d10 and Phenanthrene were measured via
GC-MS.

Batch test D

Suspended sediment particles Anthracene d10 (Ant-d10) desorption from PE sheets Dissolved Ant-d10

and uptake by suspended sediment particles

b

Phenanthrene (Phe) desorption from suspended
sediment particles and uptake by PE sheets

Shaker 150 rpm

Shaker 150 rpm

Initial condition: 100 mL clean water mixing with Solute sorption and desorption from Equilibrium  condition: ~ Phenanthrene  and
0.5 g PE plane sheets (dpg speer= 30 pm) preloaded PE sheets are governed by external Anthracene d10 redistribute into three phases
with Ant-d10 (Cpg ant-a10(0) = 227 pg kg') and film diffusion (FD), while the mass (water/PE/sediment). Equilibrium concentrations
15/30 g (solid-to-liquid ratio SL = 0.15/0.30 kg L) transfer is governed by coupled film in PE phase are Cpg eqanc—ar0 = 58 pg kg'! and
contaminated nature sediment (90% particle sizes intraparticle pore diffusion (FIPPD) Cpgeqpne = 215 pg kg'! for SL = 0.15 kg L' and
lie in 2pm <dg, < 240 pm) containing high for solute sorption/desorption from Cpgeqant-dro = 37 pg kgt and Cpg o ppe = 227
concentration (unknown) of Phe. suspended sediment particles. pg kgt for SL=030kg L.

Fig. 3.2: Batch test setup of redistribution of Anthracene-d10 (Ant-d10) and Phenanthrene

(Phe) in the sediment suspension with passive samplers (polyethylene (PE) sheets).
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3.3 Modeling mass redistribution Kinetics in heterogeneous

systems

3.3.1 Semi-analytical Laplace solutions for coupled intraparticle

and external boundary layer diffusion

Pollutants mass redistribution in heterogeneous materials containing both solid (no
intraparticle pores as e.g., in microplastics, minerals.) and porous materials (e.g., soil
aggregates, rock fragments, activated carbon, biochars) in a batch system (fixed volume of

water: finite bath) can be described assuming mass conservation:

nj Nk
OCW md]aCS] mdk Sk aCka
+ =) 4 S Ky +— | —2==0 3.1
at Z v, ot Z Vo "% ppi) 0t (3-1)
j=1 k=1 !

where n; [-] and n [-] denote the total number of different components of solid and porous
materials, respectively; variables with subscripts j and k refer to individual components; C,,
[M L-3] denotes the pollutant concentration in the bulk water; Cs; [M M-1] denotes the
pollutant concentration in solid material components; C,,,, [M L3] is the pollutant
concentration in the intraparticle porous material’s pore water; & [-] and p,, ; [M L-3] denote
the intraparticle porosity and the particle density of the porous material (= pg; (1 — &) with
Psk [M L3] as dry density of the solid); Vj, [L3] denotes the volume of bulk water; mg ; [M]
and mg , [M] denote the dry mass of the solid and porous material, respectively; K ; [L3M-1]
is the distribution coefficient between intraparticle pore water and solid. The term K ; +
&k /ppx May be interpreted as bulk distribution coefficient between bulk water and porous
particles, K 5, , which also considers the pollutant mass stored in the intraparticle pore

space. t [T] is the time. The Laplace transformation of the mass balance equation (Eq. 3.1) is

given as:
nj ng
~ mgy,j ~ urys ~
SCW - CW(O) + ZV_J (SCs,j - Cs,j(o)) + Z V_Kd,b,k (SCw,p,k - Cw,p,k(o)) =0 (3-2)
=1 v k=1 %

where s [T-1] is the complex Laplace coordinate. The tilde sign denotes the Laplace transform
of the respective variables. C,(0), Cs;(0) and C,,,(0) denote the initial pollutant
concentration in bulk water, solid materials and intraparticle pore water of porous materials,

respectively.

The average concentrations in solid materials (C; ;) and in intraparticle pore water of porous
materials (Cy,, ) depend on the solute concentration in bulk water phase (C,,) in form of a
convolution with respective transfer functions in real time domain. In Laplace domain, C~S' j

and C~W,p,k are given as:
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C; _:g_ (C; s;(o)> s,j(o)
S,J S,J

Ky js S

w,p,k (0)> n Cw,p,k (0)

S S

(3.3)

Cw,p,k = gsp,k <C~w -

where g ; [L3 M1] and gy i [-] are the transfer functions representing how the average
concentration in the solid materials and intraparticle pore water of porous materials would
evolve over time when respective sorption/desorption kinetics models are applied. K, ; [L3

M-1] denotes the distribution coefficient between water and solid materials.

Different sorption/desorption kinetic models can be easily represented in the Laplace
solution by using different transfer functions. Mass transfer between sorbents (solid or
porous materials) and water may be limited by diffusion from the sorbent surface to bulk
water through an aqueous boundary layer (external film diffusion) or diffusion inside the
solid materials (or within the intraparticle pore water for porous materials). Depending on
distribution coefficients a mass transfer shift from the external boundary layer into
intraparticle space may occur and thus a coupled film-intraparticle diffusion has to be used
(Seidensticker et al., 2017; Liu et al., 2022). Geometries of sorbents may also influence the
sorption/desorption kinetics. Diffusion in three different shapes of particles (plane sheets,
cylinders and spheres) is considered here, which covers most of the cases encountered in the
environment. Irregular particle shapes may also be considered by means of “equivalent
spheres” having the same volume as the irregular particle (Vireguiar = Vsphere =
4/3na§phere_equiv.with Qsphere,equiv. DEING the equivalent radius of a sphere). Table 3.1
summarizes the transfer functions in Laplace domain for external film diffusion, intraparticle
diffusion and coupled film-intraparticle diffusion models for diffusion in solid and porous
materials for all three types of particle shapes. Detailed information on the derivation of the
transfer functions for plane sheets, cylinders and spheres can be found in sections $3.3-S3.8

(sections S3.3-S3.5 for solid materials and sections S3.6-S3.8 for porous materials).

Inserting Eq 3.3 into Eq 3.2, the pollutant concentration in the bulk water phase in Laplace

domain is given as:

n; md ~ C,-(O) m
W(O)+Z ] L S] ;(! . +Zk 1 dedekgskawpk(O)
é = Vv d.j (3.4)
w My k

(14—2] -1 V gs; +Zk Y, dekgspk)

The pollutant concentrations in solid materials (C‘S,j) and in intraparticle pore water of
porous materials (C‘W,p,k) in Laplace domain can be obtained by inserting Eq. 3.4 into Eq. 3.3.
For back-transformation, we used the numerical inversion method of de Hoog et al. (1982)
implemented in Matlab. The setups of the models for simulating batch tests A to D are
explained in more detail in section S$3.9. For data calibration, the coefficient of efficiency (E)

was used to evaluate the goodness of fitting (Legates et al, 1999).
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Tab. 3.1: Transfer functions for external film diffusion, intraparticle diffusion and coupled film-intraparticle diffusion models for diffusion in the plane sheet,

cylinder and sphere of solid and porous materials (for derivation of these functions see section S3).

Transfer functions for solid materials: g ;

Film
diffusion
(FD)

Intraparticle
solid
diffusion
(IPSD)

Coupled film-
intraparticle
solid
diffusion
(FIPSD)

Plane sheet

ks Ka,;
ks, + ps,jKqjas,s

s 1
\ Ds jsKq jtanh | a ; o 2 s
I s,j | Us,j

1[DS’]'.S}(d’]'tal"lh (aS] ) k..
S,J

as iS
ksj+1/DS]spSJKd]tanh<aS] SJ) =

S

Cylinder
k5,] Kd,]

1
kS,j + sz,jKdeaS,jS

N
h{ @ss DS}) 2
A/ DS,jSKd,j P @ s
10 as‘j D_s,]> J
11 <as’j Dig])
1,DS,jSKd,j SJ
Iy <as,j Ds,j)

Sphere
ks‘]Kd’j

1
ks‘]' + §ps‘jKd‘]-as‘]-S

D. K S h S 1 3
K;:| [—coth|lay; |— |——
s.jid,j s.j

Dy, Ds, as,j | Qs,jS

D. K, ; th
b))

as]
kS,j + DS,jpS,jKd,j COth _ a
)

Transfer functions for porous materials: Gy x

Plane sheet

Cylinder

Sphere
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Film Ksp i ksp ksp.k
diffusion X K 1 1
(FD) sp,k + pp,k d,b,kasp,ks ksp,k + 7pp,de,b,kaSp,kS ksp,k + §pp,de,b,kaSp,kS
[s
Intraparticle s 1 L (asp,k m) 2 S S 1 3
pore diffusion v Daistanh | ag, o VDaxs : P Dy x D coth | ag -] 3 P
(IPPD) ak spk I la S Sp.k ak ak spk sp.k
0 sp,k Da,k
, S
11 (asp,k m)
v Daxs

Coupled film- D .stanh| a S ‘ I, |a S D S _coth(a s )1
intraparticle vk Pk Da i ksp e 0\ 5Pk Dy 2kgp @K\ \[Dak SPkDak ) Aspi 3kspk

pore diffusion s\ Asp xS S S 1 \QspiS
ILi{a -— ’ k +D K ——coth(a - ’
1| Asp i f Dur spk a,kPpilabk Dor Pk Dok )  Qspi

S asp‘ks
(FIPPD) kspe ++/DaxSppKapitanh <asp.k /m)
, S
Iy (asp,k m)
Remarks.

ks [L T'] and kg, [L T"'] denote the mass transfer velocity for solid materials (ks ; = Dgq/8s5 ;) and porous materials (ks, x = Dgq/8spx) Where Dyg [L? T is the aqueous diffusion
coefficient of the pollutant, 8 ; [L] and &, [L] are the external film thickness of solid particles and porous materials, respectively (both of which can be estimated via dimensionless
Sherwood numbers, see section 3.3.2);

as ; [L]and agp,  [L] denote the half thickness of plane sheets or grain radius of cylindrical and spherical particles for solid and porous materials, respectively;

Dy [L* T'] and D, [L* T-'] denote the solid diffusion coefficient and the apparent diffusion coefficient of pollutant in the intraparticle pore space of porous materials with Dy, =
De i/ (PpKapi) = Dager/ (s iPpxKapk) = Dager?/(PpiKap ) where Try [-] is the tortuosity factor; D, j [L* T'] is the effective diffusion coefficient - empirical studies showed
that D, increases approximately with the square of the intraparticle porosity (Boving and Grathwohl, 2001), thus, the tortuosity factor 7 [-] can be approximated via the reciprocal of
the intraparticle porosity (77, ~ 1/¢&);

Iy and I; denote zero order modified Bessel function of first kind and first order modified Bessel function of first kind, respectively; ps ; [M L] denotes the dry density of the solid
materials.

kspx +\/DaxSPpiKapi
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3.3.2 Sherwood number estimation based on Kolmogorov’s

theory

Mass transfer of strongly sorbing compounds (Seidensticker et al., 2017) in small particles at
least initially is limited by the thickness of the external aqueous boundary layer and
therefore this so-called “film diffusion” is important. The aqueous boundary layer thickness
depends on the relative motion of the particles with respect to bulk water and thus on the
surrounding eddies for turbulent conditions as described by Kolmogorov (1941). Following
that under fully turbulent flow conditions, all eddies much smaller than the primary eddies
(which, e.g., may be represented by the length scale of the paddle in a stirring system or the
width of river) are completely independent of the bulk motion of water and thus can be
considered as isotropic eddies. In particle suspensions their sizes roughly correspond to
grain sizes (of the suspended particles entrapped in the respective eddies). Suspended
particles can be classified into two categories via the Kolmogorov’s length scale (1) into
macroparticles (1 < d < Ly) and microparticles (d < n) where viscous forces dominate the

energy dissipation for microparticles:

3 \1/4
= ( v ) (3.5)

gdisp

€qisp [L? T-3] denotes the energy dissipation rate of the system and v [L? T-1] is the kinematic
viscosity of the fluid. Based on Kolmogorov’s theory, the relative velocities of macroparticles

and microparticles to the bulk fluid are proportional to (sdispd)1/3 and (edispdz/v)l/z,

respectively. Inserting the relative velocities into the definition of the Reynolds number
(Re = v,d/v with v, [L T-1] as velocity of suspended particles relative to the velocity of

water) leads to:

1 14
(gdispd)3d gdisp3d3
Remacro = » = v
2 1 (3.6)
(gdispdz/v) d gdispZdZ 3/2
Remicro = v = 372 = Remacro

The Reynolds number of microparticles (Re,,;c-0) can be written as the Reynolds number of
macroparticles with the power of 3/2. Most of the published empirical relationships of
Sherwood numbers (for a summary see Kikuchi et al., 1988) are based on Re,,,., for both

macroparticles and microparticles.

Sherwood numbers are used to calculate the thickness of the external aqueous boundary

layer (6,4; equivalent to & ; and &g, x in Tab. 3.1), which is defined as:
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d

=Sh (3.7)

Sh d 6,
=— -5

8aq aa
Ohashi et al. (1981) compared numerous empirical relationships of Sherwood numbers
which typically lead to quite similar results. In this work we use the empirical relationship of

Kirwan et al. (1989):
Sh =2+ 0.52 Re& ycroSct/? (3.8)

where Sc (= v/Dgq) denotes the Schmidt number. Sc is fairly constant for many pollutants
and its value is around 1000 - 1500 (Sc/3 ~ 10 — 11). a is the exponent of Re,,4¢ro- Kirwan
et al. (1989) focused on mass transfer of microparticles and verified the minimum value of
Sherwood number of 2 (a stationary suspended particle in stagnant water) and reported a =
0.5 for microparticles, while @« = 0.75 for macroparticles is supported by many experimental

results reported, e.g., by Harriott (1962) or Sano et al. (1974).

3.4 Results and discussions

3.4.1 Phenanthrene redistribution wusing well defined

microplastic particles

In order to simulate the batch tests on Phenanthrene redistribution between microplastic
particles of different sizes such that experimental results are reproduced as good as possible,
we fitted the partition coefficient (Kpg) in batch test A, used that for tests B and C to obtain
Sherwood numbers using the Matlab tool “fminsearch” to match measured aqueous
concentrations. The semi-analytical model provided a very good fit to experimental data as
shown in Fig. 3.3 with a model efficiency coefficient of E = 0.82 (C), 0.98 (B) and 1 (A). Fitted
parameter values for partitioning coefficient and Sherwood numbers are listed in Tab. 3.2
(see section 3.4.3 for a detailed discussion). In batch test A (Fig. 3.3a), sorptive uptake of
Phenanthrene to PE1 (dpg; = 145 um) can be well described by the coupled film
intraparticle solid diffusion model (FIPSD). At very early times, external film diffusion (FD)
dominates mass transfer, while at later times the mass transfer resistance shifts into the
solid particles. The fitted logarithmic partition coefficient (logKpg = log (Cpgeq/Cy,eq)) for
Phenanthrene of 4.2 is consistent with logKpp calculated from empirical relationships of
Lohmann (2012) (logKpg = 1.2210g K,y pre — 1.22 = 4.23, using logK,y, ppe = 4.47 from Ma

et al. (2010)). Results from batch test B on Phenanthrene desorption from preloaded coarse
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microplastics (PE3) followed by uptake onto initially clean fine microplastics (PE2) are
shown in Fig. 3.3b. Initially, the concentration of Phenanthrene in aqueous phase (C,,, blue
lines) decreases rapidly due to the fast sorptive uptake by fine PE2 and the slow desorption
from coarse PE3. At late times, PE2 and water reach a quasi-steady state (green lines and
blue lines in Fig. 3.3b overlap) but PE3 still controls overall mass transfer causing a slow
increase of Phenanthrene concentration in aqueous phase until final equilibrium is reached.
Batch test C (see Fig. 3.3c) illustrates the reverse case where preloaded fine PE2 were mixed
with clean coarse PE3. At early times, Phenanthrene concentration in aqueous phase (C,,
blue lines) increases rapidly (within minutes) because of fast release of Phenanthrene from
PE2 and slow uptake onto PE3. Then, a relatively high concentration level is maintained for
about two days indicating a “pseudo equilibration” controlled by PE2 (green and blue lines in
Fig. 3.3c overlap). After that, intraparticle diffusion in PE3 dominates mass transfer, and the
concentration of Phenanthrene both in aqueous phase and PE2 decreases rather slowly until
an ultimate equilibration is obtained after ~70 days. Test C represents a scenario of polluted
urban particles (e.g., from stormwater runoff or snow melts) entering a river leading to a
peak aqueous concentration in the river, which is only slowly reduced by redistribution of
pollutants to “clean” natural particles suspended in water. In all three test cases, the model
captures the redistribution kinetics very well, especially if the loss of fine microplastics (PE1
in test A and PE2 in tests B and C) during sampling is accounted for by the model (using an

updated solid-to-liquid ratio at each sampling time; dashed lines in Fig. 3.3).

Tab. 3.2: Partitioning coefficients (Kpg), Sherwood numbers (Sh) and coefficient of
efficiency (E) for modeling of batch tests on Phenanthrene redistribution in a mix of

spherical microplastics (MP) with different sizes and shapes (PE1 - PE3).

Batch test B Batch test C
Batch test A arch tes archtes
Parameters Sorptive uptake Desorption from D.esorption from
. coarse, uptake on fines, uptake on
on fine MP .
fine MP coarse MP
logKpg [L kg1] 4.2a 4.2 4.2
Shpgq [-] 145 pm 13.5 - -
Shpg, [-] 260 pm - 6.6 25
ShPE3 ['] 4172 urn - oo¢ ooc¢
EP[-] 1.00 0.98 0.82

a fitted value used also for batch tests B and C

b coefficient of efficiency of optimal model
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¢ mass transfer limited solely by intraparticle solid diffusion
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Fig. 3.3: Dynamics of Phenanthrene concentrations in water (blue symbols: measurements;
blue lines: coupled model (FIPSD); yellow: intraparticle solid diffusion (IPSD); black: film
diffusion (FD)); dashed lines account for loss of PE during sampling (solid lines: mass
conservative). (a) Batch test A: Decrease of bulk concentration in water (C,,) because of
Phenanthrene uptake in PE1 (dpg; = 145 pm); (b) Batch test B: Rapid decrease of initial
high Phenanthrene concentration due to uptake by fine microplastics (PE2; dpg, = 260 pum)
followed by slow release from coarse preloaded microplastics (PE3; dpgz = 4172 pum); green
and magenta lines indicate “water - equivalent” concentrations in PE2 and PE3 (Cy pg, =
Cpg2/Kpg; Cwpes = Cpps/Kpg; this has the advantage that at equilibrium lines converge); (c)
Batch test C: Rapid initial concentration increase in water (blue lines) caused by
Phenanthrene release from preloaded fine microplastics PE2 (green) followed by slow

decrease because of slow uptake by coarse microplastics PE3 (magenta).

3.4.2 Anthracene-d10 and Phenanthrene redistribution in a

sediment suspension with passive sampling

Anthracene-d10 and Phenanthrene are chemical very similar and were used for fitting
following model parameters: intraparticle porosity (¢) and initial concentrations in sediment
particles (Cn;), distribution coefficients of Anthracene-d10 and Phenanthrene between
fine/coarse sediment particles and water (K;), between passive samplers and water (Kpg),
Sherwood numbers of fine/coarse sediment particles (Shgy 1, Shgy, ) and the film thickness
of passive samplers ( 6pg). The calibrated model reproduces the observation data very well,
with a model efficiency coefficient (E) of 0.96-0.99 (Fig. 3.4 and Tab. 3.3). For polyethylene
we used the same partition coefficient fitted in batch test A (log Kp = 4.2, see section 3.4.1).

The fitted log K; value for the sediment (= 3.2) was 0.2 to 0.3 log units higher than expected
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from empirical relationships following the K,.-concept (K; = K,.f,.), either based on
Kow(e.g., Karickhoff et al, 1979:logK,. = logK,, — 0.21, with logKsy ant—a10/phe = 447
from Ma et al. (2010)) or on subcooled liquid solubility S; [kg L] (Razzaque et al., 2008:
logK,. = —0.92 logS; — 0.72 with 10854n¢—d10 and pre = —5-36 from Meierdierks, 2019). High
K, values were also observed by Kleineidam et al. (1999) for carbonaceous materials (coals,
charcoals), which may occur in urban sediments. The fitted value of intraparticle porosity (&)
is 0.07, which is in the range of sedimentary rock fragments (Riigner et al., 1999). Finkel et al.
(2017) reported similar kinetics with small intraparticle porosities for fine particle sizes
(dsp,1 <7 pm and dgp, < 74 pum). The fitted initial Phenanthrene concentration in sediment
(24-28 ng kg') is considerably lower than the concentration obtained from ASE
measurement (150 pg kg!), which may be due to a fast desorbing Phenanthrene fraction
(around 20%) with lower concentrations and a slowly desorbing fraction with higher
concentrations in strongly sorbing particles (e.g., carbonaceous organic matter particles such
as chars), which was not well captured by the model (details see section S3.15). The
extraction of the total sample does not allow to distinguish different concentrations in low
(small K;) or strongly sorbing fractions (large K;). In short term desorption experiments
only the release of Phenanthrene from the rapidly desorbing fraction is observed especially

at high solid-to-liquid ratios (see exemplary case (iv) in section 3.4.4).

Model results and measurements of Anthracene-d10 and Phenanthrene concentrations in PE
sheets, water, fine and coarse sediment particles at two different solid-to-liquid ratios show a
very good agreement (Fig. 3.4). Initially, Anthracene-d10 desorbs from PE sheets into the
water phase, which leads to an increase of aqueous concentration and consequently to a
concentration increase in fine and coarse sediment particles. After 1 h, fine sediment
particles control mass transfer and Anthracene-d10 concentration in water starts to
decrease, while it still increases in fine and coarse sediment particles until the concentration
in fine sediment particles peaks. At this point in time (¢t = 100 min), a quasi-steady state is
achieved for Anthracene-d10 concentration in PE sheets, fine sediment particles and water
(Cpg = C,Kpgand Cs4,, = C,K4p) and their equivalent aqueous concentrations (C, pp =
Cre/Kpg, Cyspr = Cssp1/Kap and C,) overlap (see Figs. S3.8a-b) indicating a pseudo
equilibrium. After 100 min, mass transfer becomes dominated by the coarse sediment
particles. Slow uptake of Anthracene-d10 from water into coarse sediment particles results
in a concentration decrease in water and desorption of Anthracene-d10 from fine sediment
particles as well as in long tailing of Anthracene-d10 concentration in PE sheets at late time
until an ultimate equilibrium is achieved. The reverse process is observed for Phenanthrene:
initially (within a few seconds) fine sediment particles release Phenanthrene rapidly into
water causing an almost simultaneous concentration increase in water and PE passive
samplers. After that, PE continues to accumulate Phenanthrene much faster than the total
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release rates from fine and coarse particles, which results in a concentration decrease in
water. After 1 h, coarse sediment particles control mass transfer and Phenanthrene release
into water becomes faster than the uptake into PE, which leads to an increase in aqueous
concentration while the concentration in fine sediment particles still decreases slowly until
approx. 100 min. After that, a pseudo equilibrium is reached for Phenanthrene in PE sheets,
fine sediment particles and water (Cpg = C,Kpg and Cs,; = C,K;)p) and their equivalent
aqueous concentrations (C, pg = Cpp/Kpg, Cy5p1 = Cssp1/Kap and C,) overlap (see Figs.
S$3.8c-d). Finally, Phenanthrene concentration in water continuously increases due to
desorption from coarse sediment particles (see Fig. 3.4d) and the concentrations in PE
sheets and fine sediment particles adjust accordingly because they are in equilibrium with
the aqueous phase (see Figs. S3.8c-d); this leads to a slow concentration increase in fine
sediment particles as well as in PE (see Figs. 3.4e and 3.4a). The kinetic behavior of
Phenanthrene uptake into PE sheets mirrors (almost) the behavior of Anthracene-d10 (Fig.
3.4b). This is consistent with results of Liu et al. (2021) on monitoring of pyrene uptake into
passive samplers and deuterated pyrene release from it. Uptake kinetics do not change
significantly if solid-to-liquid ratio is increased. Only at late times, a slightly faster uptake is
expected, which may be attributed to the mass transfer shift from PE sheets into sediment
particles. The mass conservation plot verifies the semi-analytical model with numerical

inversion as shown in Fig. 3.4c.

Tab. 3.3: Fitted parameter values and coefficient of efficiency (E) for Anthracene-d10 and

Phenanthrene redistribution in sediment suspension with passive samplers.

& log KPE log Kd Shsp,l Shsp,z 5PE Cs,ini E
Parameters
[-] [Lkeg1]  [Lkgl] [-] [-] [um]  [ug kg ] [-]
Batch test D 0.07 (4.22) 3.2 3.4 8.5 5.4 24-28 0.96-0.99?
a from batch test A

b coefficient of efficiency range obtained from Anthracene d10 and Phenanthrene fitting

results under two liquid-to-solid ratios (SL = 0.15 kg L- and SL = 0.30 kg L. -1).
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Fig. 3.4: Concentration changes of Anthracene-d10 (black lines and symbols) and Phenanthrene
(red lines and symbols) in (a) PE passive samplers (polyethylene sheets dpp = 30 pm) for two
solid-to-liquid ratios of sediment particles (SL = 0.15 kg L' solid lines and SL = 0.30 kg L:
dashed lines); (b) solute mass sorbed or desorbed by PE relative to equilibrium (M /M,,); (c) mass
conservation; (d) to (f) modeled concentrations in water (C,,), and C,-equivalent concentrations

for (e) fine particles (dgp; = 7 pm) and () coarse particles (dgp, = 74 um).

3.4.3 Validation of Sherwood numbers

In order to validate the fitted Sherwood numbers from the microplastic batch tests A-D
(shown in Tabs. 3.2-3.3), we compared them with values expected from the empirical
relationships of Kirwan et al. (1989), which the energy dissipation rate as relevant parameter.
Seidensticker et al. (2019) used a similar magnetic stirring system as employed here and
reported an energy dissipation rate of &4i5p magnetic= 10?2 m2? s3 corresponding to an
empirical Sherwood number of 6.7 for PE2 in batch test B, which is consistent with the fitted
Sherwood number of 6.6 (see blue square symbol in Fig. 3.5). For batch tests A, C and D
(horizontal shaking), the energy dissipation rate was unknown. The Sherwood number fitted
for PE1 (13.5 from batch test A) allowed to back calculate (Egs. 3.5 and 3.8) two energy
dissipation rates (&gisp shaker= 10082 m2 s3and 10-1>m? s3) and two Kolmogorov length
scales (7= 50 um and 75 pm for @ = 0.5 and 0.75, respectively). PE1 (dpg; = 145 um) is
larger than the Kolmogorov length scale (7 = 50 um) and does not belong to “microparticles”

and therefore, the energy dissipation rate (€4;sp snaker= 101> m? s-3) was used in batch tests C
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and D (@ =0.5 ford <nor 0.75 ford > n withn = 75 pym were chosen corresponding to
grain sizes of particles). Fitted Sherwood numbers of batch tests C and D (shown in Tabs. 3.2-
3.3) are consistent with empirical relationships (see Fig. 3.5) as for microparticles (d < 1), a
slope (@) of around 0.5 and for macroparticles (d > 1) a slope of 0.75 is observed. A very
large Sherwood number (close to infinity, see Tab. 3.2) had to be set for PE3 in batch test B
and C to capture long term data (see Figs. 3.3b-c), which is in-line with sorption/desorption

kinetics dominated by intraparticle solid diffusion as expected (see Liu et al.,, 2022).
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Fig. 3.5: Correlation of fitted Sherwood numbers from batch tests A-D and Reynolds
numbers. The black vertical dashed line divides micro- (d < 1) and macroparticles (d > 7n)
according to the Kolmogorov length scale 5. Data are compared to empirical relationships by
Kirwan et al. (1989): Sh = 2 + 0.52Re®Sc'/? with a = 0.5 for microparticles (blue line) and

a = 0.75 for macroparticles (red line).

3.4.4 Illustration of  heterogeneous sorbents on

sorption/desorption Kinetics for hypothetical particle mixtures
Natural soils and sediments are typically very heterogeneous especially in terms of particle
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sizes and sorption properties which strongly influences sorption/desorption dynamics. The
presented coupled model allows to investigate this in great details in different settings (e.g.,
grain size mixtures, particle shapes and solid-to-liquid ratios). Since possible parameter
combinations may get very large in heterogeneous systems, four exemplary, realistic cases
were selected to illustrate the impact of sample composition on sorption/desorption kinetics:
(i) mixed samples with fine weakly sorbing (fast) and coarse strongly sorbing particles (slow,
e.g., particulate organic carbon), (ii) mixtures of fine and coarse particles, (iii) mixed samples
of strongly and weakly sorbing particles (same size), and (iv) different particle geometries; (i)
is the most relevant case and shown in Fig. 3.6, the other cases are discussed in sections
S§3.11-3.14 and here summarized as follows: Different particle geometries (iv) may be
represented by their surface to volume ratio; (iii) a small fraction of strong sorbents (high
distribution coefficients) may result in much slower sorptive uptake rates than expected for
an equivalent homogeneous sample (with lower distribution coefficient) and as expected (ii)
fine particles dominate sorption/desorption Kkinetics at early times and coarse particles take
over at late times. Figure 3.6 shows kinetics for case (i) which is initially fast but then
exhibits extended tailing and final equilibration is even much slower than in the equivalent
homogeneous case (100% strongly sorbing coarse particles). This is due to competitive
sorption between both particle fractions where initially rapid sorption/desorption is
controlled by the fine weakly sorbing particles which leads to a diminished aqueous
concentration gradient for the coarse strongly sorbing particles (see Figs. 3.6¢-f) leading to

slow mass transfer.

At higher solid-to-liquid ratios (e.g,SL =0.01 kg L1, see Fig. 3.6b), kinetics is mostly
dominated by fine particles and the extended tailing caused by the strongly sorbing coarse
particles is barely observable experimentally close to M/M,, = 1. If in such experimental
setups K,; values obtained by fitting would represent only the fast fraction and thus would be
too small (this likely applies to our experimental data of batch test D with a natural sediment
sample; see also S3.15 with a detailed mathematical explanation). Even if the mass fraction
of strong sorbents is quite low, it may contain a large fraction of pollutant mass (e.g., 1 mass-%
of strong sorbent contains 50% of total pollutant mass) and this leads to unexpected slow
kinetics in mixtures (i.e. slower than slow fraction alone) and consequently to a
misinterpretation of data if the heterogeneity is not considered (see orange symbols and

lines in Fig. 3.6).
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Fig. 3.6: Impact of heterogeneous sorbent compositions on sorption/desorption kinetics of
mixtures of fine particles (dgp fine = 40 um) with low sorption capacity (K; = 1000 L kg1)
and coarse particles (dsp coarse = 400 pm) with high sorption capacity (K; = 100 000 L kg1)
for two solid-to-liquid ratios (left panel: SL = 0.001 kg L, right panel: SL =0.01 kg L-1); top
panel (a) and (b): relative mass distribution M /M, vs. time (t) of pure (solid lines) and bi-
modal material compositions of fine and coarse particles with 1 mass-% coarse particles

(orange circles), 10 mass-% coarse particles (blue diamonds) and 50 mass-% coarse
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particles (black squares) (same curves for both sorption and desorption case); mid panel (c)
and (d): concentrations in water during sorptive uptake (symbols and solid lines) and
equivalent concentrations for fines (dashed lines: Cy fines = Cs fines/Kap) and coarse
particles (dotted-dashed lines: Cy, coarse = Cscoarse/Kap ) With an initial aqueous
concentration of Cy, ;,; = 100 pg L-1; bottom panel (e) and (f): results of the corresponding
desorption case; simulation parameter: Dy = 7.6 x 1019 m2 s°%; pg = 2.7 kg L} £ = 0.2; &445p =
1015 m? s3; v = 106 m? s1; all simulations are based on coupled film-intraparticle pore

diffusion model.

3.5 Implications

The two laboratory tests (one on microplastic mixtures and the second with natural
sediment and passive samplers) as well as the modeled scenarios with hypothetical particle
mixtures show that heterogeneous sorbent compositions may lead to unexpected
sorption/desorption kinetics which are hard to interpret. For example, if a small fraction of
coarse strong sorbent is mixed with fine weak sorbents (e.g., particulate organic carbon in a
sediment or soil) fast initial kinetics are followed by very slow sorption, but this tailing is
much longer than for the coarse particle alone. This behavior is not necessarily visible in
batch experiments and likely is overlooked especially if solid-to-liquid rations are high (e.g., >
0.01; see Fig. 3.6). Thus, in laboratory batch experiments slow kinetics may be masked and
lab observations cannot really be applied to field conditions. Very likely this also complicates
biodegradation batch experiments where after a fast initial concentration decline, strongly

sorbing particles limit degradation rates.

Proper interpretation of experimental data needs mechanistic models, and as shown here
coupled mass transfer (film and intraparticle diffusion) has to be considered. If this is done,
data can be interpreted properly and fitting parameters (e.g., K;, Kpg, € and Sh) are
consistent with classical empirical relationships (e.g., Kolmogorov’s turbulent theory and
empirical relationships as shown in Fig. 3.5 for Sherwood numbers). Mechanistic models also
help in optimum experimental design and the selection of right sampling time points. The
analytical semi-Laplace solution used here for heterogeneous systems allows to define
transfer functions accounting for particle properties (e.g., geometric shape, grain size,
distribution coefficient, intraparticle porosity, etc.) as well as different mass transfer
mechanisms (e.g., external film diffusion, intraparticle diffusion or coupled film-intraparticle
diffusion) as shown in Tab. 3.1. Concentrations in each component can be easily obtained by
numerical inversion of its analytical solution in Laplace domain as verified by the two batch

experiment results (see Figs. 3.3 and 3.4).
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4 Modeling of particle/gas distribution Kinetics of
polycyclic aromatic hydrocarbons (PAHs) in the
atmosphere: Relevance of mass transfer

resistance shifts

Binlong Liu, Michael Finkel, Peter Grathwohl

Abstract

A coupled external film-intraparticle pore diffusion model was derived to compare measured
apparent bulk particle/gas distribution coefficients (Log K4 ,) with equilibrium values
(LogKpg) predicted either from octanol-air distribution coefficients (K,,) or subcooled
liquid vapor pressures (P?) of PAHs. The coupled model takes external mass transfer
resistance in the bulk air as well as the internal resistance inside the intraparticle pore space
into account. For low molecular weight (LMW) compounds (with small Logk,,;), mass
transfer is dominated by intraparticle pore diffusion (kinetics follows the square root of time
law), while external film diffusion is limiting for high molecular weight (HMW) compounds.
The latter results in maximum observed distribution coefficients, i.e., they appear
independent on K,,, or P/ (slope = 0); for intraparticle pore diffusion they in/decrease with
the square root of K,,, or P. Moderate molecular weight (MMW) compounds lie in between
(slope shifts from 1/2 to 0) and both external and internal resistances have to be considered.
The coupled model is strongly influenced by intraparticle porosity (&), airborne particle
concentration (TSP), grain size (d) as well as the contact time of airborne particle with
ambient air. High K, 5, , are obtained with fast kinetics, i.e., with the increase of intraparticle
porosity, TSP, small particle size or long contact time (aged). The coupled model is verified
using three data sets with different contact times obtained from recent published papers.
Results on K4 , , obtained from local sources e.g., oil combustion tests in the lab and urban
data can be well explained. However, when analyzing data sets from polar region, a notably
higher LogK,, , (2-3 magnitudes higher than the values predicted from absorption or dual

model) is required suggesting different organic particles at remote areas.

4.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a ubiquitous group of semi-volatile organic
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compounds in the environment due to their wide variety of sources, chemical stability, and
multiple transport pathways (Balmer et al., 2019). Particle/gas distribution coefficients (K 4)
are widely used in estimating distribution of PAHs between airborne particles and air and
they play a crucial role in determining the transport of PAHs in the atmosphere and their
deposition onto soils and the aquatic environment. Subcooled vapor pressures (P7) and
octanol air partitioning coefficients (K,,) theoretically are (inverse) proportional to K, and
if plotted in logarithmic form slopes of -1 or 1 are expected under equilibrium conditions.
However, many monitoring data show deviations especially for compounds with large
molecular weight and thus very large K, ; (Mu et al,, 2014; Ma et al.,, 2020; Zhang et al., 2022).
Debates still continue and two mainstream perspectives try to explain slope deviations
considering chemical properties and kinetic effects. Goss et al. (1998) stated that slope
deviations do not necessarily indicate nonequilibrium effects due to the activity coefficients
variations of chemical compounds and slopes of 1 or -1 for K,, or P/, respectively are only
expected provided that all compounds have the same activity. Since airborne particles
sampled in the same location, but from different events show discrepancies, kinetics effects
also are important. Chemicals with low volatility need longer times to reach equilibrium and
contact times between airborne particles and air likely are too short. Compared to the
viewpoints of chemical properties, kinetics effects become more attractive especially for
explaining the maximum K, ; domain for very low volatile compounds. Parnis et al. (2020)
applied a first order sorption kinetics model to explain a plateau domain for K,  in indoor
dust/air partitioning for low volatile organic compounds. Zhao et al. (2021) used steady-
state multimedia mass balance model based on fugacity theory to explain maximum K,
values of polybrominated diphenyl ethers (PBDEs) by considering the fine and coarse
aerosol particles mass transfer with ambient air for seven generic aerosol scenarios (urban,
marine, rural, remote, free troposphere, polar and desert); only one scenario data (urban)
was well fitted by the model. Fitting results depend on assumption on the mass transfer
model: for first order kinetics the slope is either linear (1 or -1) or zero (nonequilibrium).
Rounds et al. (1990 and 1993) applied the intraparticle pore diffusion model to describe the
particle/gas sorption kinetics accounting for an unexchanged core inside the particles for
explaining the overestimation of K, from the expected values (calculated from empirical
equilibration model) for compounds with relatively high values of P?. Theoretically, a
shallow slope (= 0.5) would present under non-equilibration condition for intraparticle pore
diffusion model, which is consistent to the slopes of monitoring data for PAHs sampling near
source zones or polar regions (Mu et al,, 2014; Liu et al.,, 2019; Zhang et al.,, 2022). However,
intraparticle pore diffusion alone cannot explain the maximum K, domain for very low
volatile compounds. Combining the merits of first order kinetics model and intraparticle

pore diffusion model, a coupled Kinetics model maybe an optimal choice to describe the
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mass transfer between air and particles. Mai et al. (2015) used a coupled model but particles
without intraparticle pores to investigate the equilibration times needed for airborne
particles under infinite bath (gas phase concentration keeps constant.) and finite bath (gas
phase concentration would decrease due to the sorption into the particles.). The results
indicated mass transfer is controlled by the intraparticle solid diffusion for small K,
compounds while mass transfer is dominated by the gas-phase diffusion (first-order kinetics)
for large K, compounds. This finding demonstrates the feasibility of explaining slope
discrepancy of K, with the coupled model. However, purely descriptive mathematical
analysis of different sorption Kinetics and their impact on the K, is still wide-spread (e.g.,
exponential models or second-order models), despite their lack of allowing any mechanistic
understanding of mass transfer processes. Furthermore, to our knowledge all existing
models assume more or less heterogeneous mixtures of particles in the atmosphere while
heterogeneous particle sizes and properties are likely and complicate mass transfer kinetics
even more. Typically numerical models would be used to address heterogeneities, but they

are often computationally challenging.

Therefore, this paper introduces a coupled kinetics model, that takes both external and
internal mass transfer resistances into account, which is solved in Laplace domain and
concentrations in each component are obtained by numerical back transformation. This
allows to easily demonstrate the impact of different kinetics models (film diffusion,
intraparticle pore diffusion and coupled film intraparticle pore diffusion) on K, slope
deviations. Additionally, the study investigates the effects of various parameters, such as
airborne particle concentration, particle size, intraparticle porosity, and contact time on the
kinetics models. To validate the kinetics models, three sources of data from recently

published papers with different contact times between airborne particles and air are utilized.

4.2 Theory

4.2.1 Particle/gas distribution coefficients

Particle/gas distribution coefficients often are calculated from concentrations monitored in

the atmosphere (Pankow, 1994):

Cp

Kpg,b,a = TSP Cg (41)

where €, [M L3] and C; [M L3] are the concentrations of pollutants (e.g., PAHs) in

atmospheric particles and gas phase, respectively. TSP [M L-3] is concentration of total
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suspended particles in gas phase (TSP= mg,/V;; mq [M] and V, [L3] denote the dry mass of
particles and volume of air, respectively.). K, g4 (= Kpg,a + €/pp) may be considered as
apparent bulk particle/gas distribution coefficient if equilibrium between gas and
particulate phase are not reached (it also accounts for pollutants stored within the
intraparticle pore space (&); pp [M L-3] denotes the bulk density of porous particles (p, =
ps(1-€)); ps [M L3] is the solid density of particles).

4.2.1.1 Equilibrium condition

During equilibration, apparent bulk particle/gas distribution coefficients approach the

equilibrium (bulk) particle/gas distribution coefficients:

K. Cp,eq

pgb = TSP—Cg'eq (4.2)

where Cp, ¢ [M L3] and Cy ¢4 [M L3] are the equilibrium concentrations of pollutants (e.g.,
PAHs) in atmospheric particle and gas phases, respectively. Since €/p, < K, 4, Kpgp is

approximately equal to K,,, for PAHs.

Two types of models, the absorption model according to Harner and Bildeman (1998) and
dual sorption model (Lohmann and Lammel, 2004) are widely used to determine the
equilibrium particle/gas distribution coefficients. The absorption model is based on Raoult’s
law and assumes the pollutant sorptive uptake into particles is solely due to partitioning into
the organic matter fraction (fom) of the particles (fom may be related to the organic carbon
content of particles (f,c) (fom = 1.5f,c).) and thus may be correlated to octanol-air
partitioning coefficients (K,,). Harner and Bildeman (1998) assumed similarity of molar
mass, density as well as activity coefficients in organic matter and octanol (p,.; = 0.82 kg L-1)

and thus derived a simple relationship of K,,; and K, ;:
LogK,, = LogK,, + Logfom — 11.91 (4.3)

The dual mode model considers both absorption into organic matter and adsorption onto

carbonaceous substances (e.g., soot or black carbon):

meMWOCtVOCt fecaec )
sa

LogKk =L0g( Kog +————
g MI/Vomyomlolzpom oa a51012pec

(4.4)

where MW, [M Moll] and MW,,, [M Mol!] denote the molar mass of octanol and organic
matter, respectively. ¥, ¢ [-] and ¥, [-] are the activity coefficients of octanol and organic
matter, respectively. f.. [-] is the fraction of elemental carbon. a,. [L?2 M1] and a4 [LZ M-1]
denote the specific surface area of elemental carbon and soot particles, respectively. a,./a; is

around 1 (Dachs and Eisenreich, 2000). p,,,, [M L-3] and p,. [M L-3] are the density of organic
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matter (assumed to be equal to p,.;) and elemental carbon (assumed to be equal to 1 kg L-1)
respectively. K, [L3 M-1] is the surface adsorption coefficients between air and soot particles,
which can be estimated from the subcooled liquid vapor pressure (P7) and the specific

surface area of elemental carbon (Dach et al., 2004; van Noort, 2003):

998
LogK,, = —0.85LogP; + 8.94 — Log(a ) (4.5)
ec
Both K,, and P{ are temperature (T) dependent. Odabashi et al. (2006) presented the
following empirical equations for PAHs which can be used to calculate K,, and P} for

different temperatures:

B,

LogKyq = Ay +—=
mf (4.6)

LogP? = b, + T

where A,, B,, b, and m;, are constants. Physical and chemical properties and corresponding
constant values for PAHs (including naphthalene (Nap), acenaphthylene (Acy), acenaphthene
(Ace), fluorene (F1), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr),
benzo[a]anthracene (BaA), Chrysene (Chr), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BKkF), benzo[a]pyrene (BaP), indeno [I1,2,3-cd]pyrene (InP),
dibenzo[a,h]anthracene (DBA), dibenzo[a,h]anthracene (DahA), and benzo[g,h,i] perylene
(BghiP).) are summarized in Tabs. S4.1 and S4.2, respectively.

4.2.1.2 Equilibration times - Kinetics

The equilibrium time between airborne particles and air may cover multiple orders of
magnitude due to impacts of the grain sizes, distribution coefficients (K,,), intraparticle
porosities (&), solid to volume ratios (TSP), etc. (see Fig. 4.2). Non-equilibrium conditions
often occur for pollutants with large K, in low TSP atmosphere, as evident from monitoring
data in rural areas where LogK, p, o VS- LogK, 4, shows no correlation (or slope less than 1)
in the large LogK, 4, domain (Zhao et al., 2010; Wang et al,, 2011; Qiao et al, 2019). Mass
transfer of pollutants between gas and particles may be either governed by an external
boundary layer (“gaseous film") or governed by an internal boundary layer where pollutant
adsorption occurs inside the intraparticle pore space driven by the concentration gradient in
the intraparticle gas phase (C,;,) where instantaneous equilibration is assumed between

solid (Cp) and Cy , (Cp = CgpKpg)-

Film diffusion model (FD): For sorptive uptake scenarios, the analytical solution of external

film diffusion is given as (Liu et al., 2022):
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“ _y ( k6 (1 +K m"’) t> 4.7)
=1—exp|-— — b .
Cpeq Kpgp Py d PI7 Y,

where k [L T-1] is the first order mass transfer velocity (k = Dy /8; Dy [L? T1] is the gaseous
diffusion coefficient of the pollutants and § [L] is the external film thickness of suspended
particles, which can be estimated via dimensionless Sherwood numbers (Sh = d/§).). d [L]

is the grain size of particles. t [T] is the contact time of particles with air.

The relative distribution coefficients (K4 p,q/Kpgp) of external film diffusion can be
obtained by combing Eq. 4.7 and mass conservation equation (Eq. S4.3 and derivation details

see section S4.2), which is:

k 6
K 1—exp( pgbppd<1+Kpgb V) )

202 = — (4.8)

Pob 14K, dex (—— <1+K >t>
Pab T, P Kpgp pp d oLV,

For short time approximation (t is small), the numerator of Eq. 4.8 can be replaced by the

arguments inside the exponential function (1- exp(-x) = x) and the exponential function in

the denominator approaches to 1. Then Eq. 4.8 can be simplified as:

k 6 ( )
— 1+K
Kpgva _ KpgnPpd bV )t k6 .
Kpg,b 1 +K gb V Kpg.b ppd (49)
K =k—-:t
pg.b,a Py d

Thus at early times, K, ;, , is independent on K, , which is especially relevant for pollutants
with large K, 4, (see Fig. S4.1). This results in a maximum K, ; , as observed in many
monitoring data of semi-volatile organic compounds (Qiao et al., 2019; Zhu et al,, 2021; Li et

al, 2022).

Intraparticle pore diffusion model (IPPD): Analytical solution of intraparticle pore

diffusion of spherical particles can be expressed as series expansions (Crank, 1975):

o 6B8(B + 1) D,
=1- ) ———Z _exp [—qz—t] 410
Cpeq — 9+98 + qip? "a ( )

a [L] denotes the radius of spherical particles. § represents the ratio of pollutants mass
stored in the free gaseous phase M., [M] to the mass in the total suspended particles

(sorbed and in the intraparticle pore space) M; ., [M] under equilibrium condition.

ﬁzMg,eqz Vo __ 1

Mseq  Kpgpmag KygpTSP

(4.11)
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The g,,s are the nt non-zero root of transcendental functiontang, = D, [L% T-1]

3+B 3+Bq2
denotes the apparent diffusion coefficients of pollutants in gas phase, which can be
estimated via the empirical relationships (Boving and Grathwohl, 2001):

Dge D

p _ Dpe

1+ K,, Ps_p Ra  ppKpgp

Dq = (4.12)

D, [L? T-1] denotes the gaseous diffusion coefficient in intraparticle pore space.R; [-]

denotes the retardation factor.

The relative distribution coefficients (Kpg 5 qa/Kpg,,) of intraparticle pore diffusion is given as

(detail derivation process is presented in section $4.3):

Cp
Kpgpa _ Cpeq
- C.
()b
ped (4.13)

1- Zn=1%exp [-ai 28]

(5055 e e [T

For short term approximation, the square root of time solution can be applied:

Cp D,t 1
=6 |— (1 +— 4.14
Cpeq "naz( ﬁ) ( )

Inserting Eq. 4.14 into Eq. 4.13, Kpg o / Kpg,» becomes:

Dt 1
pgba _ 6\J7Ta2 (1+3)

K

2 =

v (1+p)-pma(+3)

(4.15)
¢ [Pat

_ wa?

1_9 D,t ma?

BN ma?

Since D, accounts for intraparticle sorption, K 5, o increases with the square root of K4 5,

(Eqg. 4.15 combined with Eq. 4.12):

_ D, st DyeK, gbt (4.16)
Fogba a2ppKpg Pk pgb nazpp .

Thus K, 5 o plotted vs. K, ; j, results in a slope of 1/2 (Fig. S4.2). For solid airborne particles
(without intraparticle pores), a solid diffusion coefficient (D;) replaces D, in Eq. 4.15 and the
distribution coefficient stays proportional to K,, even under non-equilibrium conditions
(slope = 1 in the plot of LogKp, 4 ¢ Vs. LogK, ).
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Dt

- (4.17)

=6 K

pg.a pg

Coupled film intraparticle pore diffusion (FIPPD): A coupled model is needed to account
for the mass transfer resistances outside and inside the particles (see Fig. 4.1). No simple
analytical solutions exist so far for the coupled model in real time domain. A first order
approximation solution may be alternative, but accuracy is limited only to early time periods
(Liu et al, 2022). In order to apply the coupled model under more general conditions, a
simple analytical solution in Laplace domain can be used and the results in the real time
domain can be obtained by inverse Laplace transformation with numerical methods (de
Hoog et al, 1982). The semi-Laplace solution can be also used in systems with
heterogeneous composition (e.g., airborne particles with different grain sizes, distribution
coefficients (K, ,), porosities, etc.). For a detailed derivation of the coupled film-intraparticle
diffusion model see Liu et al. (2022). Briefly, mass transfer of pollutants between air and
airborne particles (which may be mixtures from different sources, e.g., soot particles,

charcoal, dust, etc.) can be expressed assuming mass conservation:
aC “ m aC
g ai ..t
at Z .V pobi 5t (4.18)
i=

where n; [-] denotes the total number of different particle classes. Variables with subscripts i

refer to individual components. C,

gpi M L3] is the pollutant concentration in the

intraparticle pore gaseous phase.

The Laplace transformation of the mass conservation equation becomes:
ni
~ Mgy ~
sC, — Cy(0) + Z v *Kpgi (SCopi = Copi(0)) =0 (4.19)
i=1

where s [T-!] is the complex Laplace coordinate. The tilde sign denotes the Laplace transform of
the respective variables. Cj (0) and Cg,pli(O) denote the initial pollutant concentration in gas phase,

and intraparticle pore gas phase, respectively.

In real time domain, the average concentration in the intraparticle gas phase (Cy 5, ;) depends on the

pollutant concentration in the ambient air (Cy) in form of a convolution with respective transfer

functions. In Laplace domain, Cg,,; is:

) (2 Cepi(0) | Cypi(0)
Cowi = i (cg— . >+ s (4.20)

where g, ; [-] is the transfer function containing the sorption/desorption kinetics information.

For coupled film intraparticle pore diffusion, the transfer function of spherical particles is:
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’ S S 1
~ Da,i ( Da,i coth <ai Da,i> B a_1> Bki
Ipi = o
’ S S 1\a;s
ki + Da,ipp,iKpg,b,i ( _Dai COth <ai _Dai> _ a_l> i

Different geometries of particles, sorption/desorption kinetics models applied as well as

(4.21)

internal structures of particles (e.g., with or without intraparticle pores) need slightly

different transfer functions as reported by Liu et al. (2023).

Inserting Eq. 4.20 into Eq. 4.19 yields the pollutant concentration in ambient air in Laplace

domain (C;) is given as:

C (0)'{'21 1 V pgblgpl gpL(O)

(4.22)
(1 + Zl 1 V Kpg,b,i gp,i) S
The average concentration in particles can be determined via the mass balance:
C, = (€4(0) - Cy) (4.23)

Combining Eq. 4.22 with Eq. 4.23, K, ;4 of coupled model can be obtained based on its

definition:
C (0)+Zl 1 V Kpg, b,igp,icg,p.i(o)
Cq (0) — invlap 4
Cp (1+le VlKgblgp‘)
. _ (4.24)
pg,b,a
TSP C, Cy(0) + 3™ v Kpg.b,ip,iCp,i(0)

TSP invlap

(1+Zl 1 I/dlKgblgpl>

where invlap denotes the inverse Laplace transformation operator. K, ;, , is independent on
the initial concentration in gas phase (C4(0), which is often unknown.) and a random
positive number can be used in modeling (independent on initial concentration). For

sorptive uptake scenarios, Cy,,;(0) is 0.
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Fig. 4.1: Mass transfer of pollutants from ambient air into airborne particles limited by
coupled film-intraparticle pore diffusion (top) and concentration gradients (bottom) in the
external boundary layer (|r/a| € [1, 2]) as well as in the intraparticle pore space (|r/a| € [0,
1]) from time zero (t,, red line) to equilibration (t,, black line in the middle) for 50%

pollutants uptake in the airborne particles (8 =1 or K, ,, = 1/TSP).

4.2.2 Data sources

Three data sets were obtained from recently published papers. These three cases represent
short and long contact times of airborne particles with air. The first data set (1) came from
Yin et al. (2022) who reported concentrations of 16 EPA PAHs emitted during combustion of
different fuels (condensate, diesel and heavy oil) in a test chamber operated in the lab. A
second data set (2) was taken from Sun et al. (2022) who measured PAHs concentrations in
airborne particles and atmosphere in the city of Yuncheng (a city in Northern China)
considering diurnal variations as well as the impact of domestic heating. Finally, a third data
set (3) was taken from Zhang et al. (2022) reporting PAHs concentrations in the marine
atmosphere monitored during a cruise of a research vessel from the Western Pacific to the
Southern Ocean with sampling locations covering the Antarctic regions as well as places

remote and close to coasts.
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A requirement for the selection of each data set was the availability of sampling
temperatures (T), airborne particle concentration (TSP), organic matter content (f,;,,), as
well as the specific surface area of elemental carbon (a,.) which is needed for the calculation
of the particle/gas distribution coefficient (K, ) either using the empirical relationships of
the absorption model (Eq. 4.3) or the dual model (Eq. 4.4). Measured concentrations of PAHs
in gaseous and particle phases were utilized to calculate the apparent particle/gas
distribution coefficient (K, g5 ) (see Tabs. S4.3, S4.5 and S4.7 for the three data sets). The
comparison of the measured Ky, , and the equilibrium K, (calculated from Egs.4.3 and 4.4)
is presented in section S4 (see Tabs. S4.4, S4.6 and S4.8 for three data sets). For sorption
kinetics modeling (e.g., FIPPD), inputs include the equilibrium particle/gas distribution
coefficient (K,4), TSP, particle size (d), gaseous diffusion coefficient (Dy), intraparticle
porosity (&), dry density of airborne particles (pg), Sherwood numbers (Sh), and contact time
between airborne particles and air (t). The gaseous diffusion coefficients of PAHs are similar
(e.g., 5-9 X106 m?s1), and a value of 6X10-¢ m? s is used (Gustafson et. al, 1994). The dry
density of airborne particles is assumed to be close to the density of black carbon or soot
particles (1.8 kg L-1; Bond et al., 2013). The minimum Sherwood number of 2 for spherical
particles is applied in modeling, as the grain size of the airborne particles is in the range of
only a few micrometers and the relative velocity between the particles and air is very small.
Since calculated K, ; from empirical relationships (Egs. 4.3 or 4.4) may slightly deviate from
measured K4, , even for LMW PAHs (assumed to be equilibrium very quickly or K, =
K, g,b,c) due to measurement errors or unconsidered potential parameters, the measured
Ky g,p,a is used as input of K, ,, of Kinetics model for LMW PAHs and K, ,, of HMW PAHs is
assumed as K, , from empirical relationships plus the mean deviations of LMW PAHs. The
mean deviations between measured K, 5, , and empirical relationships (Egs. 4.3 or 4.4) of
LMW PAHs for data sets (1) and (2) are within error ranges (< 0.5 logarithmic unit, see Figs.
S4.4 and $4.5), while measured K, , , of LMW PAHs for data set (3) are 2-3 magnitudes
higher than empirical relationships (see Fig. S4.6) (explanation see section 4.3.3.3).
Intraparticle porosity (which controls the intraparticle pore diffusion coefficient) and
contact time are utilized as fitting parameters, and parameter calibration is performed in
Matlab via the 'fminsearch’ function to minimize errors between the model-estimated and
measured apparent particle/gas distribution coefficients. The normalized root mean square
error (NRMSE) is determined and it varies from 0 to 1. A low NRMSE value e.g., < 0.2

indicates model’s predictions are closer to the measured values.
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4.3 Results and discussions

4.3.1 95% equilibration time scales of PAHs from 3 different

Kinetics models (FD, IPPD and FIPPD)

In Fig. 4.2, we compare the 95% equilibration times of FD, IPPD and FIPPD under two
atmospheric particle concentrations (TSP = 20 and 200 pg m=3) and two intraparticle
porosities (¢ = 0.05 and 0.2) for particle size ranges of 1 to 10 um and logarithmic bulk
distribution coefficient ranges (LogKpg,,) of -5 to 2. The high and low particle
concentrations may represent the conditions in urban and remote areas; particle sizes and
bulk distribution coefficients are typically observed in environmental monitoring in many
countries (e.g., PM1, PM2.5 and PM10) and 16 USEPA priority PAHs, respectively. With the
decrease of the grain size (d) or increase of particle concentration (TSP), the 95%
equilibration times decrease for all kinetics models. For FD (see Fig. 4.2; blue surfaces),
equilibration times firstly increase with increasing K, 5, but then become independent on
K, g (because for large K, values: 1 + K, , TSP = K, 4, TSP and K}, , is canceled in Eq.
4.7). In contrast to FD, for IPPD (or FIPPD) a maximum equilibration time exists when 1/TSP
equals to K4, (or f =1) as already illustrated by Grathwohl (2014). For higher or lower

K

pg,b» €quilibration times would decrease (see Fig. 4.2, red surfaces). Intraparticle porosity

(¢) is the most sensitive parameter in IPPD and it controls the retarded pore diffusion
coefficient. The 95% equilibration times of IPPD decrease dramatically with the increase of
intraparticle porosity (see Figs. 4.2a and b). As to be expected the coupled FIPPD model
shows slowest sorption kinetics (or longest equilibration times; magenta surfaces in Fig. 4.2).
Liu et al. (2022) adopted the mass transfer resistance ratios to illustrate how mass transfer
shifts from FD to IPPD and found that mass transfer is dominated by intraparticle pore
diffusion for compounds with small K,,4;, (because shift occurs earlier), while the mass
transfer shift is delayed with the increase of K, ;, and intraparticle porosity. For PAHs with
large K, 4, (or low ), mass transfer is dominated by FD. In the intermediate domain of K, 5,,
both FD and IPPD play a role. With the increase of TSP and intraparticle porosity, FIPPD
follows FD for lower K, , values due to a delay in mass transfer shift (see Figs. 4.2b, c, and

d).

The 95% equilibration times vary greatly, from few seconds to thousand days. For example,
for low molecular weight (LMW) of PAHs (small K,,, ), they only take around 10 s to reach
the 95% equilibration for 1 pm particles with intraparticle porosity of 0.2 and TSP of 200 pg
m-3 (see Fig. 4.2d), which is around 10 million times faster than the cases of high molecular

weight (HMW) of PAHs (large K, ;) whose maximum equilibration times are more than
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1000 days for 10 um particles with intraparticle porosity of 0.05 and TSP of 20 pg m3 (see
Fig. 4.2a). Esmen et al. (1971) showed that the residence times of fine airborne particles
(PM2.5 and PMO0.1) range from days to weeks, while coarse particles (PM10) have only
lifetimes of hours to days. The equilibration times of HMW PAHs are much longer than the
residence times of airborne particles and the assumption of equilibration does not hold
especially under low TSP conditions (e.g., remote regions) or airborne particles with small
intraparticle porosity. On the contrary, LMW PAHs reach equilibration very fast and K, 4

values approach equilibrium (K, ;), which can be used in equilibrium models calibration

(Egs. 4.3 and 4.4).

TSP =20 pgm™, € = 0.05 b TSP =20 pgm™, € =0.2

\\-FIPPD EiPPD B FD|
10° -

OX

=

95% equilibration time t [s]
>

= 1
21721

2
3 -1 3 -1
d [pm] LogK  , (mug™] d [em] LogK  \, [m pug™]
c TSP =200 pgm™, € = 0.05 d TSP =200 pgm™, e =0.2

95% equilibration time t [s]

Fig. 4.2: 95% equilibration times for film diffusion (FD), intraparticle pore diffusion (IPPD)
and coupled film-intraparticle pore diffusion (FIPPD) vs. grain sizes (d) and particle/gas bulk
distribution coefficients (LogK,g4 ;) for spherical particles with two different atmospheric
particle contents (TSP = 20 (top) and 200 ug m-3 (bottom)) and intraparticle porosities (¢ =
0.05 (left) and 0.2 (right)); Dy = 6x10¢ m? s'1; p; = 1.8 kg L''; Sh = 2 (for small K, ,, values,
FIPPD and IPPD overlap completely).
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4.3.2 LogK, 4 pq VS- LOgK,,, , of PAHs

Three sorption kinetics models (FD, IPPD and FIPPD) are used to calculate the apparent
particle/gas bulk distribution coefficients for two TSPs (20 and 200 pg m3) and two
intraparticle porosities (0.05 and 0.2) for contact times of 1x103 s and 1x10¢ s. The short
and long contact times may represent the cases of sampling near or far away from particle
sources. For short contact times (t = 1x103 s), FD shows a slope of 1 only for LMW PAHs
(Log Kpgp< -2.5) indicating equilibrium, while K, , becomes constant for moderate
molecular weight (MMW) PAHs and HMW PAHs (LogK,, ;> -2.5); thus K4 5, 4 is independent
on Ky, , for sorptive uptake of HMW PAHs under nonequilibrium conditions (see Eq. 4.9).
For IPPD, sorption kinetics is much slower than in FD for LMW PAHs and equilibrium is only
reached for very low Logk,,, , values (e.g., LogK,,, < -4.8 and -3.5 for € values of 0.05 and
0.2, respectively.). With the increase of Logk,, 4 », non-equilibrium conditions show up and a
slope of 1/2 is observed for intraparticle pore diffusion (see Eq. 4.16). The coupled model
combines FD and IPPD and for low LogK,p, intraparticle pore diffusion dominates mass
transfer and the coupled model follows IPPD, then the slope gradually decreases from 0.5 to
0 until the external boundary layer dominates and LogK,, , becomes constant (here for
1x103 s) like in FD. This corresponds e.g., to data reported by Mu et al. (2014) and Liu et al.
(2019) from the emission in coke plants with sampling points close to the sources. Similar
results were obtained in PAHs emission tests from the oil combustion in a small chamber
directly connected to the sampling devices which have even shorter contact times (Yin et al.,
2022). With the increase of the contact time (e.g., t = 1x10°¢ s) a higher degree of equilibrium
is reached. All PAHs reach equilibrium for FD (slope =1). The curves of FIPPD follow the
curves of IPPD. Equilibration conditions are obtained for LogK, ), < -1.5 and - 0.2 fore
values of 0.05 and 0.2, respectively. For HMW PAHs, mass transfer resistance shifts from the
external boundary layer into the particle pore space and the slope becomes 0.5. If the contact
time is even longer, all curves would finally follow a slope of 1 indicating equilibration. Zhu et
al. (2021) collected data for PAHs in Harbin City from 2014 - 2019 and reported a slope of -
0.57 and 0.61 for schemes of LogK, g p q vs. LogP_ and LogK,,, respectively. Similar slopes
(close to 1/2) are also reported from data sets of regular air sampling of different urban
cities from Zhao et al. (2010) (-0.58), Yu et al. (2012) (-0.61), Sun et al. (2022) (0.59), etc.

IPPD is a plausible explanation for these observations.
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Fig. 4.3: Short term (t = 1x103 s; left) and long term (t = 1x10¢ s; right) behaviors of
apparent particle/gas bulk distribution coefficients (LogK,gpq) Vs. equilibrium bulk
particle/gas distribution coefficients (LogKy,, ;) of film diffusion, intraparticle pore diffusion
and coupled film intraparticle pore diffusion for PAHs sorption into airborne spherical
particles under different particle concentrations (TSP = 20 and 200 pg m-3) and intraparticle

porosities (¢ = 0.05 and 0.2). (D; = 6X10¢m2s1; p; = 1.8 kg L'; Sh = 2; d = 2.5 um)

4.3.3 Model application to data sets

4.3.3.1 Case I: PAHs emission from oils combustion in a lab chamber test

Data of release of sixteen PAHs from combustion of three types of oils (condensate, diesel,
heavy oil) was taken from Yin et al. (2022). Sampling temperature, particle contents as well
as average PAHs concentrations in gaseous and particle phases are presented in Fig. 4.4a and
b, respectively. It can be seen that total PAHs release from combustion of heavy oil is higher
than the PAHs emissions of diesel and condensate because heavy oil takes longer heating
times resulting in incomplete combustion, while condensate is a light crude oil and more
inflammable leading to more complete combustion and diesel oil falls in between (Fingas,
2017). The most abundant PAHs for those three types of oils are the same (Nap, Pyr, Flu and
Chr). LMW PAHs (e.g., Nap and Acy) occur mostly in gas phase while HMW PAHs (e.g., BbE,
BKE BaP, InP, DahP and BghiP) are almost completely associated with the particulate phase.
The absorption model (Eq. 4.3) describes the equilibrium bulk particle/gas partitioning
coefficients (LogKy, ;) better than dual model (Eq. 4.4) especially for LMW PAHs (see Fig.
S4.4). Therefore, the average LogK,, , deviations of Nap, Acy and Ace between absorption

model and measured LogK,, o are used for correction of equilibrium bulk particle/gas
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partitioning coefficients of HMW PAHs (LogK,gpumw = LOgKpgbhHMw absorption ¥ Mean
deviations of Nap, Acy and Ace) and the results are utilized as the input LogK,, , values of
kinetics models. The modeling results of three kinetics models (FD, IPPD and FIPPD) are
presented in Fig, 4.4c. Since the combustion experiments were run in a chamber (80 cm x 30
cm x 30 cm) in the lab and burning times can be assumed to be similar for all types of oils
due to the constant oil volume consumption (30 mL oil for each test) (setups details see Yin
et al,, 2022). The modeling results show that FIPPD is the best kinetics model for describing
LogK, 4,p,q of PAHs from combustion of condensate, while FD is the optimal kinetic model for
diesel and heavy oil with the normalized root mean square errors (NRMSE) of 0.13, 0.12 and
0.08, respectively. The intraparticle porosity fitted for the condensate (¢ = 0.13) is smaller
than the intraparticle porosities of diesel particles (¢ = 0.51) and heavy oil particles (¢ =
0.52) probably because volatile constituents evaporate during combustion leading to more
unburned oil droplets entrapped in the airborne particles which occupy the intraparticle
pore space. The intraparticle porosities of airborne particles from combustion of diesel and
heavy oil are consistent with the results (¢ = 0.5) reported by Strommen et al. (1997 and
1999) who also measured airborne particles (e.g., soot particles) from combustion of diesel.
The small intraparticle porosity of condensate increases the internal mass transfer
resistance and mass transfer is dominated by IPPD for LMW PAHs (low LogKy,, ), while
mass transfer resistance dominated by FD for HMW PAHs (high LogKp,, ). The mass transfer
of MMW PAHs is controlled by both external and internal mass transfer resistances (see red
solid line in Fig. 4.4c.). With the increase of intraparticle porosity, sorption kinetics facilitates
and mass transfer shift from FD to IPPD delays (Liu et al,, 2021) and LMW PAHs (Nap, Acy,
Ace FI, Phe and Ant) have already reached equilibration and show a slope of 1 for diesel and
heavy oils (see blue and black symbols and lines in Fig. 4.4c or Fig. S4.4). For MMW and
HMW PAHs, sorption kinetics leads to measured LogKp, ;. smaller than the corrected
equilibrium LogKp, , and both FIPPD (sold lines) and FD (dashed lines) capture the
tendency of measurements of diesel and heavy oil, although FD is the optimal model with
least NRMSE. The fitted contact time between airborne particles and air is around 10 s based
on average particle grain size of 10 pm. A shorter contact time would obtain if a finer grain
size was used (e.g., similar fitting results would get for contact time of 1s for grain size of 2.5
um.). The measured LogK,,; p , of LMW PAHs equal to the equilibrium Logk,, , even if the
contact time is short, because the airborne particle concentration (TSP) is very high (see Fig.
4.4a), which is around three orders of magnitude higher than the airborne particle

concentration in ambient air (e.g., ranges from 10-200 pg m3).
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(c) Apparent particle/gas bulk distribution coefficients (LogK, ) Vs. expected equilibrium
bulk particle/gas distribution coefficients (LogK,, ;) from measurements (symbols) and
kinetics modeling of film diffusion (FD), intraparticle pore diffusion (IPPD) and coupled film
intraparticle pore diffusion (FIPPD); fitting parameters and normalized root mean square

errors (NRMSE) of the optimal kinetics model are presented in table.

4.3.3.2 Case II: PAHs concentrations in airborne particles and atmosphere
in a northern China city (Yuncheng) by considering the diurnal variation as

well as the impact of domestic heating

For case II, data on PAHs monitoring in an urban northern China city was used (Sun et al,,
2022). The airborne particle concentrations and sampling temperatures as well as PAHs
concentrations in gaseous and particle phases are presented in Figs. 4.5a and b, respectively.
BaA, Flu and Phe are known as typical for coal combustion (Sofowote et al., 2008) and Nap,
Pyr, Chr and Flu are confirmed as PAHs produced from petroleum combustion (Yin et al,,
2022). The concentrations of those PAHs (Nap, Phe, Flu, Pyr, BaA and Chr) during the heating
period (black and magenta bars) are significantly higher than during the non-heating period
(red and blue bars) due to the coal and petroleum combustions for domestic heating. Similar
to case I, LMW PAHs are mainly occurred in gas phase, while HMW PAHs are primarily stored
in particles. Equilibrium bulk particle/gas partitioning coefficients (LogK,, ;) calculated
from empirical relationships (Eqgs. 4.3 and 4.4) are consistent with the measured bulk
particle/gas partitioning coefficients (LogK,gp,q) for LMW PAHs (e.g., FI, Phe and Ant) and
the dual model performs better than absorption model (see Fig. S4.5). LogK, g o values of
Nap, Ace and Acy are larger than predicted LogKy,, , and similar results are reported by Ma
et al. (2020) and Li et al. (2022). The underestimation of LogKp, ;, of empirical relationships
for LMW PAHs (Nap, Ace and Acy) might be attributed to photooxidation reported by Shakya
etal. (2010) leading to lower gaseous phase concentrations which result in higher measured
LogK,g,p,q values. Similarly, breakthrough of gas phase PAHs in high volume air samplers
could lead to losses of 30% or even more (e.g, 50% for Nap; lower C; leading to higher
LogK,g4,») especially for compounds with molecular weights less than fluorene (e.g., Nap, Ace
and Acy) and measurements are considered as semiquantitative (Fernandez et al,, 2002). As
the LMW PAHs are assumed to reach equilibration very quickly, average deviations of FI, Phe
and Ant between measured LogK,, ,  and LogK,, ,, estimated from empirical relationships
are used for prediction of equilibrium LogK,, , of LMW (Nap, Acy and Ace), MMW and HMW
PAHs (similar to case I) and results are used as inputs of kinetics models. Modeling results
are presented in Fig. 4.5c. Here, FD fits best for data from heating period, while the coupled

model (FIPPD) is in line with the data from the non-heating period. The fitted intraparticle
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porosities (¢) and contact times are around 0.3 and 2.2 h, respectively. Errors are relatively
low (NRMSE < 0.1), which supports the suitability of the kinetics modeled. The fitted
intraparticle porosities (¢ = 0.3) are slightly lower than the intraparticle porosity of soot
particles (¢ =0.5; see case I) probably due to the mixing of multiple sources of urban

particles (e.g., dust, minerals, microplastics).
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Fig. 4.5: Day/night and heating/non-heating impacts on concentrations of PAHs in
atmosphere and airborne particles in a northern China city (Yuncheng). (a) Sampling
temperature and total suspended particle concentrations (TSP). (b) Average PAHs
concentrations in the particles (bottom part of bars) and gaseous phases (upper part of bars).
(c) Apparent particle/gas bulk distribution coefficients (LogKpgpq) vs. equilibrium bulk
particle/gas distribution coefficients (LogKp4) of measured data (symbols) and kinetic
modeling results of film diffusion (FD), intraparticle pore diffusion (IPPD) and coupled film
intraparticle pore diffusion (FIPPD). (Fitting parameters and normalized root mean square
errors (NRMSE; excluding the data of Nap, Acy and Ace) of the best kinetics model are

presented in the table.)

4.3.3.3 Case III: PAHs concentrations in the marine atmosphere monitored

in a research cruise from the Western Pacific to the Southern Ocean

PAHs concentrations monitored in the marine atmosphere by Zhang et al. (2022) combined
with temperatures (T) and airborne particle concentrations (TSP) of 32 sampling sites are
shown in Fig. 4.6a; spatial distribution coefficients between solid and gas phase (data can be
found in Tab. S4.8) are presented in Fig. 4.6b. The sites close to coastal cities (e.g., A1-A6 and

A33-A36) show much higher total PAHs concentrations than the sampling sites far away
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from human activities (e.g. polar regions such as A20-A26) due to predominant local PAHs
emissions (e.g., combustion of fossil fuels) or natural sources such as biomass burning and
transport from inland to ocean (Zolotov et al., 2000; Cabrerizo et al., 2014; Lima et al., 2005).
LMW PAHs dominate total PAHs in remote areas (see Tab. S4.8 and Fig. 4.6b) because
particles storing HMW PAHs are hardly transported to remote ocean or polar regions (except
for very fine particles) (Kavouras et al., 2002). Phenanthrene (Phe) is the most abundant
PAH found in the marine atmosphere, which is in line with sampling results obtained in cities
(as shown in case II; see results of Phe). These results provide evidence for gas phase
transport of LMW PAHs from terrestrial regions to marine atmosphere. The observed
particle/gas partitioning coefficients of PAHs are much higher (2-3 magnitudes) than the
predicted values from absorption model or dual model, especially for LMW PAHs (e.g., Acy,
Ace, FI, Phe and Ant; see Fig. S4.6), which is consistent with the results reported by Cabrerizo
et al. (2014) for PAHs sampling in the Antarctic and Southern Ocean atmosphere. One reason
would be “aged” airborne particles (sampling in the remote regions) show higher fractions of
strongly sorbing carbonaceous compounds resulting in higher Logk,,; , values (Pankow and
Bidleman, 1991; Terzi et al, 2004). Much higher LogK,,,;, values may also be expected if
nonlinearity of sorption is considered. The underestimation of LogK,,, of empirical
relationships for PAHs might also be attributed to non-exchangeable organic matter stored in
the airborne particles, leading to higher concentrations of PAHs in particle phase (Rounds et
al,, 1993). The organic matter content (f,,, ranges from 1% to 5%) and elemental carbon
fractions (f,. ranges from 0.07% to 0.3%) for all sampling sites are very low in marine
atmosphere (see Tab. S4.7) compared to the values obtained in urban space (e.g., f,., and f;.
range from 36% to 46% and 6% to 9%, respectively in case II.) despite the observed
particle/gas partitioning coefficients (LogKy4 5 o) in both cases cover similar ranges (roughly
from -3.5 to 0.5). The much higher particle/gas partitioning coefficients (LogKp, ;) than
predicted (from Egs. 4.3 and 4.4) might also owing to the properties of the organic matters
where organic matters in the marine atmosphere particles present higher order of sorption
capacity than organic matters containing in airborne particles in the urban city while the
empirical relationships (Eqgs. 4.3 and 4.4) assume constant sorption capacity for all organic
matters. As many factors may result in the discrepancy of LogKp, ,, further investigation is

needed.

Since the LMW PAHs reach equilibration very fast (see Fig. 4.4) and airborne particles in the
marine atmosphere have longer contact times due to long distance transport, the average
deviation (2-3 logarithmic units) between measured particle/gas bulk distribution
coefficients (LogK,gpq) of LMW PAHs (FI, Phe and Ant) from equilibration models (e.g.,
absorption or dual model) is used to fit LogK,, of MMW as well as HMW PAHs (similar in
case 1) in modelling. A constant grain size (d = 2.5 um) is used and modeling results of 32
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locations are presented in Fig. 4.6c. Compared to FD and IPPD, the coupled model (FIPPD)
seems the optimal kinetics model for data fitting and the fitted intraparticle porosities (&)
and contact times of 32 locations ranges from 0.03 to 0.18 and 0.4 to 11.6 h, respectively.
Errors are reasonably low (NRMSE are mostly less than 0.2), which supports the accuracy of
the coupled model. The fitted intraparticle porosities of marine airborne particles are
smaller than intraparticle porosities of urban airborne particles (around 0.3; see case II).
One possible reason is that the marine airborne particles are composed of other particles
besides dust, minerals etc. which have lower intraparticle porosities than urban airborne
particles exhibiting slow kinetics for unknown reasons. For Phe and Ant (Acy, Ace and FI
reach the equilibration and present a slope of 1.), mass transfer is dominated by IPPD and a
shallow slope (close to 0.5) is presented, while FD dominates the mass transfer for HMW
PAHs (e.g, InP, DahP and BghiP) and a maximum LogK,, ), domain shows up (slope
approaches to 0). MMW PAHs are influenced by both FD and IPPD.
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Fig. 4.6: Fourteen PAHs concentrations sampling in marine atmosphere from Western Pacific to

Southern Ocean. (a) Track of research vessel and sampling locations (32 in total) as well as

the respective information of sampling temperatures and total suspended particles concentrations

(TSP). (b) Average PAHs concentrations in particles (bottom part of the histogram) and gaseous

phases (upper part of the histogram). (c) Apparent particle/gas bulk distribution coefficients

(LogKygpa) Vvs. equilibrium bulk particle/gas distribution coefficients (LogKyg,) of

measured data (red symbols) and Kkinetics modeling results of film diffusion (FD),

intraparticle pore diffusion (IPPD) and coupled film intraparticle pore diffusion (FIPPD) at

32 sampling locations. (Fitting parameters and normalized root mean square errors (NRMSE)

of the best kinetics model are presented in tables.)
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4.4 Conclusions

A coupled film intraparticle pore diffusion model is derived and allows to explain the slope

deviations of measured particle/gas partitioning coefficients (LogK,,,) and equilibrium

g.a
particle/gas partitioning coefficients (LogK,4) by considering both external and internal
mass transfer resistances. LMW PAHs (low LogK,,) are dominated by intraparticle pore
diffusion (IPPD) leading to a slope of 1/2, while HMW PAHs (high LogK,,) are controlled by
external film diffusion (FD) resulting in a maximum LogK,, , (see Eq. 4.10); MMW PAHs are
influenced by both FD and IPPD. The measured LogK,, , of LMW PAHs can be utilized to
calibrate equilibrium LogK,,, obtained from empirical relationships (Egs. 4.3 and 4.4) due to
short equilibration times. The empirical relationships work well for data sets from well-
designed oil combustion experiments (case I) as well as PAHs sampling in the urban city
(case II) with deviations less than 0.5 logarithmic unit for LMW PAHs, while the data set from
PAHs sampling during a research ocean cruise shows much higher LogKy, 5 than expected.
These deviations observed in the marine atmosphere may be influenced by many factors
(e.g., non-exchanged fraction, nonlinearity, contact time (age), photooxidation, breakthrough
in air sampler, airborne particle origin, heterogeneity, etc.) and further investigations are
needed. The validation of coupled model (FIPPD) is supported by three data sets covering
the cases with varying contact times (from short to long) between airborne particles and
bulk air. While there are a few subcases where film diffusion performs better, most of the
results validate coupled model as the optimal model (NRMSE < 0.2) especially for data from
PAHs sampling in the marine atmosphere (Case Ill, see Fig. 4.6). With the increase of
intraparticle porosity, contact time or decrease of grain size of airborne particles, higher
LogKp4,q values (much closer to equilibration) would obtain leading to equilibration (slope
of 1) for LWM PAHs (see Fig. 4.3). The mass transfer shift from FD to IPPD would delay with
the decrease of B (= 1/(Kpg,TSP)) or increase of intraparticle porosity (see Fig. 4.2).
Figuring out the origins (e.g., coal combustion, vehicle emission, dust, etc.) and properties of

airborne particles (e.g., LogK, 4, intraparticle porosity, grain size distribution, organic matter

g
content and category, elemental carbon content, etc.) are crucial for choosing suitable
kinetics models. The coupled model not only can be used to estimate the mean ages of
airborne particles, but also can be easily extended to describe the PAHs redistribution
between heterogeneous airborne particles and bulk air (see Egs. 4.20 and 4.22). Solving

coupled model with semi-Laplace solution is fast and flexible compared to tedious numerical

methods.
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5 Mass transfer principles in column percolation
tests: Initial conditions and tailing in
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Initial conditions (pre-equilibrium or after the first flooding of the column), mass transfer
mechanisms and sample composition (heterogeneity) have a strong impact on leaching of
less and strongly sorbing compounds in column percolation tests. Mechanistic models as
used in this study provide the necessary insight to understand the complexity of column
leaching tests especially when heterogeneous samples are concerned. By means of numerical
experiments, we illustrate the initial concentration distribution inside the column after the
first flooding and how this impacts leaching concentrations. Steep concentration gradients
close to the outlet of the column have to be expected for small distribution coefficients (K; <
1L kg1) and longitudinal dispersion leads to smaller initial concentrations than expected
under equilibrium conditions. In order to elucidate the impact of different mass transfer
mechanisms, film diffusion across an external aqueous boundary layer (first order kinetics,
FD) and intraparticle pore diffusion (IPPD) are considered. The results show that IPPD
results in slow desorption kinetics due to retarded transport within the tortuous
intragranular pores. Non-linear sorption has not much of an effect if compared to K; values

calculated for the appropriate concentration range (e.g., the initial equilibrium
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concentration). Sample heterogeneity in terms of grain size and different fractions of
sorptive particles in the sample have a strong impact on leaching curves. A small fraction (<
1%) of strongly sorbing particles (high K;) carrying the contaminant may lead to very slow
desorption rates (because of less surface area) - especially if mass release is limited by IPPD
- and thus non-equilibrium. In contrast, mixtures of less sorbing fine material (“labile”
contamination with low K;), with a small fraction of coarse particles carrying the
contaminant leads to leaching close to or at equilibrium showing a stepwise concentration

decline in the column effluent.

5.1 Introduction

Leaching tests are widely used for the determination of contaminant release rates from soils
(Kalbe et al,, 2014; Lov et al,, 2019; Inui et al., 2019; Rdhler et al,, 2021) , recycling materials
(Tsiridis et al., 2015; Di Gianfilippo et al., 2016; Chan et al., 2018; Lange et al., 2019; Kumar et
al, 2019; Liu et al, 2020; Zhu et al.,, 2021), construction products (Schwab et al.,, 2014;
Butera et al., 2015; Bandow et al., 2019; Diotti et al., 2020; Liu et al, 2020), radioactive and
other waste materials (Molleda et al., 2020; Chen et al., 2021). Compared to traditional batch
shaking tests, column tests are preferred for assessing the risk of release of potential
pollutants into groundwater or surface waters because they are closer to natural conditions
(Grathwohl et al,, 2007; Susset et al,, 2011). Different mechanisms controlling desorption
kinetics may result in complex leaching behaviors. While initially the observed column
effluent concentration often reflects equilibrium conditions between the solid phase (incl.
intraparticle pores) and the mobile aqueous phase (Grathwohl et al., 2009; Grathwohl, 2014),
the concentrations decrease and often an extended tailing is observed due to slow
desorption processes such as intraparticle diffusion (Grathwohl et al., 1993; Riigner et al,,

1999; Wang et al., 2007).

Although most leaching test procedures aim at equilibrium conditions in the column before
the leaching starts, the true concentration distribution before the start of the percolation
depends not only on the test procedure (contact time, pre-equilibration time, flow velocity
during first flooding) but also on the properties of both the solid material and the pollutant
of interest (Finkel et al,, 2017). Equilibration and long-term leaching are further complicated
if the test sample consists of a heterogeneous mixture of different material types and grain
sizes (Kleineidam et al.,, 1999; J&ger et al,, 2000; Finkel et al., 2017 ), which is the common

case if waste materials such as demolition waste or soils are tested.

Finkel and Grathwohl (2017) evaluated the role of initial conditions for column leaching

tests with intraparticle pore diffusion models by comparing the hypothetical scenarios, a
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perfectly equilibrated column vs. a column that wasn'’t equilibrated at all. They could show
that in many practical cases, peak and cumulative leachate concentrations are rather
independent of the initial conditions. However, if release kinetics are slow due to large grain
size or small intragranular porosity, the sensitivity to initial conditions is relevant, in

particular for initial peak and early cumulative leachate concentrations.

The shortcoming of all previous studies (Xiao et al., 2015; Finkel et al., 2017; Yin et al,, 2020),
is that only uniform initial concentrations in the columns were considered in the leaching
models. However, due to the specific conditions during the flooding of the column filled with
initially dry material, the true initial conditions at the start of the leaching test may

considerably deviate from this ideal, i.e., uniform distribution.

Against this background, the objectives of this study are (i) to illustrate the possibly non-
uniform initial conditions that may be achieved after the first flooding of the column, (ii) to
show the impact of these initial conditions on the temporal development of the effluent
concentrations, and (iii) to investigate how heterogeneous mixtures of particles having
different properties affect both the initial conditions in the column and the leaching of the
solutes. To achieve that, we used numerical solutions for flow and transport in a column
coupled to two kinetic models: (i) solute diffusion through an aqueous boundary layer and (ii)
intraparticle pore diffusion. The implementation of the numerical models is described in

detail in the supplementary information (see section S5).

5.2 Theory and background

5.2.1 Local equilibrium: the advection-dispersion equation

In order to facilitate the understanding of mass transfer-limited cases of contaminant release
in a column, we briefly introduce the equilibrium case for which the advection-dispersion

model is commonly used:
d 0 0C
% (nC,, + ppCs) + a(nva —nD, 6_):/> =0 (5.1)

where v [L T-!], n [-] and D, (= av + D,) [L? T-1] denote the seepage velocity of the water, the
intergranular porosity and the longitudinal dispersion coefficient. a [L], D, (= nDy4) [L2 T-]
and Dgq [L2 T-'] denote the dispersivity, the pore diffusion coefficient and the aqueous
diffusion coefficient of the solute. x [L] and t [T] are the length of the column and time. p;, (=
(1 —n)p,) [M L-3] is the dry bulk density of the packed bed in the column (porous media; p;

is the solids density). For local equilibrium conditions the concentration in the solid phase
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(C,)is in equilibrium with the solute concentration in water (C,,) and the distribution
coefficient K; (= Cs/C,,) allowing for the calculation of the respective concentrations. Under

these conditions, Eqg. 5.1 can be simplified as:

ac, D, d%c, v ac,

— - 5.2
ot Rd axz Rd ox ( )
where Ry [-] represents the retardation factor, defined as:
Rd—1+deb (53)

Assuming equilibrium conditions and an initially uniform distribution of the solute in the

column, leaching may be described by the analytical solution of Eq. 5.2 (Ogata et al., 1961):

x——t x+—t

\/: +exp erfc\ \/g (5.4)

where erfc denotes the complementary error function. The aqueous concentration at

Cw eq

/ v

=1-05 erfc\
d
equilibrium, Cy, .4, can be calculated from the initial solid concentration (Cj ;) accounting

for the mass balance when the contaminant mass in the water is equilibrated with the mass

in the solid:

Cweq = 7l (5.5)

The ratio n/p,, [L3 M-1] equals the liquid to solid ratio within the column, which in most cases is
much smaller than in a batch leaching test (e.g, 0.25 L kg1 for a column test with a porosity of
n = 0.4 and a solid density of p, = 2.65 g cm3, compared to e.g.,, 10 L kg1 in a batch test). Since
leaching tests start for practical reasons with material packed more or less dry into the
column, a uniform initial concentration is not necessarily achieved during the first flooding of
the column. Initial conditions as assumed in Eq. 5.4 (uniform concentration distribution),
would only be achieved if the material is first mixed with water, equilibrated and then
packed into the column, which is not practical. During the first flooding of the column,
especially less sorbing solutes are displaced from the inlet and higher concentrations occur
towards the outlet, as illustrated in Fig. 5.1 (see also section S5.5). This may be accounted for

by subtracting the distance of the solute displaced initially (x/R; with R; > 1) in Eq. 5.4:
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DL DL
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In this case the initial solute concentration (Cy,.4) in the column effluent is in equilibrium
with the initial concentration in the solids (Cy,¢q = Cs,ini/Kq) and higher than calculated in

Eq. 5.5 especially if K; values are low.
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Fig. 5.1: Initial concentration distribution in a column of length x for the “pre-equilibrated”
case (dashed line) and after the first flooding of an initially dry column from the bottom

(solid line); no dispersion, R; = 2, after Grathwohl and Susset, 2009.

In order to explore the influence of mass transfer limitations on initial and long-term solute
concentrations in column tests, two relevant mass transfer mechanisms are compared: (1)
film diffusion where diffusion from the solid-water interface occurs through an aqueous
boundary layer with a given thickness and (2) intraparticle pore diffusion where diffusion

inside the porous particle limits mass transfer.

5.2.2 Desorption Kinetics limited by film diffusion

The simplest model for the kinetic release of a solute from solids considers diffusion through

an aqueous boundary layer surrounding spherical particles (Fig. 5.2). Such film diffusion
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models are also widely used for the dissolution of minerals with high solubilities (e.g., salts).
The solute release from the solid surface into the bulk water phase can be described by a
linear driving force with constant mass transfer coefficient k = Dy, /844:

ac,, Dgqg mg6

Zw_ o _ —
o~ A =G Saq Ps A Vi,

(Cw = Cw) (5.7)

where 844 [L], Vi, [L3], my [M] andd [L] denotes the thickness of the external film, the
volume of water, the dry mass of the solids in the column and the particle diameter,
respectively. A° (= 6 m;/(V, ps d)) is the specific surface area of the particles per unit
volume of water in the column [m2? m=3=m"1] (the term 6/p; d) represents the specific
surface area of spherical particles per dry mass, e.g,, in m2 g-1). C;, is the concentration at the
solid-water interface where local equilibrium conditions apply (C,, = Cs/K,;). The external
film thickness (6,4) can be estimated from empirical Sherwood numbers (Sh) and the

particle diameter (d):

Sh fed d 1) d 5.8

= — — - p—

f = sh (5.8)
For an overview on empirical relationships for the estimation of Sherwood numbers see
section S5.1. The mass balance in such two-phase systems expressed by their respective
rates is:

ac oC
Voot = "My &)

Thus, the solute mass gained (or lost) by the water phase equals the solute mass lost (or
gained) from the solid phase. If I}, and m, in a packed bed (porous media) are replaced by n
and p,, the density of the solids (ps) in Eq. 5.7 drops out. Film diffusion coupled to the one-

dimensional advection-dispersion equation (Eq. 5.1) yields:

ac 92C,  0C, Dgq6(1—m)(C
w w w ﬂ ( )( N W) (510)

Y _D _ =S
ot - xz Uox "o, nd  \K,

Using the finite volume method, the column is spatially discretized by a number of cells (see
Fig. S5.1) and the governing equation (Eq. 5.10) is solved iteratively by employing the
Newton-Raphson scheme. Details of the numerical solution of the film diffusion model are

presented in section S5.2.
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Film thickness 8,4

Fig. 5.2: Scheme of mass transfer limited by film diffusion during the first flooding with fixed
concentration at the interface (because the infiltrating water is always contacting fresh

material as it advances).

5.2.3 Desorption limited by intraparticle pore diffusion

If the release of compounds from the solid phase is governed by intra-granular diffusion, e.g.,

within a porous grain (Fig. 5.3), then mass transfer is described by Fick’s second law in radial

coordinates:
d 0%Cyp 20Cy,
&(ecw_p +ppCs) =D, [ 57 T 5 (5.11)
with the boundary conditions
Cw,p(T =aq,t) =C, (5.12)
ac
w.p (r = 0, t) =0 (513)
ar

r [L] is the radial coordinate in the sphere and D, [L2 T-1] the effective diffusion coefficient.
Cwp [M L-3] is the concentration of solute in the intra-granular pore water. € [-] denotes the
intraparticle porosity. a [L] and p,, [M L3] (= ps(1 — ¢€)) denote the radius and bulk density

of the particle (sphere).
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Fig. 5.3: Scheme of mass transfer limited by intraparticle pore diffusion.

For linear sorption with concentration independent distribution coefficients (i.e., C5 =

K4Cyp) Eq. 5.11 becomes:

0Cyp 0%Cyp 20C,,
= = e 5.14
oc Da [ orz r or (514)
where D, [L? T-1] is the apparent diffusion coefficient, defined as:
D, Dgge Dgq€? (5.15)

D, = = =
T e+ Kap, T(e+Kapy) e+Ki(1—6)ps

Empirical studies showed that D, increases approximately with the square of the porosity
(Boving et al,, 2001). This corresponds to a tortuosity t [-] of the intra-granular pores - if

expressed as a function of intra-granular porosity - of t = 1/¢.

Considering intraparticle diffusion, the advection-dispersion model (Eq. 5.1) can be

rewritten as:
0 Gl ac
P (nCy + (1 —n)(eCyp + ppCs)) + P (nvCW —nD, a—;”) =0 (5.16)

The corresponding equilibrium concentration (C,4) in water after first flooding can be
rewritten as Cy, .q = Csini/(€/pp + Kq), which is slightly lower than for non-porous solids
(Cw,eq = Csini/Kq) because the intragranular pore space is assumed to be initially free of

water. The deviation becomes insignificant with the increase of Ky (¢/p, + K4 ~ Kz when
Kq > &/pp)-

Coupling the intraparticle pore diffusion model (Eq. 5.11) to the one-dimensional advection-

dispersion equation (Eq. 5.16) allows for the expression of the change of the solute
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concentration in the bulk water:

(5.17)

0C, _ 0%Cy_ 3C, (1=m)  [0%Cyp 20Cu,
ot L gx2 dx n el orz r or

The intraparticle pore diffusion model (Egs. 5.11-5.13) was implemented numerically using
a finite volume method where the spherical particle was discretized by a number of
spherical shells of equal volume (based on the method of Jager and Liedl (2000)). The
column was spatially discretized by a number of cells (see Fig. S5.1) and all the governing
equations (Eqs. 5.11-5.13 and Eq. 5.17) were solved iteratively applying the Newton-
Raphson scheme. Compared to the 1D film diffusion case, the intraparticle pore diffusion
case is more complicated and becomes a 2D problem. Details of the numerical solution of the

intraparticle pore diffusion model are given in section S5.3.

5.2.4 Set-up of “numerical” column tests

The boundary conditions of the numerical experiments are based on the set-up of column
tests in daily practice in Germany (Kalbe et al.,, 2007 and 2008; Grathwohl et al., 2009). Table
5.1 lists the relevant material properties and the parameter ranges applied. The saturation
time for the first pore volume of the column and the contact time (after the first flooding
period) were set to 5 h. Initially, experiments with uniform materials were simulated where
the intraparticle porosity, distribution coefficient, aqueous diffusion coefficient and
tortuosity were set the same for each grain size fraction. The Sherwood number in packed
beds was estimated based on the empirical formula proposed by Liu et al. (2014) (Eq. S5.3).
In order to illustrate the influence of longitudinal dispersion on the initial concentration
distribution in the column after the first flooding, we used fine particles (dp, fin, = 63 pm)
where kinetics are very fast, and the local equilibrium assumption is valid. The numerical

model did not consider dispersion beyond the outlet of the column. Non-linear sorption was

1

simulated using the Freundlich model (Cs = Kfer, where K¢, and 1/n denote the Freundlich

coefficient and Freundlich exponent, respectively).

Many factors may contribute to sample heterogeneity, such as grain size distribution and
particle properties (sorption, porosities, etc.). To highlight the impact of particle size and
properties we focused on two grain size classes and different fractions of sorptive/reactive
particles in the sample. Distribution coefficients were varied in a range of 0.1-100 L kg
Lower K, values (< 0.1 L kg'1) were not considered here (this would have resulted in very

high initial aqueous concentrations). If the K; values become large (K; > 100 L kg'1), then the
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differences between the pre-equilibrated case and the “first flooding” scenario vanish and
effluent concentrations are constant over long time periods. The K; range chosen covers
many frequent environmental contaminants, such as per- and polyfluoroalkyl substances

(PFAS), chlorinated solvents, polycyclic aromatic hydrocarbons and some heavy metals.

Tab. 5.1: Summary of parameter values and ranges used to set up the numerical

experiments.

. Reference and
Property Symbol (Unit) [Alternative Values]
Net column length Xco1 (cm) 30
Inner column diameter D, (cm) 5.46
Total volume of column Vior (L) 0.70
Dry solid density ps (kg L) 2.60
Inter-granular porosity n(-) 0.45
Solid mass in column my (kg) 1
Liquid to solid ratio in column LS;0; (Lkg1) 0.31
Initial concentration in solid phase  Cg;n; (g kg1) 1000
Contact time t. (h) 5
Dispersivity a (m) [0, 0.03]
Water flow velocity v(ms1) 1.67 x10-5
Aqueous diffusion coefficient Dgq (m2 s°1) 1x10-°
Particle diameters d (um) [63,2000]
Distribution coefficients K, (Lkg1) [0.1,1,10,100]
Freundlich coefficients Kry (ng kg :(ug L-1)1/")  [1.58,7.94,39.81]
Freundlich exponent 1/n 0.7
Sherwood number Sh =2+ 0.1Pe/? () 2.31

5.3 Results and discussions

5.3.1 Impact of initial conditions on leaching

In order to investigate the impact of initial conditions on leaching behavior, we compared

two scenarios: (1) a column filled with pre-equilibrated material where the initial

concentration distribution in the column was uniform (Cyeq = Csini/(Kq +p£)) and (2)
b

columns with non-uniform concentration distributions after first flooding where
concentrations increased towards the outlet (to a maximum of €, ., = Cni/Kq) while at the
inlet the solute was already depleted. To illustrate this, we used the film diffusion model with
fine grain sizes, and thus, fast kinetics (local equilibrium conditions). Figure 5.4 shows the
initial aqueous concentration distribution in the up-flow column test after the first flooding
of the column compared to the pre-equilibrium case. The results show that the differences in

the initial concentration profiles became smaller with increasing sorption. At high K, values,
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the deviation of the initial concentration profiles only occurred at the inlet of the column. At
low K,; values, very high concentrations are expected at the column outlet; in extreme cases
this may lead to a density increase in the leachate and - especially if flow is stopped - to
density driven flow within the column. This would cause dilution and lower leachate
concentrations when the flow is restarted as was potentially observed by Naka et al. (2016).
Density driven mixing may be caused by soluble materials, e.g., sulphate or other salts and
not necessarily the target compounds. This phenomenon is quite similar to the case where
the dispersion is taken into account (see bottom curves of Fig. 5.4 and also Figs. S5.5-S§5.12 in
section S5.6), which leads to more “mixing” in the column and thus lower initial

concentrations at the outlet, especially for low K; values.

Figure 5.5 shows how the initial conditions (pre-equilibrated column and column after first
flooding) influence the leaching curves. Compared to the pre-equilibrated case, a higher
equilibrium concentration appeared at the outlet of the column after the first flooding period
and more contaminant mass was released from the column at early times, followed by a
rapidly decreasing concentration (see Fig. 5.5, 2nd row). The deviations vanished with
increasing K; and became almost insignificant for K; > 10 L kg1. Dispersion also reduces
differences between the pre-equilibrated and the first flooding case. At high K; values, the
maximum concentrations were still achieved but the tailings became smoother. With the
decrease of the K,; value, the concentration gradients at the inlet became steeper and the
“back” dispersion fluxes towards the outlet increased as well. In extreme cases, the peak
concentration at the column outlet was smaller than the maximum concentration expected
(e.g., K; = 0.1 L kg'1). The effect of initial conditions on normalized concentrations looks like
a phase shift (see Fig. 5.5, 1st row). This would lead to an underestimation of K; values
derived from the pre-equilibrium analytical solution (Eq. 5.4) if the conditions in the column
after the first flooding are not appropriately considered. The lower the K;, the earlier the
cumulative leachate concentration reaches its maximum value (M¢ymmar = 1000 pg kg1).

Dispersion shifts this point to later times (see Fig. 5.5, 31 row)
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5.3.2 Initial conditions and leaching with mass transfer

limitations

Mass transfer limitations may change the picture considerably, with respect to initial
conditions and the development of leachate concentrations over time. Figure 5.6 shows the
influence of film diffusion (FD) compared to intraparticle pore diffusion (IPPD) limited
desorption on the initial concentration distribution in the column after the first flooding
period. For large K, values, equilibration is achieved after shorter distances in the column
because of the retardation of the clean water front. The deviations between FD and IPPD are
due to different mass transfer zone lengths, X; ¢3 29, (see section S5.4 for a discussion of the
concept and calculation of this length for FD and IPPD). For FD, the mass transfer zone length
is independent of the K; value and proportional to the particle size (Eq. S5.28). In contrast,
for IPPD the length of the mass transfer zone increases with particle size to the power of 3/2
(d*/?) and decreases with /K, (Eq. S5.32) (e.g,Xse320 =10 cm, 3.5 cm, and 1.1 cm
for K; values of 0.1 L kg1, 1 L kg* and 10 L kg (see Fig. S5.2)). The length of the mass
transfer zone for IPPD is much longer than for FD, but differences decrease with
increasing K, values. For K; values of 1 L kg1 and 10 L kg1, the mass transfer zone lengths
for IPPD are much shorter than the column length (X,.,; = 30 cm), which indicates that the
equilibrium concentration is achieved at the outlet of the column after the first flooding. For
small K; values (e.g., K; = 0.1 L kg1), the equilibrium concentrations are not achieved at the
outlet if dispersion is considered (see Fig. 5.6, lower panel) although the mass transfer zone
length (X, 6320, = 10 cm) is still shorter than the column length. This is because the “clean”
water front is close to the column outlet and dispersion “dilutes” the steep concentration
gradients (“back dispersion”). The deviations between FD and fast kinetics almost vanish
when dispersion is considered, indicating that with film diffusion, equilibrium is almost

achieved.

Figure 5.7 shows concentrations in aqueous leachates that correspond to the initial
conditions shown in Fig. 5.6. If leaching is limited by IPPD, then the leaching process is
slower and concentrations at early times are considerably lower than in the FD or the
equilibrium model. This is due to the retarded diffusive transport within the tortuous
intragranular pores and the correspondingly small effective diffusion coefficients (D,). The
contaminant release rate becomes lower and lower over time. Leachate concentrations
decrease firstly with the square root of time (typical for transient diffusion) and then
exponentially (see Fig. 5.7 without dispersion, and section S5.4 for details about the
development of the internal mass transfer resistance over time). Note, the cumulative

concentration curves confirm the mass conservation of the numerical solutions.
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5.3.3 Nonlinear sorption isotherms

For many of the environmental contaminants and solid materials that are typically analyzed

in column leaching tests, non-linear sorption isotherms describe the distribution of solutes

between the aqueous and solid phases. The significance of this non-linearity for the

development of the conditions in the column before the leaching starts has been analyzed

exemplarily by defining Freundlich isotherms that result in the same “effective” K; for the
1

=—1
CTL

aqueous concentration at equilibrium: K¢, = K4/Cj . -

Figure 5.8 shows the influence of nonlinear sorption on both the initial concentrations in the
column and the leaching curves for the example of K; = 1 L kgl when no dispersion is
considered. The differences in the concentration distribution before percolation starts are

moderate. Concentration profiles tend to be smoother with nonlinear sorption with a slightly
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lower maximum concentration at the column outlet for low to mid K, values if dispersion is
considered (see section S5.6, Fig. S5.5). Differences become more obvious in the tailing part
of the leaching curves. Freundlich exponents smaller than 1 result in a longer tailing as is
expected. The effect of nonlinear sorption looks similar to the dispersion effect, in both cases
the leaching curves show more tailing (see section S5.6, Fig. S5.6). Nonlinearity of sorption is

notably less significant than kinetic limitations in the mass transfer mechanisms.

0
0.3 —imel | 10 1200
f{-‘}’D Ih=1
—oas([minie | ,
= 0.2
B
ks 0.15 '\J)lO’I
E o1 }©
=
~ 0.05
U [ : .
0 250 500 750 1000 102 10° 102 0 5 10 15
> Tue L -1 -1
C [pgl] LS[Lkg '] LS[Lkg"]

Fig. 5.8: Influence of sorption non-linearity: initial aqueous concentration distribution in the
column after the first flooding (left graph) and column effluent concentration (normalized:
mid graph, cumulative: right graph) vs. time (expressed as liquid to solid ratio: LS); solid
lines: linear sorption (K; = 1 L kg1); dashed lines: non-linear sorption case (Freundlich
coefficient K¢, = 7.94, exponent 1/n= 0.7); n = 045, v = 1.67 x 10> m s}, a/x = 0, Cgn; =
1000 ug kg, t, =5h,Dgq =1 x10°m? s, £=0.05, d} coarse = 2000 pm.

5.3.4 Impact of heterogeneous sample composition

Real world materials that are typically investigated in leaching tests are not always
homogeneous. Although the sample might be addressed as ‘one material, its individual
grains have different sizes and differ most likely also in other properties such as porosity,
tortuosity, sorption capacity, etc., and may contain different amounts of the contaminants of
interest. In order to illustrate the impact of material heterogeneity, we have carried out

several numerical leaching experiments with hypothetical material compositions.

First, we consider three bi-modal material compositions. Each of these compositions consist
of a fraction of contaminated particles (e.g., particulate organic carbon particles with high K;)
and another fraction of particles that neither contain contaminants nor possess any sorption

capacity. If equilibrium conditions prevail during the first flooding and leaching, the
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heterogeneity of the sample does not matter, it is simply the average K; (K, 4,) that rules.
The situation changes if mass transfer between the solid and the aqueous phases is limited
due to diffusion (FD or IPPD). If only a small fraction of the particles in the sample carries the
compounds of interest, the volume of particles released by the compound and thus the
surface area available for mass transfer becomes much smaller. This may lead to pronounced
non-equilibrium conditions after first flooding (see, e.g., Eqs. S5.26 and S5.30) and during
leaching. Figure 5.9 shows a comparison of the initial concentration profiles in the column
after the first flooding, as well as the corresponding leaching curves that would develop for
the three bi-modal material compositions (100/10/1% of the material is contaminated at a
K4y =1/10/100 L kg1, respectively). A small fraction of strong sorbents showed lower
desorption rates compared to a large fraction of the weak sorbents. For this “exotic” case
where only 1% of the particles carries all the contamination, initial nonequilibrium and long
tailing was observed. This effect was very pronounced for intraparticle pore diffusion; the
concentrations initially started on a plateau (“like equilibrium”), but then rapidly declined
and showed a pronounced tailing and decrease with the square root of time (or LS). It may
be noted that longitudinal dispersion becomes less relevant if non-equilibrium conditions
prevail at high K,; values (see Figs. S5.7 and S5.8 in section S5.6). If such pronounced initial
nonequilibrium is observed, then extended periods of time would be needed to equilibrate

the water in the column with the solids (e.g., a manifold of the contact time of 5 h).
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Fig. 5.9: Behavior of bi-modal material compositions of sorbing and non-sorbing particles:

initial concentration distribution in the column after the first flooding (top panel) and

column effluent concentration (normalized: mid panel, cumulative: bottom panel) vs. time

(expressed as liquid to solid ratio: LS). Left column: homogeneous case with average K; (=
Kgap= 1 L kg1); mid column: only 10% of the particles carry the contaminant at

K43 =10 X Ky 4,; right column: only 1% of the particles carry the contaminant at K,

=100 X K 4; the average K 4, of the entire material is the same for all compositions; solid

lines: film diffusion cases, dashed lines: intraparticle diffusion case; n = 0.45, v =1.67 x10->

m st a= 0 (no dispersion), Cs;n; = 1000 pg kgl t,= 5 h,Dgg = 1x109 m? s, ¢e=

0.05, dp coarse = 2000 pm.
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Samples consisting of mixtures of different particle sizes represent another typical and
frequently occurring case of material heterogeneity. To illustrate the impact of such grain
size heterogeneity, two bi-modal grain size distributions are considered here, introducing
two grain sizes, coarse particles having a diameter of dj, coqrse = 2000 um, and fine particles
with dj, rine = 63 um. The 1st hypothetical grain size distribution consists of 10% fine
particles and 90% coarse particles, the 2nd distribution of 90% fine particles and 10% coarse

particles.

If mass transfer is limited by film diffusion, the establishment of the initial conditions as well
as leaching (Fig. 5.10) occurs under conditions close to equilibrium for both grain size
distributions at all K; values (0.1, 1, and 10 L kg1). While the shapes of all leaching curves
are very similar, their locations are shifted in time according to the different K; values by a
factor of 10. If intraparticle pore diffusion is considered, tailing is observed if coarse particles
predominate. This applies to both, the development of initial conditions in the column and
leaching. If fine particles predominate, the leaching is close to equilibrium at early times; at
later times, tailing is observed with the typical square root of time behavior. Considering the
dispersion effect, non-equilibrium concentrations can be seen at the column effluent after
first flooding especially at low K; values (K; = 0.1 L kg-1). Initial non-equilibrium conditions
become more salient for intraparticle pore diffusion if coarse particles predominate (see Figs.

S5.9 and S5.10 in section S5.6).
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Fig. 5.10: Behavior of the bi-modal material compositions of fine and coarse particles: initial
concentration distribution in the column after the first flooding (top panel) and column
effluent concentration (normalized: mid panel, cumulative: bottom panel) vs. time
(expressed as liquid to solid ratio: LS); solid lines: fine particle mass fraction 10%; dashed
lines: fine particle mass fraction 90%. (n = 0.45, v=1.67 x 10> m s}, « = 0 (no dispersion),

Csini = 1000 ug kg, t, =5 h,Dgg =1 %10 m2 s1, £= 0.05, dp coarse = 2000 pm, dp, fine = 63

pum).

Combining the heterogeneity of particle size (d) and sorption capacity (K;), we consider
three material compositions in the third case, which aims at showing circumstances where
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strong non-equilibrium conditions may be expected. For many materials this is probably not
very realistic, but it may occur in material mixtures where a small particle fraction carries a
“labile” contamination with a low K, vs. just a few large particles carrying the contaminant
with a large K;. A hypothetical mixture containing 10% of fine particles with low sorption
capacity (K; = 10 L kg1) and 90% of coarse particles with high sorption capacity (K; = 100
L kg1) is compared with two extreme cases where a hypothetical sample only contains pure
fine particles with low sorption capacity and another hypothetical sample contains pure
coarse particles with high sorption capacity. Figure 5.11 shows the initial concentration
distribution for these three compositions after the first flooding period as well as the
corresponding leaching curves. Sorption equilibrium is achieved rapidly if the sample
consists of only fine particles with a small K; or only coarse particles with a high K. Pure
coarse material with a high K; shows a low equilibrium concentration (Cy,¢q = Csini/Ka =
1000 ug kg1/100 L kgt = 10 ug L-1) while pure fine material with a low K,; presents a much
higher equilibrium concentration (Cy,.q = Csni/Kq = 1000 pg kg'1/10 L kg = 100 pg L1)
after a short flow distance. Interestingly, the mixed case where 10% of the column is fine
material caused a high concentration which would be sorbed by the coarse materials leading
to a slightly higher plateau concentration compared to pure coarse materials. The pollutants
were redistributed between fine and coarse materials during the first flooding of the column.
The concentration increase towards the outlet of the column in the mixed case is due to fast
desorption from the fine material followed by slow sorption by the coarse material. The
redistribution is almost complete at the inlet of the column because of the long residence
time (t. = 5 h). Since the fine particles make up only to 10% of the total mass, they are
already depleted in contaminant concentrations inside the column and in equilibrium with
the coarse particles (reflecting both extreme cases). The front of the high concentration
caused by the fine particles is already close to the outlet, while the rest is in equilibrium with

the 90% coarse particle fraction.

The leaching curve of the mixed case (red lines) reflects the properties of the two pure
(homogeneous) cases with either fine or coarse particles. Ten percent of the fine particles
with low sorption capacity led to a peak effluent concentration which was only slightly lower
than the equilibrium concentration of the pure fine particles with low sorption capacity.
However, because the fine particles made up only 10% of the total mass, this peak
concentration leached out rapidly and the eluate concentrations followed the coarse
particles with a high sorption capacity for long time periods (blue curves). Although this may
appear to indicate non-equilibrium conditions (because of the rapid initial decline of the
concentrations followed by a plateau or “tailing”), leaching from fine and coarse particles
occurs at, or close to equilibrium. Compared to FD, the IPPD in the mixed sample showed a
slower concentration decline because of the desorption kinetics of the IPPD of the coarse
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particles was slower than the case of FD and on the long-term control release kinetics. For

the cumulative mass release the mixed case is close to the coarse material for both the FD

and the IPPD, whereas the fine-grained particles showed a much higher and faster release

(see Fig. 5.11: bottom panel).
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Fig. 5.11: Behavior of bi-modal material compositions of fine particles with low sorption

capacity (K; = 10 L kg1) and coarse particles with high sorption capacity (K; = 100 L kg-1):

initial concentration distributions in the column after the first flooding (top panel) and the

column effluent concentration (normalized: mid panel, cumulative: bottom panel) vs. time
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(expressed as liquid to solid ratio: LS). Left column: 100% coarse particles; mid column:
mixed sample with 10% fine particles; right column: 100% fine particles; n = 0.45,v = 1.67 x
105 m s, @ = 0 (no dispersion), Cgp; = 1000 ug kg, t, =5 h,Dgg=1 x 109 m2 s, &=
0.05, dp coarse = 2000 um, dp, rin, = 63 pm.

5.4 Summary and conclusions

We conducted numerical simulations to investigate the release characteristics of low to
strongly sorbing compounds (K; = 0.1-100 L kg1) in column leaching tests. Two different
scenarios for the establishment of the initial conditions before the start of the leaching phase
were considered: a fully pre-equilibrated column and a more realistic scenario where a
column is flooded with water from the bottom. In order to highlight the effect of mass
transfer limitations, two mechanisms are compared: film diffusion and intra-particle
diffusion. Cases without and with dispersion illustrate how dispersive mixing may mask
diffusion limited mass transfer. Furthermore, we looked into the impact of heterogeneous
sample compositions in terms of reactive particle fractions and particle sizes. Since possible
parameter combinations amount to almost infinite numbers, we have limited our analysis to
just a few exemplary cases that illustrate the role of individual material properties. These
few cases already show that virtually any leaching behavior can be produced with highly
heterogeneous samples (depending on the mixing of different materials). The most

important conclusions are:

Initial conditions have a significant impact on leaching at low K, values (K; < 1 L kg1).
With increasing K, the differences between pre-equilibrium and non-equilibrium conditions
gradually vanish for K; > 10 L kg (see Fig. 5.5). Compounds with very low K, (“salts”)
would reach extremely high concentrations (K; << 1 L kg'!) at the column outlet (see Fig. 5.4)
potentially leading to enhanced dispersion due to density fingering. The K, values derived
from retardation factors (R; in Eq. 5.4) would be underestimated if the conditions in the
column after the first flooding are not appropriately considered, due to a “phase shift” in

normalized concentrations curves (Cy,/Cy, ¢q VS. LS).

Dispersion generally causes “smoothing” of concentrations gradients in the column and
tends to “mask” film and intraparticle diffusion characteristics due to enhanced “mixing” of
the solute within the column. It may lead to smaller initial concentrations at the column
outlet after the first flooding period than expected for equilibrium; this is pronounced
especially at low K; values (see Fig. 5.7 and Fig. S5.6), which may be interpreted as non-

equilibrium, but is just a consequence of dilution by dispersive mixing.
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Intraparticle pore diffusion (IPPD) generally shows slower desorption kinetics than film
diffusion (FD) through an aqueous boundary layer. This is due to the much smaller effective
diffusion coefficient in the intraparticle pores and the large diffusion distance that develops
inside the particle over time, resulting in the typical square root of time decrease of
concentrations (a slope of 1/2 is observed in log-log plots of leaching curves, see Figs. 5.7, 5.9
and 5.10). IPPD is more sensitive to the variation of particle sizes than FD (see Fig. 5.10). Mass
transfer limitations in an aqueous boundary layer commonly exists for surface adsorbed
compounds and easily soluble solids (“salts”). Elements such as heavy metals, which are
slowly released from the solid phase, would require much lower solid state diffusion
coefficients; if reaction fronts propagate into the particle releasing metals, intraparticle
(solid) diffusion models apply again (shrinking core), which are very similar to the IPPD

approach used here.

Non-linear sorption has little influence on the leaching test results if the “right” effective
K, value is calculated for the proper concentration range (since for the nonlinear sorption
the K; depends on the concentration, large deviations may occur if just the K, is determined
far away of the sample’s concentration is used as “K;”); nevertheless, as concentrations

decrease nonlinear sorption causes more tailing (see Fig. 5.8).

Heterogeneous samples with only a small fraction of strongly sorbing particles lead to
much slower desorption rates (because of less surface area), especially if mass release is
limited by intraparticle pore diffusion (see Fig. 5.9). In extreme cases (just 1% of the material
is contaminated at K; = 100 X K;,,,), leaching may start at a plateau (suggesting
equilibrium), but far below equilibrium concentrations (Cy, peax < Cy,eq) and concentrations
later decrease further; The K,; values derived from the initial aqueous concentration (K; =
Csini/Cwpeax) would be overestimated while the K values calculated from retardation

factors would be underestimated.

In contrast to that, already relatively small amounts of fine particles lead to initial
equilibrium, but long-term tailing occurs and is dominated by the coarse particle fraction,
especially for intraparticle pore diffusion. Since our FD simulations are close to equilibrium,
results are not very affected by grain size heterogeneity (see Fig. 5.10). Material mixtures of
small amounts of fine particles (10%) with low sorption capacity (K; = 10 L kg1) and large
amounts of coarse particles with high sorption capacity (K; =100 L kg1), exhibit the
respective characteristics of each of the individual components in different time periods (see
Fig. 5.11). Small amounts of fine particles with low sorption capacity dominate short term
behavior of the mixtures and lead to a peak effluent concentration (Cy peqr) Which
approaches the equilibrium concentration expected for fine particles (see Fig. 5.11). Since the

mass fraction of fine particles is small (10%), the leachate concentrations drop rapidly and
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reach slightly higher equilibrium levels of 100% pure coarse particles due to the
redistribution of pollutants between fine and coarse particles. Ten percent of fine particles
with low sorption capacity causes a high equilibrium concentration which are sorbed by the
coarse particles with high sorption capacity. K; values derived from the initial aqueous
concentration (Kg = Cgini/Cy peax) would be underestimated, while K; values derived from
the following plateau concentration would be overestimated. Cumulative mass release,
however, is often quite insensitive to mass transfer mechanisms (FD or IPPD) especially for

LS <5 (see Fig. 5.11).
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6 Two mesh free methods for solving non-
equilibrium advective-dispersive solute transport

with coupled film-intraparticle diffusion

Binlong Liu, Michael Finkel, Peter Grathwohl

Abstract

Two mesh free methods (semi-Laplace solution and physical informed neural networks
(PINNs)) are introduced to solve 1D advective-dispersive transport with coupled film-
intraparticle pore diffusion (ADE-FIPPD), taking into account both external (FD) and internal
(IPPD) mass transfer resistances. The semi-Laplace solution shows remarkable performance
with deviations of normalized concentrations within the spatial-temporal domain of less
than 1% when compared to the numerical model (NM). PINNs are a promising alternative to
NM in practical applications; they exhibit slightly higher deviations (< 10%) than the semi-
Laplace solution which are still acceptable across most of the spatial-temporal domain
excluding the regions with stepwise concentration gradients. To enhance total loss function
convergence during PINNs training, a self-adaptive loss weighting factor is applied to each
training data point. This study investigates the influence of various factors on training PINNs,
including the structures of neural networks (such as the number of layers and neurons,
activation functions), types and quantities of training data, and parameters (initial loss
weighing factors and learning and decay rates). External resistance and dispersion
predominate during very short times initially, then mass transfer resistance shifts from ADE-
FD to ADE-IPPD which is observed especially for coarse particles. Mass transfer shift is

delayed with increasing distribution coefficient (K ;) and intraparticle porosity (&).

6.1 Introduction

1-D advective-dispersive transport equation has been widely used in simulating transport of
organic pollutants in porous media and sorption/desorption of pollutants from an immobile
phase (e.g, solids) leading to the retardation of the concentration front and tailing during
leaching is often observed especially for persistent compounds (e.g., polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), per- and polyfluoroalkyl substances
(PFAS), dioxin, etc.) (Ngueleu et al., 2013; Guo et al., 2020). Many simple analytical solutions
exist when equilibrium sorption/desorption is assumed and transport or reaction related
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parameters (e.g., velocity (v), dispersion coefficient (D;), mass transfer rate constant (7;,¢))
can be easily modified by a retardation factor (R;) (van Genuchten and Alves, 1982).
However, the equilibrium sorption/desorption is often questioned especially for sorbents
with large grain sizes or pollutants present large distribution coefficients (K;), thus
sorption/desorption kinetics must be considered in solute transport. Furthermore,
depending on grain size, relative velocity, intraparticle porosity and distribution coefficient
may lead to the mass transfer resistance shift from the external boundary layer (external film)
into the solid sorbents (intraparticle solid/pore space), which has been observed recently in
batch tests on PAHs sorption/desorption into/from microplastics (Seidensticker et al., 2017)
and soil suspension with passive samplers (Liu et al., 2023). Using coupled film intraparticle
solid/pore diffusion models in solid/porous materials becomes necessary for capturing both
short-term (dominated by film diffusion) and long-term (dominated by intraparticle

diffusion) behaviors of sorption/desorption kinetics of the pollutants.

While 1-D advective-dispersive transport with coupled film intraparticle diffusion (ADE-
FIPPD) can be solved via numerical methods (e.g., finite volume method and finite element
method), those methods are computationally demanding and time-consuming especially
when diffusion inside the intraparticle solid/pore space is considered where spatial
discretization is needed in both flow (e.g., water) and radial direction of the solid (see Fig.
6.1). The numerical iteration method applied to update the solute concentrations in each
node at each discrete time step slows down the model further if a fully implicit method is
utilized. In addition, selecting appropriate discrete time steps (At), longitudinal (dx) and
radial (dr) distances is challenging, and improper discretization often leads to the instability
of the numerical model or non-conservation of total mass. This issue becomes more severe
when dealing with heterogeneous sorbents, particularly in cases where sorption/desorption
kinetics of the sorbents exhibits distinct behaviors (e.g., fast sorbing particles mixed with
slow sorbing particles). To avoid the shortcomings of numerical models, two mesh free
methods (semi-Laplace solution and physical informed neural networks) are tested and
compared in this study. Instead of simulating the concentration gradient inside the
intraparticle solid/pore space, the semi-Laplace solution uses an average concentration that
yields the same total mass as the numerical method through integration of the entire
sphere’s volume. Mathematically, the average concentration can be expressed as the
convolution of concentration in bulk water phase (C,,) and a transfer function and different
sorption/desorption kinetics models can be easily replaced by just changing their
corresponding transfer functions (Liu et al., 2023). Thanks to the convenience of computing
convolution in the Laplace domain, it becomes feasible to derive the analytical solutions of
ADE-FIPPD. The (average) concentration changes in each phase can be obtained by inverse
Laplace transformation using a very efficient numerical method. Due to the simplification of
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addressing concentration gradient inside the intraparticle space, semi-Laplace solutions

emerges as a favorable alternative replacing numerical approaches.

With the advent of the big data era, the ability to collect and generate observation data far
surpasses our capacity to sensibly absorb, let alone understand and explain it. Many machine
learning (ML) models are entirely data-driven and can fit observations exceptionally well,
but their predictions may exhibit physical inconsistencies or implausibilities due to
extrapolation or observational biases, which can result in subpar generalization
performance. Therefore, integrating fundamental physical laws and domain knowledge (e.g.,
initial and boundary conditions) to train ML models about governing physical rules (called
physical learning) becomes necessary. This, in turn, can provide “information priors” - that is
strong theoretical constraints and inductive biases of our observations (Karniadakis et al.,
2021). Physical informed neural networks (PINNs) are one of the most widely used deep
learning methods reflecting this new learning philosophy. PINNs are not just a pure
surrogate of numerical models when observation data is used in training process, but they
account for data uncertainty and capture latent physical principles or processes that may
elude our prior knowledge. Neural networks within PINNs can learn and incorporate these
hidden processes from data, leading to superior fits compared to numerical models (or semi-
Laplace solutions) and exhibit better performance in prediction when dealing with the real

measured datasets.

The objectives of this study are to (i) verify the feasibility of two-mesh methods in solving
ADE-FIPPD, (ii) compare their performances and respective errors, and (iii) and elucidate

parameter sensitivity (e.g., distribution coefficient, grain size, intraparticle porosity, etc.).

Figure 6.1 illustrates advective-dispersive transport with coupled film intraparticle pore
diffusion (ADE-FIPPD). In step 1: the domain is discretized into N parts and each part
contains both solid and water phase. The solid phase is represented as a composition of
grains having different sizes and properties and each grain is discretized into certain shells.
The mass transfer is limited by coupled film intraparticle pore diffusion in spheres. In step 2:
solute concentrations in both water (C,,) and intraparticle pore water phase (C,, ;) of each
node are solved simultaneously for each discrete time step (At) with numerical iteration
method. In step 3: a 2-D map of solute concentrations in the intraparticle pore water phase

in both longitudinal (x) and radial (r) directions is presented at each discrete time point.
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Step 1: Discretization of domain and defining the governing equations of each node
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e — - e ]
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Cp,; denotes Cy, . at shell p and node j. [, petarded pore diffusion
Discretization in radial direction (r*) (Desorption)
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=1 " k r=ag Cyppe: solute concentration in the intraparticle pore water phase of k-th
Cwpi D % Cypic . 20Cy porous materials [M L]
Jr  ak| T2 r  or Cyy,in: inlet solute concentration [M L]
With initial and boundary condiions: D : effective diffusion coefficient inside k-th spherical particles [L? T-1]
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Coprlr =ax) =Cypa, ¥t g
ac'p' P D, : longitudinal dispersion coefficient [L2 T-1]
—W.pk| =0 Vvt fi: mass fraction of k-th porous materials (assuming dry density of all
ar r=0 porous materials are the same) [-]
ac,, Ksp,x: mass transfer velocity for k-th porous materials [L T']
-D, dx =0 vt L: maximum transport distance [L]
x=L D, ac. n: interparticle porosity [-]
Cw(x =0) L7mw =Cpim=0 VWVt r: radial coordinate [L]
voox | _, ' 7*: normalized radial coordinate [-]
ac,, t: time [T]
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Kspic(Cwpae = Cw) = —De “ar vt t*: normalized time [-]
r=ag v: seepage velocity [L T-]
Cy(t=0)=0 Wvx x: longitudinal coordinate [L]
Coprct=0)=C, i (0) vr x*: normalized longitudinal coordinate [-
g P 8!
Step 2: Updating concentrations of each node with Step 3: Plotting the 2-D solute concentration profile along the
tedious numerical iteration method (e.g., Newtown flow transport direction (x*) as well as the radial direction (1)
Raphson scheme) where the concentration gradient inside the intraparticle pore

water phase is monitored
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Fig. 6.1: Scheme of numerical method (here: finite volume method) for solving 1-D non-
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equilibrium advective-dispersive solute transport with coupled film-intraparticle pore

diffusion.

6.2 Methodology

Considering 1-D contaminant transport in heterogeneous materials (e.g., soil samples
containing mixtures of porous (e.g., charcoal, soil aggregates, etc.) and non-porous materials
(e.g., microplastics, tyre wear particles, etc.) with different grain sizes and sorption coefficients

(K4)), the governing equation reads as:

nj ng
aCW md]aCS] Mmaur aCka an aZCW
J S kg P, -D = 6.1
6t+Z i, ot +Z g, Kapk—g— v =D =0 (6.1)
]:1 k=1
C,(x, t =0) =C,(0) (6.2)
D, dC
Co = = Cuin(®) @ =0 (63)
ac
lim —= =0 Vt (6.4)
x-x;, 0X

where n; [-] and n [-] denote the total number of solid materials and porous materials,
respectively; variables with subscripts j and k refer to individual components of solid and
porous materials, respectively. C,, [M L3], s ; [M M-] and Cy,;, x [M L-3] denote the pollutant
concentration in the bulk water, in the solid materials and in the intraparticle pore water of
porous materials, respectively; C,, ;, [M L-3] represents pollutant concentration at the inlet of
the domain. my ; [M], mg [M] and ¥}, [L3] are the dry mass of solid materials and porous
materials and volume of water, respectively; & [-] and p, , [M L-3] denote the intraparticle
porosity and the bulk density of porous materials (= psx(1 — &); psi [M L3] is the dry
density of the solid); K 5, [L® M-1] is the bulk distribution coefficient between bulk water
and porous materials (= Ky + &/ppk; Kax [L3 M1] is the distribution coefficient between
bulk water and solid) where the pollutant mass stored in the intraparticle pore water phase
is considered. v [L T-'] and D; [L2 T-!] denote the seepage velocity and longitudinal
dispersion coefficient, respectively. x [L] represents the longitudinal coordinate. t [T] is the

time. The Laplace transformation of Egs. 6.1-6.4 are given as:
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nj ng

- d, Mq,k =
SCW - CW(O) + z V_]( sj S] (O)) Z V_Kd,b,k (SCw,p,k - Cw,p,k (O))

j=1 w k=1 ¥ (65)
dc,, d*c,
oy TP =0
lim €y (x) = €,y (0) (6.6)
. D,dC N
CW — 7d—):v = Cw,in(s) @x =0 (67)
dc,
lim ——=0 Vs (6.8)
x-x;, dx

where s [T-1] is the complex Laplace coordinate. The tilde sign denotes the Laplace transform

of the respective variables.

Finkel et al. (2016) used the semi-Laplace solution to solve the 1-D advective-dispersive
transport by considering intraparticle pore diffusion (ADE-IPPD) for heterogeneous systems
and showed that the average concentration of pore water inside the porous materials (Cy  x)
can be expressed as a function of bulk water (C,) in form of convolution with respective
transfer function in real time domain. Liu et al. (2023) extended the semi-Laplace solution to
more general form by considering coupled film intraparticle diffusion for different
geometries of particles (e.g., plane sheet, cylinder and sphere) and used it in solving PAHs
redistribution in microplastics and soil suspension with passive samplers in batch systems
and corresponding transfer functions for coupled film intraparticle diffusion; here only
transfer functions of coupled film intraparticle diffusion of spherical porous (g, «) and solid
materials (g, ;) are presented:

Cs] = gs]' <C~w - SJ(O)) SJ(O)

Kd]s s

~ . x 2k (0 Cypi(0)
Cw,p,k = Ispk (Cw - Wps ) + Wps

S S 1
D, K / th D) " a..
o s.j d}( D, co (as] Ds’j) as ) kS]
Is,j 5 1 \4as;s
ks + D jpsiKq D}coth asj ~a
D el +=—coth| a -
I ak\ \|Dax sk Da,k asp,k 3Ksp
5 S 1 \QspkS
kspjc + DajeppiKapi| |p—coth Do)~ '
sp,k akPpkfdbk ( Da,k co <asp,k Da,k) aSp.k)

spk —
where K; ; [L3M-1] denotes the distribution coefficient between water and solid materials.

(6.9)
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ag ; [L] and agp x [L] denote grain radius spherical particles for solid materials and porous
materials, respectively; kg ; [L T] and kg, [L. T-1] are the mass transfer velocity for solid
materials (kg ; = Dgq/8s j; Dag [L2 T-1] is the aqueous diffusion coefficient of the compound
and &, ; [L] is the external film thickness of solid particles, which can be estimated via
dimensionless Sherwood numbers (Sh = 2a,;/6s;).) and porous materials (kgpx =
Daq/8spi; Ospk [L] is the external film thickness of the porous materials), respectively; D; ;
[Lz2 T-1] and D, [L? T-1] denote the solid diffusion coefficient and the apparent diffusion
coefficient of compound in the intraparticle pore space of porous materials (Dg) =
Deye/(PpiKapi) = Dagér/ (T xPpiKapx) = Dagex’/(PpxKapi); Trx [[] is the tortuosity
factor; D,y [L2 T-1] is the effective diffusion coefficient and empirical studies showed that
D,y increases approximately with the square of the intraparticle porosity (Boving et al,
2001), thus, the tortuosity factor zsy [-] can be approximated via the reciprocal of the
intraparticle porosity (trx = 1/&)); ps; [M L3] denotes the dry density of the solid
materials. Inserting Eq. 6.9 into Eq. 6.5, the mass conservation equation in Laplace domain

can be simplified as a function of C,,,:

. dcé d3C
w(s)Cy + va—; - DLWZW = ¢(s)
nj ng
Mg . Mgk ~
w(s) =1+ _Jgs,j + ) ——Kapk Jspk |S
L., £V, (6.10)
]: =

nj ng
mg;  C ,'(0) Mgk ~
@(s) = C,(0) + Z v / Js,j ;(J + Z 7 KapxGspk Cw,p(0)
=W =

Equation 6.10 can be solved with the following guess solution:
Cw(x,5) = (C,(x =0,5) — B)exp(—ax) + (6.11)

Then the first order and second order derivative of the C,,(x, s) can be expressed as:

%x,s) = —a(C,(x =0,s) — B) exp(—ax)
226 x(x 9 (6.12)
# = a?(C,(x =0,s) — B) exp(—ax)
Substitute into Eq. 6.10 yields:
(w(s) —av — a?D)(C,,(x = 0,5) — B) exp(—ax) + w(s)B — p(s) = 0
o —v +v2+ 4D, w(s)
Dya? +va—w(s)=0 : 12 = 2D (6.13)
{ w(s)B—p(s) =0 _o(s)
b= w(s)

Thus C,, (x, s) can be expressed as:
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Cow(x,8) = 11[(C(x = 0,5) — B) exp(—ayx) + ]

b 6.1
+ 25[(Cy(x = 0,5) — B) exp(—ayx) + ] (644

where 4, and 4, are the constants determined by the boundary conditions (Egs. 6.7 and 6.8).

The first order derivative of C,,(x, s) is given as:

dC,, (x, ~
# = [y (G (x = 0,5) — B) exp(—ay x)] (6.15)

-1 [0.'2 (C~W(x =0,s) - ﬁ) exp(—azx)]

By inserting Egs. 6.14 and 6.15 into Egs. 6.7 and 6.8, 1; and 1, can be determined.

~ 5 (Cuin() = Cux = 0,9) ) exp(—atpx,)
A = DA™
'y (G (x = 0,5) — B) (exp(—ayx,) — exp(—ayx,))
v /- ) (6.16)
. 57 (Cuin(9) = € (x = 0,5)) exp(—a1,)
2

B az(éw(x =0,s) — ﬁ)(exp(—ale) — exp(—ayx;))
For satisfying Eq. 6.11 atx = 0, the summation of 1; and 1, should be 1, thus C,,(x = 0,5)
can be calculated.
Cp(x=0,5)
DLL(aleXp(—ale) - azexp(_aZxL))éw,in(s) + a;a;B(exp(—aix;) — exp(—azx,)) (6.17)

v
D_L (ajexp(—aix;) — azexp(—azx;)) + aja,(exp(—a;x;) — exp(—ayx;))

In summary, the final solution of C,, can be expressed as:
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Cuw(x,8) = 24[(Cy(x = 0,5) = B) exp(—ayx) + B
+ AZ[(fw(x =0,s)— ,8) exp(—ayx) + ,8]
— 5 (Cuin(9) = € (x = 0,5)) exp(—ax;)
L

A = —

'y (Cu(x = 0,5) — B) (exp(—ayx,) — exp(—a,x;))
. 57 (Cuin() = €& = 0,5)) exp(—ayx,)

2

" a4y (Cy(x = 0,5) — B) (exp(—ayx;) — exp(—azx,))
C,(x=0,5)

v -
D—L(alexp(—afle) - ‘ZZEXP(_G’zxL))Cw,in(S) + aya,B(exp(—a;x;) — exp(—ayx;))

v
D_L (arexp(—ayx;) — azexp(—ayx;)) + aya,(exp(—a;x;) — exp(—ayx;)) (6.18)

_ —vEv2+4D w(s)
2D,

Nk
Mg Mgk ~
w(s)=|1+ Z V. 9sit Z . KapjeGsp |$
™ w k=1 w

nj ng
mg; . Cs;(0) Mgk ~
p(s) = C,(0) + Z_V : Js,j S}(] —+ . Ka bk JspkCwp(0)
=1 w d,j w

The pollutant concentration in bulk water in real time domain (C,,(x, t)) can be obtained by
numerical back transformation of C,,(x,s) with the numerical method of de Hoog et al.
(1982) implemented in Matlab. The temporal and spatial average pollutant concentrations in
solid materials (Cs ;) and in the intraparticle pore water of porous materials (C,,, ) can be
calculated by inserting Eq. 6.18 into Eq. 6.9 and do the back transformation as mentioned
before. For simplification, only the simulations of ADE-FIPPD (only porous materials are

considered) are presented in the rest of the study.

6.2.2 Physical informed neural networks

Physical informed neural networks (PINNs) have been used as an alternative to traditional
numerical methods (e.g., finite volume method (FVM) and finite element method (FEM)) for
solving partial differential equations (PDEs) (Raissi, 2018; Raissi et al., 2019). Unlike the
traditional time stepping PDE solvers obtaining a discrete solution on a grid, PINNs solution
defines functions over the entire spatial-temporal domain at once and the functions (or
networks) are trained by using training points distributed across the domain. This approach
eliminates the requirements to create computationally expensive grids and takes into
account the physical understanding of the targeted problem and constrains the output of
neural networks by means of a system of PDEs. For simplification, only 1-D ADE-FIPPD by

considering homogeneous sorbent is presented here and two neural networks (see Fig. 6.2)
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are utilized as approximators for pollutant concentrations in bulk water phase (C,,) and in
the intraparticle pore water phase inside the sorbent (C,,,). This method can be easily
extended to heterogenous systems by using more neural networks to represent multi-
sorbents. The normalized form of ADE-FIPPD is used where the concentrations (C,, and
Cw,p), time (t), distance (x) and radial distance (r) are normalized by their corresponding
maximum values (Cpqy, T, L and a), which could significantly reduce the PINNs
approximation error reported by Zong et al. (2023). The normalized PDEs, initial &
boundary conditions (IC & BC) of ADE-FIPPD are presented in Fig. 6.2. The observation data
used in training PINNs is generated from semi-Laplace solution. All normalized equations

can be abbreviated as:

N (C\j;/(t*PDEI X" ppgs01), Covp (t" ppEs X" ppES T PDES 92))

= f(t"ppE: X" ppEs T PDE),  t PDE, X PDE T PDE € [0,1]
B (CJv(t*Bc»x*Bc' 01, Covp(t"Bcr X per T e 92))

= h(t"pc, X e, T Bc) t7Be, X e, T e € [0,1]
Ci(t"1c=0,x"1c,(r"1c), 6, 01 0,) = CI(t*Ic =0,x"c, (7’*10)), x*1c,7"1c €[0,1]
Ci (" qata X" aatar (T qata), 01 0T 03)

= C;ob(t*data'x*datav (r*data)): t* qata X" datar (r*data) € [0,1]

(6.19)

where N and B are spatial-temporal differential operators of PDEs and boundary conditions.
C/(t"1c = 0,x" ¢, (r*ic), 01 or 8,) is the prediction of initial normalized concentration in bulk
water (Cy; 0, is used) or in the intraparticle pore water (Cy,,; 6, is used) from neural
networks. 8; and 8, denote the hyperparameters (weights and biases; details see section
S6.1) of neural network 1 (used for prediction of C) and 2 (used for prediction of Cj, ),
respectively. C; (t* qatar X aatar (" data), 01 OT 03) denotes the prediction of observation data
of Cy, (61 is used) or Cy,,, (6, is used) from neural networks. The problem data (includes
observation and simulation data) is provided by forcing the PDE functions
f(t* ppe,X*ppE, T ppe), the boundary condition functions h(t*ge, X e, 7*5c), the initial

condition functions q(t*,c =0,x"c, (r*,c)) and the observation data

Cifob (t*data: x*data' (r*data))-

Thanks to the reverse mode of auto differentiation (details see section S6.2), the derivatives

of neural network outputs respective to the neural network inputs can be quickly and

ac;, ac; 9%c;, 9Cyp 9C, azcy,
ratel lcul v, = Y - £ an 2 nd th h 1 f
accurately calculated (Bt*' o’ 202’ o0 o @ d pys: ) and thus the values o
N (C\;\k/(t*PDE: X" ppEs 01), C\Z/,p (t"ppEs X" ppEST " PDES 92)) and

B (CJV(t*BC,x*BC, 01), Covp (t" e X s T e 92)) can be determined.

The total loss function is defined as the weighted summation of the mean square errors of
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residuals for the PDEs (Lossppg), the initial and boundary conditions (Loss;: & Lossg¢), and

the observation data (LoSS;4:4):

L0SStorq1(0) = WppgLossppg(0) + wicLoss;c(6) + wecLossgc (6)

6.20
+ Wyaral0SSgqta ()  where 6 = {6,,0,} ( )

where Wppg, Wi, Wge and wy,, are weighting factors of loss terms of PDEs, initial
conditions, boundary conditions and observation data. 8 denotes the hyperparameters of all

neural networks (here we used 2 neural networks).

The reason of introducing those weights is to magnify the differences of loss components to
make sure the larger loss components would be punished more during training and the total
loss function would decrease more efficiently. The loss functions without weights (‘baseline
PINNs algorithm”) may somehow works for some non-stiff PDEs, but its performance on stiff
PDEs (e.g., ADE) is very bad and produce inaccurate approximations (Wight and Zhao, 2021;
Wang et al., 2021). This occurs due to the nature of gradient descent method as a greedy
process. It has the tendency to prioritize certain loss components over others, creating an
imbalance in the descent rates among these components. This imbalance hinders
convergence to the accurate solution (McClenny and Braga-Neto, 2023). The loss
components can be expressed by:

NppE

Z |N C;{,(t PDE'x PDE:61) C\;p(t PDE'x {DDE!r PDE> 92))

Lossppg(0) =
Nppg

- f(t*{JDE' x*JJDDE: r*{JDE)|

Nic
1 , , . . Y
Loss;c(0) = N Ic = 0,x"]¢, (T*{c)' 6, or 92) - q (t*{c =0,x"c, (T*{C))|
Ic
Npc
(6.21)
Losspc(0) = _Z |B C;/(t BC'x 3091) Cop (72 BC'x BC'r B 92))

- h(t*BC'X*{?C'r*{?C)|

Ngata
1 Z
N, data “=
J

X
- Ci,ob (t data'x data' (r data))|

Lossdata (9) = data’x data' (T data) 91 or 92)

j j i \NepDE - . . . .
{t*IJJDE,x*{)DE,r*{JDE}jﬂ are training (or collocation) points used in forcing the PDEs for

neural networks; {t 1c=0x ,C,r*,C} and {t Bc,x ]BC,r BC} are training points used in
forcing the initial and boundary conditions for neural networks, respectively;
% J

{t x* r Naata are training points used in forcing the observation data for neural
data’ data' data j=1 gp g

168



networks. Nppg, Ni¢, Ngc and Ny, denote the total number of the collocation points, the

initial and boundary condition points and observation data points, respectively.

6.2.2.1 Self-adaptive PINNs

Now the question arises for choosing the weighting factors for loss terms. A simple way is to
give a constant weighting factor for each loss term. While it could improve the stability and
accuracy compared to baseline PINNs, the approximation error is still large especially for
step boundary conditions. To overcome that problem, this paper employed the self-adaptive
PINNs algorithm, as proposed by McClenny and Braga-Neto (2023), in which the weights of
the loss function are updated via gradient descent concurrently with network
hyperparameters. Thus, the total loss function (Eq. 6.20) can be modified as:
Losstotai (60, Wepe, Wic, Wpe, Waata)

= Lossppg(0,wppg) + Loss;c(0,w,¢) + Lossg: (0, wg) (6.22)
+ LOSSdata (9: Wdata)

— [y,,1 Nppg — (1 Nic — (i1 Npc —
where wppg = {WPDE, s Wppp }, Wie = {W,C, e Wi }, Wge = {WBC, Wi } and wgge =
Wiatar - wd;t‘j;“} are trainable, nonnegative self-adaptative weights for training points of

PDEs, initial, boundary and observation data, respectively.

The loss components can be modified as:

Lossppg (0, WppEg)
NppE
1

= Noog Z m(WpDE) |N (C\;(t PDE'x oEs 91) C\;kvp(t PDE!x {JDE'T PDE 92))
J

J Jj J
- f(t*PDE' X" ppEs r*PDE)|

Nic
1 . .
Loss;c(0) = N_z e =0,x"c, ("), 6, or 6,)
1c4
. . SN2
—q(tle = 0,20, (1)) (6.23)
Npc
Losspc(0) = _Z m(WBC) |B (C;,(t 8o X e 91) Cop(t72 he X heor BC’QZ))

* %] *
- h(t BC'x BoT BC)|
Ndata

1
L0SSgqtq(0) = N Z m(Wdata)
data 7

C (t data'x data' (T‘ data) 01 or 02)

X
- Ci,ob (t data'x data' (r data))|

where a non-negative, differentiable, strictly increasing self-adaptation function m(wij ) is

defined, for i = PDE, IC, BC, data. The self-adaptation function used in this paper is a simple
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. .2
quadratic function where m(wl.] ) = (WL-] ) . A lot of polynomial functions with higher power

(e.g., >2) or sigmoidal functions also can be used as candidates, but excessively sharp
functions should be avoided in practice in case numerical overflow and more details of

choosing suitable self-adaptation function see McClenny and Braga-Neto (2023).

The main idea of self-adaptive PINNs is that the total loss function
(LoSStorai (8, WppE, Wic, Waey Waara)) IS minimized with the updated of the hyperparameters
of the neural networks (6), as usual, but is maximized with respect to the self-adaptation
weights (Wppg, Wic, Wee, Waatqe), Which can be expressed by:

min max Losstota1 (6, WppE, Wic, Wec) Waata) (6.24)
6  WppEWIC, WBCWdata

By using the gradient descent/ascent method (e.g., Adam), the updated training parameters

in each iteration process are given as:

k+1 _ gk k k .,k k .k .k
0 =0%—1 V0L055total(9 'WPDE'WIC!WBC'Wdata)

k+1 _ .k k k ok k ok ok

WppE = Wppg t GPDEVWPDELOSStOtal(e »WppE»Wic, W) Wdata)
k+1 _ ok K k .k kK ok ok

Wic ~ = Wic + UICVw,CLOSStotal(Q »Wppe, Wic, WEe Wdata) (6.25)
k+1 _ | k K k .k kK ok ok

Wpc™ = Wpe + UBCVWBCLOSStotal(Q »WppE» Wic» WEe) Wdata)

k+1 _ .k k k .,k kK ok ok
Waata = Wdata + Udatavwdaml‘osstotal(g »WppE» Wic, Wge, Wdata)

where n¥(> 0) is the learning rate for the hyperparameters of neural networks at training
iteration step k; ofpg, 0/, of; and 6¥,,, (> 0) are separate learning rates for updating
weights of loss terms of PDEs, initial and boundary conditions and observation data,

respectively.

A large learning rate makes the training process faster but might cause the training
parameters oscillate or even diverging away from the optimal values, while a smaller
learning rate can slow down training but may lead to a more precise convergence. A decay
rate (Agecqy) is defined to reduce the learning rate during each training iteration step. The
purpose of decay is to fine-tune the learning rate as the optimization process progresses.
Initially, a larger learning rate might be suitable for faster convergence, and as training
continues, a smaller learning rate might be helpful for the model to fine-tune and converge
more accurately towards the optimal parameters. The adaptive learning rates can be

expressed as:
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1
kK _ 1

B 1+ Adecay * k

1
ok = OppE
PPE 1 + Agecay * k
1
o
k IC
O =7———— 6.26
IC 1+ Adecay xk ( )
1
O‘k _ Opc
BT 1+ Agecay ¥ k
1
k Odata

o -
data 1+ Adecay x k

where nt, o}y, 0i-, 0ic and 6},., denotes the initial learning rates for training the
hyperparameters, PDEs, initial and boundary conditions and observation data, respectively.

k denotes the training iteration step.

The gradient term with respect to the neural network hyperparameter (6) is computed
through the backpropagation algorithm (Rumelhart et al., 1986). The gradient terms with

respect to the weighting factors in Eq. 6.25 are given as:
k |k k k k
Vs L0SStorat (8%, Wip g, Wiz, Wie, Weiara)

%1 *1 %1 *1
m (WPDE) |N (C (¢} poEs X" PDE' 07, pr(t poEs X ppEs T PDE' 2)) f(t bpes X ppEs T PDE)|

(. kNppg « (+Nepe _«Nppe pk «Nppg NFDE NPDE k «Nppg NPDE «NppE
| (WPDE N Cw(t pE X ppE » 01 ) pr(t ppE X ppE T pDE » 02 ) f(t PDE +* PDE T PDE
k k kK ok
Vw,cLO0SStotal (9 »WppE» Wic, WBe) Wdata)

(ch (T IC) 91 or 92) ‘I(t ic=0,x" IC! (7” IC))|

k.Nic *(xNic _ *NIC «Nic *NIC *NIC *Nic
_m(ch ) [Ci (£ = (rid )910r9) q = 0,x%¢ (rié
k .,k k ok
Vg L0SStotal (9 »WppE, Wic, Wee» Wdata)

2
m (Wgcl) |B( w(t B X Be) 9{(): CJv,p(t*lls«'c»X*llac»T*llac»gé()) h(t Be X Be,T };c)|

2
1(1,, % NBc x (+xNBc ,.+NBCc pk * «NBc *NBC *NBC «Npc *NBC Npc
m' (wge 7€) [B (G (6756, X585, 0F), G (67565, X585, 77526, 05) ) — h(t7 52, X85, 77 5E°)
Kk k kK |k
VwdataLOSStotal (6%, whpp, Wiz, Whc, Wiaea)

1

2
(Wdata x*éata' (T data) 91 or 6; ) Cl ob (t*éata:x*}mta: (T*zliata))| [

m’ (kaNdata)

x(«Ndata ,.*Ndata *Ndata k kY _ r* *Ndata *Ndata *Ndata
data Ci (t data * X data '( data )' 81 or 62) Ci,ob data * X data ’ (T data

; JAY j
Since m'(w/) = 2w! > 0, V., _L0SStotat, Vi, LOSStotats Ve LOSStotats Y gery LOSStotar = 0,

WpDE Wic WBc Wdata

which indicates that the sequence of the loss weighting factors increase monotonically
(wil'j < wiz’j < e <L wl.k’j < --+) if unmasked losses (terms inside the absolute sign) are
nonzero. According to Eq. 6.27, the loss weighting factors get larger with the increase of the
unmasked losses, which leads to stronger penalty of training neural networks and improve
the prediction at those domains. As loss weighting factor of each training point becomes
training parameter in SA-PINNs, the given initial values become crucial, depending on the
problem. Since different unmasked loss terms might exhibit different magnitudes at the
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beginning of training, the initial weighting factor is designed to magnify these magnitudes,
ensuring that the higher unmasked loss terms obtain a larger weighting factor and much

stronger penalty would be imposed initially to reduce the total loss more effectively.

NN(L,x; 61)
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Fig. 6.2: Scheme of physical informed neural networks for solving 1-D advective dispersive

transport with coupled film intraparticle pore diffusion (ADE-FIPPD).

6.2.2.2 Training processes of PINNs

Some parts of the training processes have been alluded in previous section, but several
crucial details remain unexplored. In this section, we illustrate the details of training

processes step by step.

The first step is to generate training data. 2500 and 50000 collocation points (black symbols
in Fig. 6.3) are employed as training points to enforce two PDEs individually (see Fig. 6.2).
100 (50*2) and 5000 (2500*2) points (blue symbols in Fig. 6.3) are utilized to impose four
boundary conditions (x* = 0and 1;r* = 0and 1). Furthermore, 50 and 2500 points (red
symbols in Fig. 6.3) are applied in forcing the initial conditions of Cy, and Cy, ,,, respectively.
Lastly, 2500 points (green symbols in Fig. 6.3) are used in training to enforce the observation
data at corresponding coordinates. The collective set of all forementioned training points is
referred to as the full training data set in the text. To investigate the impacts of total number
of training data on training PINNs, two cases (using half of the full training data or one
quarter of full training data; details see Fig. S6.2) are compared to the case using the full
training data (see Fig. 6.5). Additionally, two types of training data (sequential or random)
are tested (excluding observation data) in training PINNs (see Fig. 6.5), with random training

data sampled from a uniform distribution ranging from 0 to 1. Unless otherwise specified,
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the training results of the main text are based on sequential training data. Since left
boundary concentration of C;, (x =0) provides us the prior information that the
concentration gradient is steep at the inlet of the transport at early time, dense sampling
observation data at early time may obtain better training results. Moreover, limited
observation data are frequently encountered in practice due to measurement challenges or
cost constraints. To test the performance of PINNs, a scenario utilizing the full training
dataset but with significantly fewer observation points (130 points) is compared to a case

involving the full training dataset (2500 points) (see Fig. S6.3).

Sequential training data

Random training data
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Fig. 6.3: Training data of physical informed neural networks (PINNs). The first row and
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second row represent the training points of PDEs (black symbols), initial conditions (red
symbols) and boundary conditions (blue symbols) of the first (output of C;;,) and the second
(output of Cy, ,) neural network by using sequential (left column) or random (right column)
training points, respectively. The third row depicts the spatial temporal coordinates of
observation data applied in semi-Laplace solution to generate virtual true concentrations

(here only Cy;,) as training data of PINNs.

The second step is to construct the neural networks. Two neural networks are used and both
neural networks architecture with 9 fully connect operations (1 input layer + 8 hidden layers
+ 1 output layer) with 20 hidden neurons each (details of neutral networks see section S6.1)
and the complexity of neural networks has been proved to be able to solve second order
partial differential equations (e.g., Burgers’ equation) by Raissi et al. (2019). Since no
standard criterion for choosing the optimal neural network structures, we explored the
impacts of the neural numbers in each hidden layer (see Fig. S6.4) and hidden layer numbers
(see Fig. S6.5) on training PINNs. Selecting suitable activation function (e.g., sigmoid, tanh
and leakyReLU (Rectified Linear Unit)) for neural networks is also crucial. The weakness of
the sigmoid (or tanh) activation function lies in its vulnerability to the vanishing gradient
problem, notably during backpropagation in deep networks. This hinders the neural
networks’ capacity to learn and adapt to intricate data patterns. Additionally, sigmoid or tanh
functions tends to squash extreme values, causing saturated neurons and slower
convergence in training. Alternative activation functions like leakyReLU are often preferred
in training neural networks. However, selecting an activation function lacks a one-size-fits-all
solution. It must be discerned based on training outcomes. Various problems may
necessitate distinct activation functions, each yielding diverse effects. In our study, the
leakyReLU activation function does not work well compared to sigmoid and tanh functions
(see Fig. S6.6). Finally, the sigmoid function (y € [0,1]) was chosen because the normalized
concentrations (Cy, and Cy,,,) ensure neural networks outputs also fall within the range from
0 to 1 and the total loss function begins with a relatively low value, potentially leading to

more efficient loss convergence initially.

The third step is defining the total loss function (Egs. 6.22 and 6.23). The initial weighting
factors for PDEs (wjpg), initial and boundary conditions (wi.and w)) as well as
observation data (w2 .,) are set to 1, 100, 100 and 1000, respectively. The given values are
based on initial magnitudes of each loss term, higher loss terms would be punished more by
giving larger initial weighting factors. Since PDEs might have infinite solutions without the
constrains of initial and boundary conditions, higher initial weighting factors for w. and wj.

are better for training. Moreover, a relatively high w},,, might improve training results.
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However, it's crucial to strike a balance, as excessively small or large values for w},,, may
respectively result in neural networks driven solely by physical laws or purely data-driven
models. As no specific criterion existed so far for giving optimal w},,,, the influence of w},,

on training PINNs for ADE-FIPPD was investigated (see Fig. 6.6).

The last step is using gradient descent methods (e.g.,, Adam or Limited memory Broyden-
Fletcher-Goldfarb-Shanno algorithm (L-BFGs)) to minimize the total loss function and find
the optimal hyperparameters (8) of neural networks. The initial learning rates (n?, o2y, o/,
ogc and 6,4,,) and the decay rate (Agecay) are set to 0.01. Training PINNs on the entire
dataset at once can be computationally expensive and memory-intensive, especially when
dealing with large datasets. Therefore, PINNs are trained with 10000 epochs by Adam and
10 mini batches are used in each epoch. The loss components of PDEs (LosSppg), initial and
boundary conditions (Loss;cpc), observation data (LosS;4¢,) as well as total loss (LoSS;pta1)
are tracked in each epoch (see example in Fig. S6.7). The code is executed in ‘Matlab’ by using
its deep learning toolbox to facilitate the training processes. After training of PINNs, trained

neural networks are utilized to evaluate their performances in the test dataset.

6.2.3 Numerical model

Numerical model (NM) solved by using finite volume method has been presented in Fig. 6.1
and the details of discretization process as well as numerical iteration method (e.g,
Newtown Raphson scheme) to update the solute concentration of each node at each discrete

time has been explained in Liu et al. (2021).

6.2.4 Simulation parameters

Column leaching tests are widely employed to determine the capacity of pollutants release
from various sources, such as soils (Kalbe et al., 2014; Rohler et al., 2021), construction and
demolition wastes (Bandow et al., 2019; Prieto-Espinoza et al., 2022), and radioactive
materials (Chen et al, 2021). Existing German column leaching standard (Finkel and

Grathwohl, 2017) are used as input parameters for testing our models.
6.2.4.1 Input parameters for comparison of NM, PINNs and semi-Laplace
solution

The summary of input parameters used in comparing of NM, PINNs and semi-Laplace
solution are presented in Tab. 6.1. The contact time of mobile water with contaminated

solids (here porous materials) inside the column is set to 5 h and if expressed as liquid to
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solid ratio in the column (LS,,;) we get around 0.26 L kg1. For normalizing the simulation
time (t), the maximum liquid to solid ratio (LS.,4) applied is 200 L kg1, resulting in a
maximum time (7T) of 3845 h. This maximum liquid to solid ratio has been tested to be able
to capture the concentration descent of the breakthrough curve of reference K, value (100 L
kg1). To validate three methods’ (NN, PINNs and semi-Laplace solution) performances under
different K,; values, two additional K; values (10 L kg-tand 1000 kg1) are examined (see Fig.
6.4). The intraparticle porosity (&) is set at 0.05, a value approximating sedimentary rock or
concrete fragments (Riigner et al., 1999). The inter-granular porosity (n) of 0.4 is close the
values applied in real experiments (e.g., 0.38-0.48 in Grathwohl and Susset, 2009). Since the
aqueous diffusion coefficient (Dgq) of of organic compounds are similar, D, is designated as
7 x 10-10 m2 s'1, closely resembling the values for polycyclic aromatic hydrocarbons (PAHs)
(Gustafson and Dickhut, 1994). The empirical Sherwood number relationship for packed
beds proposed by Liu et al. (2014) is used (see Tab. 6.1).

Tab. 6.1: Input physical parameters for model comparison (NM, PINNs and semi-Laplace

solutions)

Property Symbol (Unit) 5:{31;;1& and [Alternative
Net column length L (m) 0.30

Dry solid density ps (kg L) 2.70
Inter-granular porosity n(-) 0.40
Intraparticle porosity e() 0.05

Bulk density of particles pp =ps X (1 —¢) (kgL1) 2.57

Liquid to solid ratio in column LScor = ﬁ (Lkg?) 0.26

Liquid to solid ratio at the end LS,,4 (L kg1) 200
Contact time t. (h) 5

Maximum simulation time T = lﬁ—CZ'Z X t. (h) 3846
Water flow velocity v=L/t, (ms1) 1.67 x 105
Dispersivity a =0.1x%xL (m) 0.03
Aqueous diffusion coefficient  Dg4 (m?s?) 7.00 x 10-10
Pore diffusion coefficient D, = Dgg X n (m?s1) 2.80 x 10-10
i.((;:fgﬁlzliledri?al dispersion D, =D, +a x v (m?s1) 5.00 X 10-7
Particle diameter d (um) 400
Distribution coefficients K; (Lkg1) [10,100,1000]
Kinematic viscosity of water 9 (m2s1) 1.00 x 106
Reynolds number Re=dxv/9(-) 6.67 x 103
Schmidt number Sc =19/Dgq () 1.43 x 103
Sherwood number Sh =2+ 0.1Pe'/? () 2.31

6.2.4.2 Input parameters for investigating mass transfer shift of ADE-FIPPD
Liu et al. (2022) used the ratios of external film diffusion (FD) and intraparticle pore
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diffusion (IPPD) mass transfer resistances (R,y, R;, = inverse mass transfer coefficients) to

elucidate mass transfer shift of FIPPD, which is given as:

Rex _ de |Kappp (6.28)
Rin Sh T[Daqt '

The time duration dominated by film diffusion is approximated by setting R, /R;, to 1 (e.g,

Kd_bpp de 2 .
t = F(ﬁ) = (.88, 8.8, and 88 s for K, values of 10, 100 and 1000 L kg, respectively;
aq

parameters used see Tab. 6.1.). Compared to maximum simulation time (7 = 3846 h), the
detection time for observing mass transfer shift of ADE-FIPPD via the breakthrough curve
(BTC) is too short and condition gets worse if concentration profile is smoothed by
dispersion during transport at early time. With the increase of time (R,./R;;, < 1), mass
transfer resistance shifts to intraparticle pore diffusion and the tailing of the BTC of ADE-
FIPPD reflects only IPPD behavior. It is quite common to see the BTC of ADE-FIPPD to
overlap with curve of ADE-IPPD when using fine-grained material with small K; and
intraparticle porosity (). To better elucidate the mass transfer shift behavior of ADE-FIPPD,
a larger grain size of material (d = 2 cm) is compared to fine-grained material (d = 400 ym).
Moreover, impacts of K; and € on mass transfer shift of ADE-FIPPD for both fine and coarse
materials are investigated (see Fig. 6.7). Table 6.2 summarizes only the distinct physical
parameters compared to Tab. 6.1; for any other required but unmentioned parameters, refer

to Tab. 6.1.

Tab. 6.2: The distinct physical parameters used in simulation compared to Tab. 6.1.

Property Symbol (Unit) Reference and [Alternative

Values]
Intraparticle porosity () 0.05[0.01, 0.20]
Bulk density of particles pp = ps X (1 —¢) (kgL1) 2.57 [2.67,2.16]
Liquid to solid ratio in column LSco1 = ﬁ (Lkg1) 0.26 [0.25, 0.31]
Maximum simulation time T = iie—;? X t. (h) 3846 [4010, 3226]
Particle diameter d (um) 400 [20000]
Reynolds number Re=dxv/9(-) 6.67 X 103[0.33]
Sherwood number Sh =2+ 0.1Pe'/? () 2.31[4.18]

6.3 Results

6.3.1 Comparison of two mesh free methods (PINNs and semi-

Laplace solution) to numerical solution (NM) of ADE-FIPPD
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This section evaluates the performances of NM, PINNs as well as semi-Laplace solution in
solving the ADE-FIPPD under three distribution coefficients (K; = 10, 100, 1000 L kg-1). Two
mesh free methods almost present the same spatial-temporal normalized solute aqueous
concentrations (C;,) profiles as NM, in particular semi-Laplace solution gives a surprising
good result with absolute error (|Cy, pnns — Cw semi-rapiacel) 1€ss than 0.01 for K; values of
10 and 1000 L kg In case of K; = 100 L kg1, the slightly higher absolute error (< 0.05)
shows up at the locations with steep concentration gradients (see Fig. 6.4; bottom panel of
case 2). This deviation might not come from semi-Laplace solution, but numerical error
produced by NM resulting from insufficient spatial-temporal discretization or error
accumulation at each iteration or discrete time step. PINNs also perform well for all three
cases and absolute error (|Cy, pivns — Cy semi-rLaplacel) 1S less than 0.1 for most of the
locations inside the spatial-temporal domain except the locations close to the inlet of the
column (x* — 0) at early time (t* — 0). This is the domain with the steepest concentration
gradient and thus the absolute error increases, but it is still less than 0.2. The BTC of column
leaching test is crucial and most of standards are based on cumulative concentration of
recycling materials at certain liquid to solid ratio (LS) (or time) (e.g., LS = 2 in German
standard; see Bundesgesetzblatt, 2021), which can be easily obtained by integration of the
BTC over time. Moreover, distribution coefficients (K;) of porous material also can be
roughly approximated by finding the corresponding LS (or time) of the BTC when eluate
concentration decreases to half of its initial concentration (e.g, when C;, = 0.5in case 2
(Kg =100L kg1),t*is around 0.5, which is equivalent to LS = 0.5LS,,; = 100L kg?;
Grathwohl and Susset, 2009). The comparison of the BTCs of ADE-FIPPD by using two mesh
free methods and NM are presented as well in Fig. 6.4. The BTCs of semi-Laplace solution
overlap the curves of NM for all three K; cases, while PINNs slightly underestimate the BTCs
for K; values of 100 and 1000 L kg-1, but the errors stay below 10%, which is lower than the
measurement error and can be used in practice. The underestimation of the BTCs is due to
sigmoid activation function of PINNs and in some cases a better performance might be
obtained by using the tanh activation function (see case 2 in Fig. $S6.6). The performance of
the sigmoid seems better than the tanh function if the observation data points decrease to
130 points especially at the inlet of the column at early times (see case 1 in Fig. S6.6). Initial
total loss (LOSStotq;) in training PINNs sometimes is larger by using the tanh function
compared to sigmoid function. Training PINNs using the tanh function might get worse
training result if training times decrease. Balancing training accuracy and training times of

PINNs is always an open question.
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Fig. 6.4: Comparison of numerical solution (using finite volume method) and PINNs solution
with semi-Laplace solution of advective-dispersive transport with coupled film intraparticle
pore diffusion (ADE-FIPPD) for three K, cases (K; =10, 100, 1000 L kg1). In each case,

spatial-temporal normalized solute aqueous concentrations (C,,) of three methods are
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presented in the top panel. The absolute errors of numerical solution (|Cy yy —
C,semi-Laplacel) and PINNs (|Cy, pivns — Cysemi-Lapiacel) @s well as breakthrough curves
(BTCs) at the outlet (x* = 1) of the transport are depicted in the bottom panel. (Parameters

used in simulation are described in section 6.2.4.1.)

6.3.2 Sequential training data vs. random training data

The training data for PINNs is crucial as it plays a significant role in how well the networks
can learn and they represent the underlying physical of the problem. In this section, the
performances of PINNs by using different amounts of sequential training data or random
training data are compared. With the increase of the total amounts of sequential training
data, there is no significant improvement in training results (see first column of Fig. 6.5). The
BTCs for all three cases (full training data, half and one quarter of the full training data)
result in similarly good results (see red lines in the last column of Fig. 6.5). Surprisingly,
PINNs trained with half of the full training data exhibit poorer performance than those
trained with one-quarter of the full training data (see second column of Fig. 6.5). Merely
increasing the random training data might not always improve the training results of PINNs.
The efficiency of training PINNs with random data is strongly influenced by the distribution
of training data in spatial-temporal domain. In comparison to the BTCs of three cases
obtained using sequential training data, those derived from random training data cannot be
replicated and the stepwise BTCs occur for PINNs trained with half of the full training data
and one quarter of training data (see blue lines in the last column of Fig. 6.5). PINNs trained
with full training data, whether sequential or random, consistently yield good results. This
indicates that type of training data is not important for PINNs when the total amount of
training data possesses sufficient spatial and temporal resolution to capture the intricacies
of the underlying physics. However, sequential training data seems a better choice in training

PINNs when training data is too sparse.

The good performance of PINNs might be suspected to be due to abundant observation data
(2500 observation data) with the relatively larger initial weighting factor (w}g., = 1000,
discussed in next section), potentially rendering PINNs as predominantly data-driven model.
To rule out this hypothesis, we conducted an analysis by training PINNs using the full
training data but with limited observation data (130 points). Surprisingly, the training result
demonstrates comparable performance to the case using the full 2500 observation data (see
Fig. S6.3). This adaptability to limited observation data makes PINNs a valuable tool in

situations where acquiring extensive datasets may be challenging or costly.
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Fig. 6.5: Comparison of PINNs solutions by using different amounts of sequential training
data and random training data (case 1: Full training data; case 2: Half of the full training data;
case 3: One quarter of the full training data) with semi-Laplace solution (as reference) of
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advective-dispersive transport with coupled film intraparticle pore diffusion (ADE-FIPPD).
In each case, spatial-temporal normalized solute aqueous concentrations (C,,) of PINNs
solutions and semi-Laplace solution are presented in the top panel. The absolute errors of
PINNs solutions (|Cy, pinns — Cw,semi-rapiacel) @s well as the breakthrough curves (BTCs) at
the outlet (x* = 1) of the transport are showed in the bottom panel. (Parameters used in

simulation are described in section 6.2.4.1; here only case of K; = 100 L kg1 is displayed.)

6.3.3 Impact of initial weighting factors of observation data (w},,)

on training PINNs

Initial weighting factors of observation data (w},,) are used as regulator between purely
data driven models and purely physics driven models. In our case, training PINNs with the
higher w},,, (1000) performs better than PINNs trained with small w},,, (= 100) for both
spatial-temporal concentrations as well as BTCs (see Fig. 6.6). w} ., of 100 is the same as the
weighting factors of initial and boundary conditions (w2, and wj.), which might lead to an
equivalently punishment in gradient descent. However, the weakness of the PINNs in
simulating steep gradients (initial and boundary conditions) may interfere the training of
observation data and results in bad training results. The deviations might be reduced with

the increase of training epochs or learning rates but of course time-consuming.

The comparison of the pure data-driven model and PINNs is presented in Fig. S6.8. The pure
data-driven model, implemented as a neural network (NN), exhibits good performance as
expected across the entire spatial-temporal domain when large amounts of training data is
used (2500 points), especially in regions with very steep concentration gradients. In contrast,
PINNs, which integrate both physical laws and observation data, perform slightly poorer,
particularly in areas with sharp gradients (see Fig. S6.8 case 2). Despite the observation data
being generated from a semi-Laplace solution that adheres to the same physical laws, PINNs
struggle to accurately capture very steep gradient regions. The opposite scenario occurs
when the overall quantity of observation data decrease to 130 points (see Fig. S6.8, case 1).
In this context, predictions of NN deteriorate compared to PINNs, particularly in regions
where training data is sparse. PINNs demonstrate superior performance by adhering to
physical laws, whereas the NN struggles to grasp these principles, resulting in unrealistic
predictions. Moreover, observation data in practice result from the complex interplay of
certain physical laws, which not always adequately explain the observed phenomena. In
scenarios where physical laws alone fall short, PINNs may outperform single (or few)

physical-law-based numerical models by assigning higher weights (w],,) during training.
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Essentially, PINNs serve as a conduit between the truth (observation data) and our

understanding of the truth based on physical laws.
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Fig. 6.6: Comparison of PINN solutions by using different initial loss weighting factors of
observation data (w2, = 100, 500, 1000) with the semi-Laplace solution (as reference) of
advective-dispersive transport with coupled film intraparticle pore diffusion (ADE-FIPPD).
In each case, spatial-temporal normalized solute aqueous concentrations (Cy,) of PINNs
solutions are presented in the top panel. The absolute errors of PINN solutions (|Cy, p;yns —
Cw,semi—Laplacel) and semi-Laplace solutions as well as the breakthrough curves (BTCs) at
the outlet (x* = 1) of the transport are shown in the mid and bottom panel, respectively.
(Parameters used in simulation are described in section 6.2.4.1; here only cases of K; = 100

L kg1 are displayed.)

6.3.4 Mass transfer shifts for ADE-FIPPD

Grathwohl (2014) defined the mass transfer zone lengths for both film diffusion (X5 apg—rp )
and intraparticle pore diffusion (X; apg_1ppp) to present the distance traveled after 63.2% of
equilibrium is reached after the first pore volume of water inside the column (initial pre-

equilibrium water (see Eq. 6.2)) is displaced.
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Xsape-pp is independent on K;, while Xg apg—jppp decreases with the increase of \/Kj.

(6.29)

Longer mass transfer zone lengths mean slower desorption kinetics and the equilibration
concentration is not reached if the transport distance is shorter. The relative mass transfer
zone length ratio (Xs apg—rp /Xsape-1ppp) €quals to mass transfer resistance ratio (Rex/Rin,

Eq. 6.28) by setting contact time t to d /v.

X5 ADE-FD _ E Kappp _£ Kqpppdv
Xsape-1ppD  Sh nDaqg Sh | 7Dgq (6.30)
v

In case 1, X; spg—pp for all K; values are 1.84 X 10-4m for fines (d =400 pm) and 0.25 m for
coarse particles (d = 2 cm), respectively. X; spg—_ppp for K values of 10, 100 and 1000 L kg-1
are 9.60x 104 m, 3.01x 104 m, and 9.61x 10-5> m for fines (d = 400 pm) and 0.34 m, 0.11 m
and 0.03 m for coarse particles (d = 2 cm), respectively. X; spg_pp Of fines for K; values of 10
and 100 L kg-'are shorter than X opg_1ppp, Which leads to the first drop of the BTCs of ADE-
IPPD (open circle symbols in the upper left of Fig. 6.7) compared to the curves of ADE-FD
(cross symbols). Xs apg—pp and Xs apg—ppp Of fines are much shorter than column length
(L =0.30 m) and equilibration concentration (C,;, = 1) holds for longer times compared to
the coarse particles. The retardation factor (R;) increases with the increase of K; and
concentration drop profiles come later for larger K; values (blue lines and symbols drop
lastly). The BTCs of ADE-FIPPD (lines in the upper left of Fig. 6.7) almost overlap the curves
of ADE-IPPD for fines due to too short duration times dominated by ADE-FD (discussed in
section 6.2.4.2). The reverse behaviors show up with the increase of grain size, and
Xsape—1ppp Of the coarse particles for K values of 10 and 100 L kg (0.11 m and 0.03 m)
becomes shorter than X spg_pp (0.25 m), which leads to the first drop of the BTCs of ADE-
FD (cross symbols in the upper right of Fig. 6.7) instead of curves of ADE-IPPD (open circle
symbols). X; opg-pp Of the coarse particles (0.25 m) is close to the total length of the column
(0.3 m) and equilibrium concentration cannot reach after displacing the first pore volume of
water, but a second step peak controlled by slow desorption of film diffusion shows up for a
while and decrease finally until all solutes are washed out from column. For large K; (= 1000
L kg-1), the BTCs of ADE-FIPPD (blue lines in the upper right of Fig. 6.7) follow the curve of
ADE-FD at early time and shift to ADE-IPPD at late time. With the decrease of K;, mass
transfer shift from ADE-FD to ADE-IPPD occurs earlier and ADE-FIPPD only shows the
behavior of ADE-IPPD (see red lines in the upper right of Fig. 6.7). In case 2, impact of
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intraparticle porosity (¢ = 0.01,0.05 and 0.20) on mass transfer shift of ADE-FIPPD was
investigated. Like in batch tests (Liu et al,, 2022), mass transfer shifts in ADE-FIPPD from
ADE-FD to ADE-IPPD is delayed with the increase of intraparticle porosity (see lines and
symbols in the bottom right of Fig. 6.7). The BTCs of coarse particle with large intraparticle
porosity (orange lines) shift to ADE-IPPD (orange open circle symbols) later compared to the
particle with small intraparticle porosity (see red lines and symbols). The BTCs of ADE-
FIPPD using PINNSs (solid lines in Fig. 6.7) and semi-Laplace solution (dashed lines in Fig. 6.7)
almost overlap under different K;s and intraparticle porosities, which validates the
feasibility of PINNs in investigating mass transfer shift of coupled model. In summary, mass
transfer shift of ADE-FIPPD might only be detected at early times for the coarse particles
with large K;s and intraparticle porosities. Fines particles merely present the behavior of
ADE-IPPD.

Case 1: Impact of distribution coefficient (Ky) (¢ = 0.05)
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Fig. 6.7: Impact of distribution coefficient (K,;) (case 1; top panel) and intraparticle porosity

(¢) (case 2; bottom panel) on mass transfer shift of advective-dispersive transport with
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coupled film intraparticle pore diffusion for homogeneous fines (d =400 pm; left column)
and coarse particles (d =2 cm; right column). Normalized eluate concentrations (C,,) vs.
normalized time (t*) curves of coupled model (ADE-FIPPD) using PINNs (solid lines) and
semi-Laplace solution (dashed lines), film diffusion model (ADE-FD; cross symbols) and
intraparticle pore diffusion model (ADE-IPPD; circle symbols) are compared. (FD and IPPD

simulation results are based on semi-Laplace solution.)

6.4 Conclusions

Both semi-Laplace solution and PINNs can be used as alternatives of numerical models (NM)
for solving ADE-FIPPD. Semi-Laplace solution performs best with deviations of normalized
concentration being less than 1% compared to NM (see Fig. 6.4); moreover, the numerical
inverse Laplace transformation is very efficient and precise. However, we must note that the
semi-Laplace solution only works for linear sorption (or non-linear sorption approximated
by linear sorption) and should not be viewed as a fully replacement of classical NM (works
also for non-linear sorption). The results of PINNs are slightly worse than semi-Laplace
solution but the accuracy is sufficient for practical purposes (deviations <10%; less than
typical analytical measurement errors) in most of the spatial-temporal domain excluding the
prediction at the inlet of the domain (locations with the steepest concentration gradient,
deviations <20%). While setting up PINNs is an easy process, the task of selecting the
optimal neural network structures (including number of layers and neurons, activation
functions, neural network initialization methods, etc.), training data (such as the type and
quantity of training data) and parameters (initial loss weighting factors, training epochs,
learning rate, decay rate and loss optimization method, etc.) are time-consuming and tricky.
Although the total training time of PINNs may take longer than NM in the 1D case, PINNs
offer us with a new idea to solve partial differential equations, and it might be more effective
than NM in higher dimension cases where computational demand increases tremendously.
The mass transfer shift of ADE-FIPPD is more likely to be observed for the coarse particles
with large K;s and intraparticle porosities. ADE-FIPPD of fines almost presents the same
behavior of ADE-IPPD due to short duration dominated by ADE-FD at early time as well as

kinetics diluted by dispersion especially at high concentration gradient domain.
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7 Conclusions and outlooks

To theoretically investigate the mass transfer governed by coupled film-intraparticle
diffusion, semi-Laplace and numerical solutions are proposed in both, batch systems as well
as advective transport cases. For linear sorption (or where linearization of non-linear
sorption is possible), the semi-Laplace solution can be easily applied in heterogeneous
systems (mixing samples) and different kinetics models can be flexibly changed by using
different transfer functions. The average concentration in each sorbent can be obtained
efficiently by doing inverse Laplace transformation. The numerical solution has to be used
for strongly non-linear sorption cases. For practical use, a first order approximation solution
is derived, which can be easily applied for fractional mass uptakes in the homogenous
sorbent at equilibrium ranging from 50 to 91%, representing scenarios typically
encountered in batch experiments. As an alternative of numerical solution, the physical
informed neural networks (PINNs) are utilized in solving advective dispersive transport with
coupled model. The accurate and approximate solutions (or surrogate models) mentioned
above provide us the tools to investigate the mass transfer shift of the coupled model. The
mass transfer shift of the coupled model from external film diffusion into intraparticle
diffusion is delayed with the increase of distribution coefficient (K;), intraparticle porosity
(¢), and the decrease of Sherwood number. The threshold time point of mass transfer shift
can be approximated by setting the mass transfer resistance ratio (R,,/R;y) to 1. The mass
transfer shift can be easily observed for large grain size of strong sorbents (e.g., microplastic,
tire wear, etc.) with large intraparticle porosity (e.g., activated carbon, biochar, etc.) at early
times in batch tests. For advective-dispersive transport with coupled model (ADE-FIPPD),
the mass transfer shift behavior is very difficult to be observed via breakthrough curves
(BTCs) due to the dilution effect of dispersion at early times as well as the relatively short
duration time of mass transfer shift compared to the total running time of transport. The

tailing of BTCs of ADE-FIPPD only presents the kinetics behavior of intraparticle diffusion.

In a real case application, the coupled model is used to explain the particle/gas distribution
kinetics of polycyclic aromatic hydrocarbons (PAHs) in the atmosphere. Low molecular
weight PAHs (low LogK,,) are dominated by intraparticle pore diffusion (IPPD) leading to a
slope of 1/2, while high molecular weight PAHs (high LogK,,) are controlled by external film
diffusion (FD) resulting in a maximum LogK,,, (slope of 0). Intermediate PAHs are
influenced by both FD and IPPD (transition zone). The semi-Laplace solution in
heterogenous systems is validated against data of two batch experiments: (i) the
redistribution of Phenanthrene in spherical microplastics of different sizes and (ii)
redistribution of Anthracene-d10 and Phenanthrene in heterogenous sediment suspension
with polyethylene passive samplers. The fitted Sherwood numbers (or mass transfer
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coefficients) are consistent to the values obtained based on Kolmogorov’s turbulence theory.
The discrepancy of fitting K; values from sorption and desorption kinetics data in batch test
(ii) implies the sediments might contain small fraction of strong sorbents (e.g., soot or
charcoal particles). The sorption/desorption kinetics of those strong sorbents are super
slow (few months to years) but carry large amount of pollutants, which can not be detected
via batch tests conducted only for few weeks. The inert strong sorbents might be part of
reason why the concentrations of the PAHs in soils or sediments are quite stable especially

for HMW PAHs (large K ).

Numerical simulations are run to investigate leaching behavior of compounds for a K; range
of 0.1 - 100 L kg, covering most of the targeted compounds (e.g., heavy metals, sulfate,
PAHs, etc.) listed in German standards. Two scenarios for initial conditions are considered: a
fully pre-equilibrated column and a more realistic scenario with bottom-flooded water
through dry sample (first flooding case)). The study explores the impacts of dispersion, mass
transfer models (FD and IPPD), non-linear sorption and heterogenous sample compositions
on leaching behaviors of compounds. The simulation results reveal that a pronounced
influence of the initial conditions on leaching, particularly evident at low K,; values (K; <1 L
kg1). As the K; value increases, distinctions between pre-equilibrium and first flooding
conditions progressively diminish, becoming negligible for K; > 10 L kg?l. Dispersion
smoothens concentration gradients in the column in particular at low K,; values (K; <1 L kg
1), leading to a lower initial concentrations at the column outlet after first flooding period
and thus non-equilibrium. Intraparticle pore diffusion (IPPD) generally shows slower
desorption kinetics than film diffusion (FD) and a slope of 1/2 is observed at tailing parts in
log-log plots of leaching curves. Compared to linear sorption case, non-linear sorption exhibits
much longer tailing due to the decrease of concentration (increase of K; or retardation factor).
Heterogeneous samples with only a small fraction of strongly sorbing particles present much
slower desorption rates due to less surface area for mass transfer compared to the
homogenous samples having the same average distribution coefficient (K, 4,,). Fine particle
fraction (harmonic mean of grain sizes) dominates the leaching behaviors at early times, while
long-term tailing is dominated by the coarse particle fraction (geometric mean of grain sizes).
Material mixtures of small amounts of fine particles (10%) with low sorption capacity (K; =
10 L kg1) and large amounts of coarse particles with high sorption capacity (K; =100 L kg-
1), exhibit the respective characteristics of each of the individual components in different
time periods. A peak effluent concentration (Cy peqx) Shows up initially, which approaches
the equilibrium concentration expected for homogenous fine particles. With the small mass
fraction of fine particles, leachate concentrations decline rapidly and ultimately reach
slightly elevated equilibrium levels of 100% pure coarse particles due to the redistribution of
pollutants between the fine and coarse particles. The cumulative mass release of leaching
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tests is relatively insensitive to mass transfer mechanisms especially for liquid to solid ratio

(LS) less than 5.

In summary, contaminant redistribution in heterogenous systems is complicated when the
mass transfer resistance shift of coupled model is considered. The proposed models of this
thesis provide us the tools to better understand the sorption/desorption kinetics of mixtures,
which can be easily applied in many fields, such as groundwater remediation, chemical
engineering, analytical chemistry, etc. The models also allow to investigate the complexity of

mass transfer in heterogenous systems.
Research directions elucidated in this thesis point to further developments, encompassing:

Semi-Laplace solution extension: The primary focus of the thesis revolves around
sorption/desorption Kinetics, although it is crucial to acknowledge the multitude of
reactions concurrently transpiring in the real world, such as photooxidation, biodegradation,
and biotransformation. If the governing equations of these reactions readily lend themselves
to Laplace transformations, these diverse processes can be coupled with semi-Laplace
solutions. The semi-Laplace solutions articulated in the thesis extend their applicability to a

broader range of fields.

Existence of strongly sorbing compounds verification in soil: Chapter 3 assumes that in
soils and sediments some strongly sorbents may exist which contains a lot of pollutant mass
but might not be detected in sorption/desorption experiments in the lab especially if a high
solid to liquid ratios are used. Identifying the constituents of these strongly sorbents become
crucial for a more comprehensive understanding of pollutant mass distribution in the
environment. This task can be accomplished through methods such as density separation or

microscope methods.

Particle/gas distribution coefficients of PAHs in the atmosphere: Chapter 4 shows that
particle/gas distribution coefficients (K,g4) of LMW and MMW PAHs in marine atmosphere is
much higher (>2-3 orders of magnitudes) than the predictions from empirical relationships
of dual model. More investigations are needed to find out the reasons.
Surrogate models generation: Chapter 5 demonstrates that developing numerical models
for heterogeneous systems is a laborious and time-consuming task, especially when
incorporating non-linear sorption. To streamline this process, leveraging deep learning
methods, such as physical informed neural networks (PINNs), to construct surrogate models
using training data from numerical models proves advantageous. Employing the surrogate
models in subsequent analyses would significantly reduce time consumption, particularly in

tasks like inverse modeling, such as Markov Chain and Monte Carlo simulation (MCMC).
Analysis of leaching standards: Chapter 5 exclusively presents simulation results based on
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the German standard. An intriguing avenue for further investigation involves conducting
analogous experiments with the same materials and comparing results across multiple
standards, such as the European standard, Japanese standard, US standard, and Dutch
standard. These standards, characterized by a stop-flow period after initial saturation,
warrant examination to determine the consistency or divergence of conclusions drawn for

specific recycling materials when assessed against different international standards.

Training optimization of PINNs: Chapter 6 applies the PINNs to solve advective-dispersive
solute transport with coupled film-intraparticle diffusion (ADE-FIPPD). However, the
prediction of PINNs at very steep concentration domain is not very good even the self-
adaptative weighting factors are utilized. A novel and concise method of training PINNs for
stiff partial differential equations (PDEs) might be helpful to increase the accuracy of
predictions of PINNSs. If possible, tedious numerical methods can be avoided especially for

high dimension scenarios where numerical simulation is computationally very demanding.
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S1 Supplementary information for boundary layer

theory and Kolmogorov’s turbulence theory

$1.1 Derivation of relative velocities of suspended particles

in fluid via dimension analysis
(a) Macroparticle

The square relative fluctuating velocity of macroparticle (U_r2 [L? T-2]) depends on the energy

dissipation rate (g4;5, [L* T-3]) and the grain size (d, [L]). The unit balance equation is given

2 27%
-
I (51.1)

= : 3
2=3a 2
ﬁ=§

as:

In order to determine the relative fluctuating velocity of macroparticle based on Eq. 1.33, an
appropriate distance (d) value must be given. It is intuitive to use the particle size (d,),
which is justified by theory as follows: When laminar flow encounters a fixed particle, it
proceeds against a drag force and results in a reduction in kinetic energy. The reduced
kinetic energy per unit mass of fluid, which is changed to heat as local dissipation of energy
per unit mass around the particle (&45,) can be determined as:

1dU?

Eaisp = ~ 5" (S1.2)

where U, [L T-1] denotes the real relative velocity between fixed particle and fluid, which is

different from the U, based on statistical considerations. Assuming an encounter time t =

dy /U, yields:
2/3
Egisp = —5——~——~—— Or Ur2~(sdl-spdp) (51.3)

Since small particles in a highly turbulent flow encounter small eddies with low Reynolds
number, laminar flow may exist around the particles. The equation above has a similar form
as derived by Kolmogorov and by dimension analysis before. Therefore, d may be replaced
by the particle size (d,) to estimate the relative velocity between the suspended particle and

fluid. Therefore, the square average velocity can be finally expressed as:
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U," = el d2? (S1.4)

(b) Microparticle

The square relative fluctuating velocity of microparticle depends on the energy dissipation

rate (&q4i5p), the grain size (d,) and the kinematic viscosity (v [L? T-1]). The unit balance

LZ LZ a LZ 14
ENEEE
{2=2a+ﬂ+2y @=1 (51.5)

2=3a+vy — {yﬁ==_21

equation is given as:

Thus, the square average velocity of microparticles can be expressed by:

—2 €dis
UT = CZ P
Vi

dy’ (S1.6)

$1.2 Proof of minimum Sherwood number of 2 for spherical

particle

If the fluid is stagnant, mass transfer occurs only by molecular diffusion. If the fluid medium
is infinite in extent, it is theoretically possible to reach steady state of solute fluxes from or to
spherical particles. Let r be the radial distance from the center of the sphere and r, the
sphere radius (shown in Fig. S1.1). The molar flux density (F) through the spherical shell at

radius r (r>1y) is given by:
dc
F(47l'7"02) =-=D (47’[1"2) E (817)

where 1, [L] denotes radius and 47 is the surface area of the sphere.D [L2 T-1] is the
molecular diffusion coefficient. r [L] denotes the radial distance from the center of sphere
and 4mr? is the surface area at distance r. dC/dr [M L] denotes concentration gradient. A

flux through a “shell” in distance r has to be the same as at the surface of the sphere.
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Fig. S1.1: Molecular diffusion from a spherical particle (different blue colors represent

concentration gradients; 8¢;;,, denotes the external film thickness)

Integration between the limits € = C,—, atr =15 and € = C,—, atr = oo leads to:
fw 2L 4 fcrdec
Ty 5 ar = F (51.8)

After integration, Eq. S1.8 becomes:

F D

(Cr=r0 _ Cr:oo) = a = kmt (819)

Based on external film diffusion theory, the left-hand side of Eq. S1.9 denotes the molecular
diffusion mass transfer rate coefficient (k,,; = D/§). The Sherwood number for molecular

diffusion for a spherical particle thus becomes:

D
kmedy E(ZTO) ~

$1.10)
Sh = (
D D

2

Equation S1.10 shows that if the suspended particles have the same velocity as the fluid, the
relative velocity becomes zero and the molecular diffusion dominates the mass transfer rate.
It also implies that the smallest Sherwood number for spherical particles is 2. This is why

many empirical and theoretical relationships to calculate Sh start at 2 (see section S2.5).
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$1.3 Mass transfer for particles under gravity (during

sedimentation)

In this section, mass transfer for suspended particles which are free to move under the
action of gravity will be discussed. In 1851, George Gabriel Stokes derived an expression for
the frictional force (drag force) exerted on spherical objects with very small Reynolds
number in a viscous fluid. The force of viscosity on a small sphere moving through a viscous

fluid is given by:
Fyq = 6mtun,U, (S1.11)

where: F; [M L T-?] is the frictional force acting on the interface between the fluid and the
particle. 7;, [L] is the radius of the spherical particle. U, [L T-!] is flow velocity relative to the

particle.

If the suspended particles reach the steady state in the fluid, the total net force becomes zero
and thus the drag force (F;) equals to the difference between the weight (F;) and buoyancy

of the sphere (Fg). The force balance equation can be expressed as:
4 3
Fy=F; —Fg = (pp - pf) gz (S1.12)

where p, [M L-3] and p; [M L-3] denote the mass densities of the spherical particle and fluid,
respectively. g [L T-2] denotes the gravitational acceleration. Combining Eq. S1.11 and Eq.

S1.12, the terminal velocity of sphere falling in a fluid can be determined:

U - 20pgry 1 Apgd}

= = S$1.13
9T, T8 a (S1.13)

where Ap denotes density difference between particle and fluid.

The flow field in laminar ‘creeping flow’ around a sphere has been successfully treated
analytically and most of previous results are combined with diffusion theory to obtain the
mass transfer coefficients. The results are summarized in Fig. S1.2. The curve represents the
results of theoretical analysis of mass transfer in creeping flow by Brian et al. (1969), which
is perhaps the best of the several theoretical studies of the problem. Sherwood number for

Peclet number (Pe) less than 10000 can be well explained by following correlation:

Sh= (4 +1.21Pe?/3)"/? (S1.14)
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For Peclet numbers (Pe) larger than 10000, the Sherwood number correlation becomes:

Sh=2+1Pe'/3 (51.15)

Equation S1.15 was obtained by Levich (1962) and Friedlander (1961) with a constant of
1.01 and 0.991, respectively.

Sh

Acrivos and ;//
Tayler /o
7/

0.l i lo 100 1000

Fig. S1.2: Mass transfer correlations at low relative velocities from Brian et al. (1969).

Use the Eq. S1.13 to calculate the Peclet number and the mass transfer rate of particles under
the action of gravity can be expressed:

3
Pe = d,U, _ gd3Ap _ kmed,
D _ 18uD D

(S1.16)

1/3
A
ke = 0.38 (@) Sc~2/3
Py

Thus, mass transfer coefficients for freely falling particles are independent on the particle
size. Calderbank and Moo-Young (1961) reported experimental results for mass transfer in
stirred tank reactors combined with published data for heat and mass transfer in liquid-
liquid and solid-gas dispersions as well as on transfer by free convection from spheres. These

data suggest following correlation:
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Appg\'?
kme = 0.31 (—2> Sc™2/3 (S1.17)
Pr

Equation S1.17 is very similar to the Eq. S1.16 derived from theory. The slight difference
might be due to the effect of turbulent eddy motions around the particles which is not

considered in theory.

References

Brian, PL.T, Hales, H.B., Sherwood, TK., 1969. Transport of heat and mass between liquids
and spherical particles in an agitated tank. AIChE ]. 15, 727-733.
https://doi.org/10.1002 /aic.690150518.

Calderbank, PH., Moo-Young, M.B., 1961. The continuous phase heat and mass-transfer
properties of dispersions. Chem. Eng. Sci. 16, 39-54. https://doi.org/10.1016/0009-
2509(61)87005-X.

Friedlander, S.K., 1961. A note on transport to spheres in stokes flow. AIChE ]. 7, 347-348.
https://doi.org/10.1002/aic.690070237.

Levich, V.G., 1962. Physicochemical hydrodynamics. Prentice-hall, Englewood Cliffs, NJ.

Stokes, G.G., 1851. On the effect of the internal friction of fluids on the motion of pendulums.

Trans. Camb. Phil. Soc. 9, 8-106.

199



S2 Supplementary information for first order
approximation for coupled film and intraparticle
pore diffusion to model sorption/desorption

batch experiments

S$2.1 Analytical solution of sorption/desorption Kinetics

limited by external film diffusion in batch experiments

Batch experiments are often used to quantify the dynamics of sorptive uptake and
desorption of solutes by soils and sediment particles. These experiments are commonly
performed in a well-mixed bath of a limited volume of water. The first order external film
diffusion model (Fig. S2.1) is widely used in simulating dissolution of minerals, (de-)sorption
of contaminants from soil matrix, etc. The governing equation of external film diffusion (FD)
is:

dCy Dgg my

3
= — L — orr! _
3 = Doy avy Cv G =k A(C, = C) (s2.1)

The total mass of the solute in the system is the sum of the solute mass in bulk water (C,1;,)

and the solute mass in the porous particle (Cysmgy + Cy, %), which also applies for
v
equilibrium conditions (Cyyeq):
, mgyé mgyé
CWVW + Csmd + pr_ = Cw,quw + Kde,eqmd + Cw,eq ,0_ (52.2)
14 14

Thus, the unknown concentration Cj, can be calculated via the concentration in the solid (C;)

which is in equilibrium with Cj,. Cs is obtained from the total mass in the system

(at equilibrium: €y, ooV, + K4C eqMa + Ciyeq %) minus the solute mass in water (C,,V,)
p

and the mass stored in intragranular pores (C‘jl, %).
p

myée , Mye
C (Cw,quw + Kde,eqmd + Cw,eq —4= CWVW - Cw _d>
Cro= s Pp Pp
Y Kg Kqgmy
(S2.3)
v c,V
Cly = Cyeq —"2 +1 |- W—EW
(Kd + _) mgy (Kd + _> mg
Pp Pp
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The concentration difference in Eq. S2.1 then becomes:

14 C,V,
Cly — Cw = Cueq ”; +1 |- WEW —-C,
(Kd+p_) my <Kd+p_ mgy
14 14

(S2.4)

I
N
<
+
-
N———
=~
S
)
Q
D)
S
N—r/

The term (= K+ €/p,) may be interpreted as distribution coefficient between bulk water
and porous particle, which also accounts for mass stored in the intraparticle pore space
(Kap = Kaq+ €/pp)- Inserting Eq. S2.4 into Eq. S2.1 yields:

aCy,

V
W 0 w _
3t kA (Kd,b - + 1) (Cw,eq — Cw) (S2.5)

which upon integration yields the analytical solution for the initial condition Cy,-g) = 0

(desorption):

Cw t
ac,, J v,
ST P R P
«I Cw,eq - Cw Kd.b mg
0 0
—In(Cypreq — Cuw) +In(Creq) = —In( 1 - C :kAO( o +1)t
w,eq w w,eq Cw,eq Kd.b My
o ( ( v, > > (52.6)
=1—exp|-kA° +1]t
Cw,eq P Kd,b mg
ith A° = "%
A% =
pp d Vy
CW ( k 6 mgy )
=1—exp ———<1+K —)t
Cw,eq Kd,b pp d @b Vw

In sorptive uptake experiments the initial condition commonly is C,, =¢) = Cy,o and

following solution is obtained (sorption):
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Vi
k A° +1)0t
f Cw eq — f (de my )

v,
—In(Cpeq — Cw) + In(Cyeq — Cuwo) = k A° ( LA 1) t

Kap mg
Cw - Cw,eq — EXp (—k AO ( Vw + 1) t) (527)
Cw,0 = Cyeq Kap mg
ith A° ma 6
wi =
pp d Vi

k 6 my
Cw = Cw,eq — exp _K_dpp_d (1 + Kd W) t (Cw,eq — CW,O)
Realizing that (Cy,o — Cy,eq)Wy represents the mass adsorbed under equilibrium conditions

CseqMa <1+pLK) and (Cy, — Cy¢q)Viy (the mass in the water to be sorbed) equals
pid

(CS eq — Cs)md (1 + L) leads to the relative change of the concentration in the solids:
’ PpKa

C 1 ( k6 (1 +K m") t) (52.8)
=1—ex —_—— —_— .
s,eq P Kd b pp d @b Vw

Using the definition of the mass (M) which has diffused into or out of the solid (sorbed or
desorbed) after time ¢ relative to the mass at equilibrium (M,,), Equations S2.6 and Eq. S2.8

become:

Mo < k6 (1 +K m)t) (52.9)
=1l—-exp|—5—— .
Meq deppd @b Vw

Film thickness 6,4

Fig. $2.1: Scheme of mass transfer limited by film diffusion during desorption in a finite bath
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(batch experiment)

S2.2 Analytical solution of batch sorption Kinetics limited by

intraparticle pore diffusion

The spherical intraparticle pore diffusion (Fig. S2.2) model is widely used to describe

sorption/desorption kinetics of organic contaminants in porous materials, such as activated

carbon, zeolites and many other technical and natural materials. The governing equation of

intraparticle pore diffusion (IPPD) follows Fick’s second law in radial coordinates:

Boundary conditions are:

Cyop 92Cyp  20C,,
= = ’ - . S2.10
ot Da[ or? r or ( )
Cup(r = a,t) = C, (S2.11)
aC
w.p (‘r = 0’ t) =0 (5212)
ar

Fig. $2.2: Scheme of mass transfer limited by intraparticle pore diffusion (desorption)
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The analytical solution of IPPD (Eq. 2.4 in main text) is given by a series expansion which at
early times needs a large number of terms and is quite tedious to solve. For this reason,
simple first order approximation based on linear driving force models are often employed.
Here, the rate of sorption is written as the product of mass transfer coefficient k, surface area
of sphere and a concentration difference between the intragranular bulk concentration (C,, ;)

and the surface concentration (C,,).

4 ac,
Rate = gna3 (e + ppKa) a‘;”p = k4ma?(C, — Cyp) or

ac 3k (S2.13)
= (Cw - pr)
Jat a(e + ppKq) ’

Glueckauf (1955) derived the linear driving force equation for chromatographic columns and

showed that the mass transfer coefficient k corresponds to 5D, /a leading to:

M4 ( 152 (1 + 1) t) (S2.14)
=1—-exp|—-15— - )
eq a? .B
Glueckauf’s solution (Eq. S2.14) may be used as long-term approximation of IPPD especially
for large B values (8 — o); according to Crank (1975) the precise approximation solution in
infinite bath (f — oo) consists of the first term of the series expansion (Eq. 2.4 in the main

text):

M 6 , Dy
M,y =1- —ZexXp [—n ?t] (S2.15)

For small values of § Hills (1986) discussed a long-term approximation with a more

complicated rate constant:

2
=1- exp( "+ Da t) (S2.16)

Meq 1+ —-n?%/15a2

A more precise long-term approximation solution in the finite bath can be obtained by using
the first term of the series expansion solution and the transcendental function (tangq, =

3qn
3+843

) which can be easily solved with an empirical relationship:

My SO D)

M *2 02
eq 9+96+q;°P (S2.17)
o B + 3.49

with 4i(8) = 50775

where q; () represents the first positive solution of the transcendental function.

All these approximations (Eqs. S2.14, S2.15, S2.16 and S2.17) assume fixed rate constants
and thus fail to capture the short-term behavior of IPPD (Hills, 1986).
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$2.2.1 First order approximation of intraparticle pore diffusion

(IPPD-FOAM)

In order to capture the short-term behavior of IPPD, a first-order approximation solution
may be used based on the assumption of an internal diffusion distance &,, which grows

initially with the square root of time (6, =/mD, t) and thus leads to a decreasing mass
transfer coefficient (k = D./6,):

OCW D e md

W __€go =
g, A Cor = ) = T

ot
Considering mass conservation, the intragranular bulk concentration (C,,,) can be

(Cwp = Cw) (52.18)

calculated:

mgué
o (i e S5

Cpp=—=
P Ky Kymg

(S2.19)
the concentration difference in S2.18 then becomes

Cwp — Cw = (1 + ) (Cw eq W)

dem

Inserting Eq. S2.19 into Eq. S2.18 gives:

ac D m, 3 Vi,
LA d <1+ >(cweq Cw)
w

ot [mD,tppal, Kap mq

(52.20)
; 1
=3 (1 + )(Cweq W)\/_E

which upon integration yields the following analytical solution for the initial condition

Cw (t=0) = 0 (desorption):

Cw
’ 1+ —at

Of weq f mwa? ( )

C D 1

w_\_ a = (52.21)

Cw’e) =6 /naz 1+ ﬂ)x/f

Cw /

=1—exp| —6 > (1+ )\/_

Cw,eq

The same results are obtained for sorptive uptake (Cs/Cs4)- Using the definition of the mass

—In(Cyeq — Cw) +In(Cyeq) = —In <1 -

which has diffused into or out of the spherical particle (sorbed or desorbed) after time t (M)

relative to the mass at equilibrium (M,,), Eq. S2.21 can be generally expressed as:
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=1 6 Dat 1+ 1
M., B Xp 7'[(12( B

) (S2.22)

which corresponds to the square root of time solution (Sqrt(t)) for small arguments (short

times) in the exponential function:
M , D,t 1
= Lz(l +°) (52.23)
Meq ma B

$2.2.2 Comparison the short-term and long-term approximation

solutions of IPPD

For better understanding of the performance of different approximation solutions, Fig. S2.3
compares M /M, vs. time (Fourier numbers) of the series expansion model (Eq. 2.4 in main
text), the first order approximation model (Eq. S2.22), the square root of time solution (Eq.
$2.23) and long-term approximation solution (Eq. S2.17) of IPPD for finite bath conditions
(0.1 < B < 3) with different intraparticle porosities. The square root of time solution
(Sqrt(t)) only fits the series expansion model (SEM) at early times (M/M,, < 0.1), while the
first order approximation model (FOAM) fits SEM for longer time periods up to M/M,, < 0.5
especially for large § values (low sorption). For § = 1, FOAM fits SEM almost perfectly until
90% equilibration. The deviations of Sqrt(t) from SEM increase rapidly with time, whereas
deviations in FOAM stay less than 15% for 0.1 < # < 3. Compared to Sqrt(t), FOAM is a much
better choice to approximate SEM. Increasing intraparticle porosity facilitates internal mass
transfer. Long-term approximations (LTAM) follow SEM well only at very late time periods
(M/M,q > 0.9) and only for large values of §. In contrast, FOAM not only works well at early
time periods, but also at the long term for 0.1 < f < 3 (maximum deviation stays less than
15%). At larger 8 values (e.g., f = 3), FOAM slightly underestimates SEM and due to the
overestimation of the internal film thickness (5, = \/nD—at > a/5) at late times. As shown in
Fig. 52.3 (bottom, left) errors in Sqrt(t) and LTAM escalate at around D, t/a? = 1x104 while
FOAM stays within a deviation of less than 15%. Compared to Sqrt(t) and LTAM, FOAM still
the best choice as a simple approximate solution of IPPD for batch tests. At low § values (f <
0.1 or high K; ) and early times mass transfer is dominated by the external boundary layer

and IPPD, which in early is hard to fit, is not relevant.
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Fig. S2.3: Mass sorbed or desorbed relative to equilibrium conditions (M/M,,) vs.
dimensionless time or Fourier number (= Daqt/az) (top) of intraparticle pore diffusion
(IPPD) calculated with the analytical series expansion solution (SEM: solid lines, 1500 terms
in Eq. 2.4), the first order approximation (FOAM: dashed lines, Eq. S2.22), the square root of
time solution (Sqrt(t): diamonds, Eq. S2.23) and the long-term approximation (LTAM:

% _-0.1,03,1and 3,Sh = 2) with

crosses, Eq. S2.17) under finite bath conditions (f = — =
af*d,b

intraparticle porosities (€) of 0.05 (left) and 0.2 (right); bottom: % deviations of FOAM,
Sqrt(t) and LTAM from SEM.

$2.3 First order approximation for coupled film-

intraparticle pore diffusion

In the following, an analytical solution for coupled film-intraparticle pore diffusion is derived.
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The model is inspired by the double film diffusion model with constant film thicknesses. At
early times (see section S2.2) intraparticle pore diffusion can be well described by a first-
order approximation with an internal film thickness increasing with the square root of time
(6 = \/Wat)' This is coupled to diffusion through the external boundary layer (6,,) with
constant film thickness. If these two films (6,,8,4) are combined, the mass flux densities

through the respective diffusion layer can be expressed as:

D
Fag =5 (Cy = C) (S2.24)
aq
D
E, = 5—6(Cv’v —Cup) (S2.25)
p

where Fyq [M L2 T-1] and F, [M L-2 T-] denote the mass flux densities in the external aqueous
boundary layer and in the particle, respectively. D,q/8,4 and D./5, are mass transfer
coefficients [L T-!] and their inverse may be regarded as mass transfer resistances.

Rearranging Eq. S2.24, C, becomes:

Fy, 6
¢, =c¢, ———21 (S2.26)
Dgq
Inserting Eq. S2.26 into Eq. S2.25, leads to the double (or dual) film diffusion model:
E, 8, Fu, 6
2Py 2 =, — Cup (S2.27)

D, Daq

Using the steady state assumption that all flux densities are equal (Fq = F, = F), allows

rearranging Eq. S2.27 as:

F=5, . Bag (Cw = Cwp) (52.28)
D, D

aq

The total mass of the solute in the system is the sum of the solute mass in the water phase

(CwVy) and the solute mass in the porous solid sphere (C;my + C,, 5, %). The mass balance
14
is given as:
mye mgé
CWVW + Csmd + Cw,p p_ = Cw,quw + Kde,eqmd + Cw,eq p_ (52.29)
P P

Cw,p is always equilibrium with the compound’s concentration in the solid phase (Cj).

Rearranging Eq. S2.29 and substituting C,, ,, in Eq. S2.28 with Cs/K; leads to:
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Vv
F=- 1 Cueq — C
5, 6aq< +md1(d_b>( wea ~ Cw) (52.30)

The change of the solute concentration in bulk water is obtained by introducing the specific

area (total surface area of spheres per volume of water):

ac,, _ R0 = 1 mgy 3 N Vi c c

o T 8 dwgpyal, " maKap (Cuveq = ) (S2.31)
D, Daq

In sorptive uptake experiments the initial condition commonly is Cy,=o) = Cy, leading to

following solution:

Cw md 3 VW
o b o
Cwo (Cw eq — W) nD 5aq maKqp (52.32)

Q

The integration of the right side can be simplified as:

f Ma 3 ( ) ot = ot
nD,t + 8aq Pp @ Vv dedb ") b+evt (52.33)
Dgq
8q DeKqp Pp
where: b = e € = S T
Pargra(vitin,) vt
fb+ \fat can be solved by the element changing method. If we assume b + ¢+t = x, Eq.

$2.33 can be rearranged as:

2

1 2(x —b)
Jat = = f—ax S2.34
f b+ cVt cx ( )
Integration of Eq. S2.34 yields:
2(x—>b 2 2b
f%(’)x —X— —lnx +C (S2.35)
c%x c

where C is a constant. Re-substitution of x with b + ¢/t leads to:

ot = f_z(b T Vi) - i_fln(b +eE) - (—— @mb) (52.36)

0b+C\/E

Then the final solution of Eq. S2.32 can be expressed as:

Cw - Cw,eq

CW,O - Cw,eq

= exp< — (b +cVE) + —1n(b +cVE) + (% - &lnb)> (S2.37)
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Realizing that (C,,,o — Cy,eq)Viy represents the mass adsorbed under equilibrium condition

(Cs_eqmd(1+pLK)> and (Cy, — Cyeq)Vy (the mass in the water to be sorbed) equals
pid

((Cs_eq - Comy(1 + p%)) allows to calculate the relative change of the concentration in
pid

the solids. Using the definition of the mass which has diffused into or out of the solid (sorbed
or desorbed) after time t (M) relative to the mass at equilibrium (M,,), Eq. S2.37 generally

can be rewritten as:

M 2 2b 2b 2b
Moy 1— exp (— =z (b + cVt) + C—Zln(b +oVt) + (C—Z - ?lnb)> (S2.38)

S$2.4 Semi-analytical Laplace solution for coupled film-

intraparticle pore diffusion

S$2.4.1 Solution in Laplace domain

Section S2.2 shows the governing equations of intraparticle pore diffusion in a spherical
particle (Eqs. 52.10-S2.12). If we assume that the initial concentration within the porous
particle is uniform, C,,,,(0) [M L-3], the Laplace transformation of governing equations and

initial conditions (Egs. S2.10-S2.12) can be expressed as:

N d?C 2dC
SCwp — Cwp(0) — Dy [ drvzv’” - d‘:"’] =0 (52.39)
C~W,p (a) = Cw,p,a (S2.40)
9Cy
3 =0 (S2.41)
r=0
Cop() = Cyyp (0) VT (S2.42)

in which variable with a tilde represent Laplace transforms, and s [T-1] is the complex

Laplace coordinate. Equation S2.39 can be solved starting from:
< 1
Cyp(r,s) « ;exp(rgo) +C (S2.43)

where @ and C are undetermined coefficients.
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dCyp 1 ) 1 1
I X~ 7exp(re) + —exp(rp) = (——+ ¢) —exp(ro) (S2.44)
d*Cy,, Z(p
7 (— -—+ <p2) exp(ro) (52.45)

Inserting Eqs. S2.44, S2.45 into Eq. S2.39 yields:

1 2 1 1
s— exp(rgo) +sC —Cy,»(0) — D, [ -— + Q> +— (—; + go)] ;exp(np)
=0
1
(s = ¢*Dy)—exp(re) + sC — C,,,(0) = 0
r (S2.46)
4|5
— =T |7
' { C_C(pZDgO)_Bo it
T et Curp(0)
s
Then the solution of Eq. S2.39 can finally be expressed as:
. A s\ B s\ Cup(0)
Cwp(r,s) =—exp|r D, +?exp —r D, +T (S2.47)

where A and B are undetermined coefficients, which can be determined via the boundary

conditions of the governing equation (Eq. S2.40 and Eq. S2.41).

df'wp _ 4 1 S +1 S s
dr r2 2€XP\ T D, r D, <Pl D,
1 S 1 ]s s
+B —2eXp| T D_a = D—exp -r D_a
— 4 1 + 1 |s s
- r2 r |D, Py T D,
+B 1 1 s s
r2 r |D, xp{ T D,

The exponential function can be approximated by using an infinite number of terms of its

(S2.48)

Taylor series:
x" x? x3
ex=exp(x)=zn——1+x+—+§+ (52.49)

n=0

exp (r\/DE) and exp (—r\/?) in Eq. S2.48 can be approximated as:
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s L+ s
exp| r D, ~ r D,

,s s
exp| —r D_a =1-r1 D_a

Inserting Eq. S2.50 into Eq. S2.48 gives:

dCyp 1 N 1 |s Lar 15 )4 1 1 |s 1 s
=Al —=5+- |— r|— ———= |= —r|—
dr r2 " r |D, D, r2 r |D, D, (52.51)

Z(A+B)(_rl2+Dia)

(52.50)

The internal boundary condition (Eq. S2.41) shows that the d(fw,p/dr approaches 0 when r

approaches 0:

9Cyp
or

1 S
= lim(4 +B) (- + =) =0
=0 -0 T
mms) 4 =-B

Then Eq. S2.47 can be rearranged as:

: 4 / s 4 5 ), G ©
CW,p (T, S) = 7 exp| r D—a — 7 exp| —r D_a + .

~ 241 S 1 s Cw,p (0)

Cup(rs) = Zml5exp| T /D_a T EXP| 7T /D_a t— (S2.53)

Based on the external boundary condition (Eq. S2.40), the unknown coefficient 24 can be

(S2.52)

determined.

sinh (a D_a>

Thus, the analytical solution of Eq. S2.39 in Laplace domain can be expressed as:

g Sinh (TJDE) ( . cw,p(0)>  Cup(©)
S

Cw,p (T, S) = ; 5 wp,a S
sinh (a ’D—>
a

If we assume the solute mass release (or uptake) from the surface of the porous spherical

(S2.55)
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particles into the bulk solution is driven by diffusion through the external boundary layer

(6aq) which does not store any solute mass, the continuity of the mass flux density (F [M L2

T-1]) requires:

Cuwp
or

r=a

F=k(Cypat) —Cy(t)) = —D,

The solute concentration change in bulk water is given by:

dCW—FA"—k3 M ¢ (at)—C
dt - anpp( wp w)

Next, the Laplace transformation of Eq. S2.56 is used.

_ 3 . aC
F=k(Cypa—Cy)=-D, a"r”"’

63‘:”’ in Eq. $2.58 can be calculated via Eq. S2.55:
r=a
[s . [s i
aéw,p a icosh <r D_a) a sinh (r D_a) : B Co 0)
or | _. r JPa g s\ r? . h S wpa s
sin (a D_a) sin <a D_a>

r=a

_ S N 1 = Cw,p(o)
= (\/D:a coth (a\/D:a> - a) (Cw,p.a T )

Rearranging Eq. S2.58 with Eq. S2.59 gives the expression of fw,p_a:

o 5 ’ S ’ S 1 N Cy, (0)
k(Cw,p.a - Cw) =-D, D—acoth a D_a — a <Cw,p,a _ wz >
S S 1 ~
k+D, D_aCOth a D_a —7 Cwpa
/ S / s 1)\Cyp(0)
=D —coth — | -4 kC
e D, co a D, 7 S + kC,,

[s S 1\ Cw,»(0) x
) D, ( D—aCOth (a D_a) — a) S + kCW
Cwpa = S S 1
k+D (/— th( —)——)
e(poeoth(a p-) — 3

The Laplace transformation of Eq. S2.57 yields:

mgy
Vv Pp

— 3 - -
sCy — Cy(0) = ka (Cw,p,a —Cy)

(52.56)

(S2.57)

(S2.58)

(S2.59)

(S2.60)

(S2.61)

where C,,(0) [M L-3] denotes the initial solute concentration in the bulk water. Inserting Eq.
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§2.60 into Eq. S2.61 and rearranging terms finally yields the Laplace transform solution for

FIPPD:
C 0

—_ a%() + €, (0)

W a+s

S sy_1 (S2.62)

| De (\/ 50 (@(5:)"7) 3 m,

with a(s) = = = T kEV
k+De( D—coth(a D-)-a) pr
a a

Two limiting cases may be considered:

1.lim k — oo: This describes the case where external mass transfer resistance vanishes. The

N 1

denominator in Eq. $S2.62 in this case simplifies to ,lim (k + D, (\/DE coth (a —> - E)) =k,

Da
which leads to:

aCW%(O) +C,,(0)

a+s

. S s 1)Y\3 my
with a(s) = D, D— coth| a D— - E E T
a a w Pp

2.lim D, — oo: This describes the case of a sphere with a uniform concentration distribution

C, =
(52.63)

(well mixed interior), where only the external boundary layer controls mass transfer. To
obtain the solution for this case, we need to consider the limit of coth(x) for arguments

approaching 0. The Taylor series expansion shows that coth(x) can be approximated with:

N (S2.64)

Rl
Wl xR

lim coth(x) =
x—-0

Using Eq. S2.64 to determine the limit of Dlim <De (\/DE coth (a\/?) - %)) yields:
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lim coth| a |~ 1 +a Da
e\ for) < 2T
lim D, | |—coth

Jim D, DaCO a

= llm (S + ppKd) Scoth (a _ ] — — (5265)

Dg—0o0
a —
(1 \FDa a

= Jim (£+ppKd)<\/T¢s\a =+—— |~

)

Dg—

Dq

1
= §as(£ + ppKq)

This finally leads to:
0
o« Wp( )+CW(0)
Cy = n
¢ E£+ Ky)s m (52.66)
llm a(s) = Pra ) —2

(e+ ppKd)%as +k Pl

Back-transformation of the solution in the Laplace domain is done numerically using the
method of de Hoog et al. (1982) implemented in Matlab. In order to validate the semi-
analytical Laplace transform solutions of FD and IPPD, the analytical solutions of FD (Eq. S2.9)
and IPPD (Eq. 2.4 in main text) were used as references (see Fig. S2.4). As to be expected, the
agreement with the analytical solution of FD (Eq. S2.9) is perfect and comparison to the
analytical solution of IPPD (Eq. 2.4 in main text) shows only slight deviation at very early
times due to the finite series expansion terms (1500 terms). Thus, the semi-Laplace
transform solution of IPPD (Eq. S2.63) improves the computational efficiency a lot especially
at low g values (8 < 0.1) where a large number of terms (>1500) are needed in the series

expansion in order to avoid overestimation of M /M, at early times.
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Fig. S2.4: Mass sorbed or desorbed relative to equilibrium conditions (M/M,,) vs.

dimensionless time (Fourier number = Daqt/az) for FD (left) and IPPD (right) calculated
with the analytical solutions (FD: Eq. S2.9; IPPD: Eq. 2.4 in main text with 1500 terms)
compared to the semi-analytical Laplace transform solution (FD SALT: Eq. S2.66; IPPD SALT:

VW
maKqp

Eq. S2.63); finite bath with (=

)= 0.1, 0.3, 1 and 3 (Sh = 2, & = 0.05). Bottom: %

deviation of SALT from the analytical solutions.

S2.4.2 Characteristic times of mass transfer

Based on mass conservation (Eq. S2.29), the equilibrium concentration (C,, ¢4) in bulk water

can be determined:
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m
CW(O) + Cw,p (O)Kd,b V_‘:

Cweq = (52.67)
e 14 Kqpd
w
The deviation from the equilibrium concentration (AC,,) is:
AC, () = Cy(t) — Cueq (S2.68)

A characteristic time 7., may be defined as the integral of the concentration signal, i.e., the

integral of AC,, over time divided by its initial value (for sorption illustrated in Fig. S2.5):

%) © lim(E/—CW,eq)
= -0 ge <o A de  TH\w s (52.69)
o 0 Meq ACw (0) Cw (0) - Cw,eq

The initial deviation AC,, (0) is:

(€w(0) = Cup(©)) Kap 7

AC,,(0) =
" 1+ Kyp 72
w

(S2.70)

Inserting Eq. S2.62, Eq. S2.67 and Eq. S2.70 into Eq. S2.69, the result shows that the

characteristic time of film-intraparticle pore diffusion (FIPPD) is:

a a?
Pp (ﬁ + 1506)

Teh = 1
(K_ + %)
d,b

(S2.71)
Vv

M/Meq

o M “(C(t) = Cp o )dt
Ten * 1 =f (1— )dt: Jo (6r® = Cueq)
0 Meq CW(O) - Cw,eq

Fig. S2.5: Exponential curve: Mass sorbed or desorbed relative to equilibrium conditions

(M/Mgq) vs. time (t). The characteristic time 7., is defined when the area above the

exponential curve (red lines) equals to the area of the vertical rectangle (blue lines). Note:

217



M _ Cw(t)_cw,eq
Megq Cw(o)_cw,eq

for the sorptive uptake case.

$2.5 Empirical relationships to the estimation of Sherwood

numbers

Many empirical relationships are reported in literature on solid-liquid mass transfer in
agitated and fluidized bed systems over a wide range of Reynolds numbers. Most of these

correlations can be generally described by the following equation:
Sh = A+ BRe?ScY (S2.72)

where Sh [-] is the Sherwood number. A and B are constants (for spherical particles A = 2; B
is a fitting parameter obtained from experimental data). Re and Sc denote the Reynolds and
Schmidt number. 8 and y are empirical constants to be determined. Schmidt and Reynolds
numbers are defined as:

v dv
Sc=— Re = 2

> (52.73)
v [L2 T-1] and v, [L T-'] denote the kinematic viscosity and the relative velocity of water with
respect to the particle. The Blasius (1908) solved the Navier-Stokes equation and continuity
equation for laminar flow over a sharp leading edge and found that the ratio of fluid velocity
boundary layer thickness to concentration boundary layer thickness is proportional to the
Schmidt number with a power of 1/3; thus y of 1/3 is widely used in many studies (see Tab.
S2.1). Liu et al. (2014) showed a higher empirical exponenty of 1/2 by using penetration
theory (Sherwood et al. 1975).

Kolmogorov (1941) showed that the kinetic energy supplied by the system is dissipated
primarily by viscous interaction of smallest eddies, whose turbulent motion is isotropic. This
theory was widely used in investigating the mass transfer of solid particles suspended in
agitated vessels showing that the relative velocity of water with respect to the particle is

proportional to the product of energy dissipation rate (&4;5,) and particle size (d) with the

power of 1/3 (va~(gdispd)1/3). The Reynolds number of suspended particles thus can be

expressed as:
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. 1/3 94/3
_ Eaisp " (S2.74)
v

Values for 8 in Eq. S2.72 from empirical relationships are in a range of 0.5-0.75 which is

expected from the Kolmogorov length scale (n = (v3/sdisp)1/4). Microparticles by definition

are smaller than the Kolmogorov length scale (d < 1) while macroparticles are smaller than
the dimension of the vessel (1 < d « Lg). Kirwan et al. (1989) focused on the mass transfer
to microparticles in agitated systems and the experimental results resulted in 8 of 0.52,
which is consistent with the theoretical study of Batchelor (1980) who assumes that the
particle dimension is small compared with the smallest eddy size (=) in turbulent flow
where 6 is 0.5. Empirical relationships found for macroparticles (Levins and Glastonbury,
1972b) show higher 6 values of 0.62 or 3 (Calderbank and Moo-Young, 1961). For 8 = 3/4,
the Sherwood number becomes proportional to particle size (d) and the corresponding mass
transfer velocity (k = D,,Sh/d) gets independent on particle size. Sherwood number
relationships for solid-liquid mass transfer depend on experimental setup in different flow

systems but are quite similar as compiled in Tab. S2.1 and shown in Fig. S2.6.

Tab. S2.1: Sherwood number relationships for solid-liquid mass transfer in different

systems
Reference Correlation System
Friedlander (1961) Sh =2+ 0.991Pe'/3 Stokes Flow (Re < 1), Pe = Re Sc
Calderbank and Moo-Young (1961) Sh =2+ 0.13Re3/*Sc'/3 Stirred tank
Levins and Glastonbury (1972b) Sh =2+ 0.47Re%%%25¢%36(D,/T)%17 Stirred ??tl;IEllzséis;tEZi;r(;iameter
Sano et al. (1974) Sh =2 + 0.4Re3/*5c'/3 Bubble column and stirred tank
Ohashi et al. (1981) Sh = (2 + 0.695Re®°S5c*/3)¢p Fixed bed (¢: surface factor)
Ohashi et al. (1982) Sh =2 + 0.44Re%635c1/3 Two phase pipe flow
Kirwan et al. (1989) Sh =2+ 0.52Re%525c1/3 Stirred tank
Arters and Fan (1990) Sh =2 + 0.4Re3/*5c'/3 Fluidized bed
Mao et al. (1992) Sh =2+ 0.48Re%725c/3 External loop airlift reactor
Liu et al. (2014) Sh =2+ 0.1Pe'/? Fixed bed

The energy dissipation rate (£4;5,) in Eq. S2.74 represents the power input per mass of water

(W/kg =] s'1 kgl = kg m2 s-3 kgl = m? s-3) which in contrast to natural systems can be easily
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determined in laboratory settings. Chickadel et al. (2011), Fisher et al. (2002) and
MacDonald et al. (2007) reported energy dissipation rate in rivers in the range of 10-¢- 10-
m?Z s3. In oceans, values are roughly one magnitude lower than in rivers (Moum et al., 1995).
Seidensticker et al. (2019) used a magnetic stirrer system in (de-)sorption batch tests with
microplastics and reported a higher energy dissipation rate of 10-4Z m2 s-3. In Fig S2.6, we
illustrate the influence of particle size on Sherwood numbers as well as on the mass transfer
coefficients under different flow regimes (magnetic stirrer batch systems, rivers, oceans).
The Sherwood number relationships for microparticles and macroparticles are based on the
results of Kirwan et al. (1989) and Sano et al. (1974), respectively. Figure S2.6 shows that
Sherwood numbers increase with the increase of particle size. Particle smaller than 600 pm
and 1000 um can be regarded as the microparticles in rivers and oceans. Glaser et al. (2020)
showed suspended particles of the Ammer river (South-western Germany) lie in the size
range of 10-30 um, which is much less than 600 um. Thus 6 = 0.5 is appropriate in
estimating mass transfer coefficients for suspended particles in rivers. In addition, mass
transfer coefficients are not very sensitive to particle sizes less than 10 pm because the lower
limit of Sh of 2 is approached. In this range mass transfer coefficients increase linearly with

decreasing particle sizes.

107 ¢ SRS ———— T 10 BN
{|—stirred 8=0.52 Lol Lol
o stirred 6= 0.75 RN Lo
| |—river #=0.52 n= ( v ) - Lo
—_ 2
| b river 6= 0.75 casp) | =107 -
ocean 6= 0,52 . k=) -
IOZ :, ocean 8= 10.75 | 3 E ; 3 E
[ o ] R -
_ Lo 310 Lo
™ | Solid lines: Lo 5:0.:) .
= [ 1/3 14/31%52 P o -
= 13 g [ 1S o
“ | sh=2+052 (E”L) st = o
v o L ]0-4 o
1 Dotted lines: . 2 Lo
10" | 13 a3 , s —stirred #=0.52 Lol
[ Sh=2+04 (E“F—) Sci3 2 stirred 8=0.75 Lo
[ v g S 5| [river 6=0.52 !
A | =10 e river #=0.75 e

L . Sh=2| ocean = 0.52 Lo
Lo ocean 0= 0.75 Lo

10 - N 10 -

1w’ 1wt 10 1t 10?107 107 10 w0 1t 10?107

Fig. S2.6: Influence of particle size (d) on Sherwood numbers (left) and mass transfer
coefficients (right) in different flow systems (stirred, rivers, ocean with energy dissipation
rates (&qi5p) of 1042 m2 53, 5x10¢ m? s-3, and 5x10-7 m? s-3). The horizontal and vertical

dashed lines denote minimum values of the Sherwood number (Sh = 2) and Kolmogorov

length scales (n = v3/edisp)1/4, repectively.
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$2.6 Linearization of nonlinear sorption isotherms

Non-linear sorption isotherms are frequently observed for pesticides and many other
organic compounds in soils and sediments, while the proposed models (FOAM and SALT) are
based on linear sorption isotherms. In order to apply the proposed models, linearization of
the sorption isotherms in the concentration range relevant to the batch experiment may be
considered. Figure S2.7 illustrates how average K; values increase from an initially high
concentration of 100 pg L1 to intermediate and finally equilibrium concentrations (50 pg L1
and 10 pg L-1). Linearization may be done based on average K;s or by calculating K; at an
intermediate concentration; e.g., for a Freundlich coefficient of 2000 pg kg-!: (ug L-1)%8 and a
Freundlich exponent of 0.8 we get:

1/n-1 kg™t - _
Ka,s00% = Ker * Coloe - =2000 %*(50 ugL"1)=02 = 915 L kg1 (S2.75)

A mean value may be calculated as follows:

Kgini + Kgo1g 800 Lkg 1+ 1262Lkg™?!
Kd,mean,91% = -2l 2 2% = g ) & =1031 Lkg_l (S2.76)

The difference between both is around 10% and thus below analytical and experimental
errors. In Fig. S2.8 we compare M /M., simulated with a numerical model for linearized K,
values and the non-linear Freundlich sorption isotherms in the finite bath (# = 0.1 and 1).
Deviations are just minor (impossible to quantify within the experimental error), confirming
that constant K,; values (linear sorption) can be applied for non-linear sorption if the

relevant concentration ranges are considered.
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Fig. S2.7: Scheme for linearization of the Freundlich sorption model
10°
pal
v
§ 10t |
A= 1 linear sorption Kd: 915
=1 non-linear sorption Kd < [800,915]
- - -4= 0.1 linear sorption K =1262
—— /= 0.1 non-linear sorption Kd € [800,1262]
-2 ’ !
10
10° 107 10 10°

D td’
aq

Fig. $2.8: Mass sorbed relative to equilibrium conditions (M/M,,) vs. dimensionless time

(Fourier number = Daqt/az) calculated with a numerical solution for a nonlinear Freundlich

sorption isotherm (Fig. S2.7, 1/n = 0.8) and linearized distribution coefficients (K;) as shown

in Fig. S2.7; finite bath conditions with (=

mgKqp

Vw
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S3 Supplementary information for mechanistic

modelling of pollutant mass

redistribution

(sorption/desorption) in heterogeneous systems

explaining unexpected slow Kinetics

$3.1 Experimental data of batch tests A-D

Tab. $3.1: Sampling time points and Phenanthrene concentrations in aqueous phase of batch

tests A-C.

Batch test A Batch test B Batch test C
time Cy time Cw time Cy
[min] | [pgL1] | [min] | [pgL-1] | [min] | [pgL-]

0 104.32 0 2.94 0 0.31

5 45.74 10 2.05 10 0.97

10 26.60 20 1.86 20 1.12

15 18.21 30 1.59 30 1.31

20 13.92 40 1.42 40 1.20

30 11.20 50 1.19 50 1.20

40 9.83 60 1.12 60 1.16

60 8.26 120 0.86 120 1.28

180 7.52 240 0.66 240 1.22
1020 6.89 480 0.61 540 1.12
720 0.57 1380 1.21
1320 0.64 3000 1.08
2040 0.69 4500 1.19
2760 0.90 9120 0.99
4200 0.97 13320 1.07
5700 1.10 24600 1.04
9540 1.24 36000 0.99
10560 1.40
13140 1.42
17760 1.34
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‘23400‘ 1.36 ‘

Tab. $3.2: Sampling time points and Anthracene d10 and Phenanthrene concentrations in PE

sheets of batch test D.

Batch test D
SL=0.15kg L1 SL=0.30kg L1

_ Anthracene d10 Phenanthrene Anthracene d10 Phenanthrene
e Cpg std Cpg std Cpg std Cpg std
[min]

[igke?] | [wgkg?] | [ugke?] | [mgkg™] | [mgke?] | [mgkeg?] | [wgkeg] | [mgkg]

0 227 7.8 0 0.0 227 8.0 6 7.1

5 174 6.1 62 8.8 192 53 52 38

15 162 7.8 102 6.2 143 18.5 97 10.8

30 122 10.8 147 9.9 120 4.2 149 7.3

90 94 4.7 214 15.8 68 0.8 205 33
300 73 1.0 193 5.7 51 2.4 237 5.7
600 72 1.2 203 9.0 44 31 227 1.2
1800 58 3.7 200 10.5 37 1.7 209 0.5

where: std denotes the standard deviations of data.

$3.2 Particle size distribution of pulverized sediment and
Phenanthrene concentration measurement via accelerated

solvent extraction (ASE)

Figure S3.1 shows cumulative grain size distribution curves obtained from laser particle
analysis after planet ball milling of the sample. Assuming that densities of various particle
classes in the sample are the same, the volumetric fractions are equivalent to mass fractions.
The size of particles varies from 0.4 um to ca. 724 um, but around 90% of particles are in the
range from 2 um to 240 pm. Half of sediment particles are smaller than 23 pum. For model
simulation, particles are divided into two parts with equal mass fraction (50%) and two
characteristic grain sizes are used to represent the fine particles (dsp; = 7 pm) and coarse
particles (dg,, = 74 um). Characteristic grain sizes of fine and coarse particles are based on

the geometric mean diameters of particle size ranges of ds — dsq (dgp1 = \/M) and dsy —
dos (dsp» = +/dsodos), respectively.
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Tab. $3.3: Particle size distribution measured in laser diffraction.

Particle size class Particle diameter [um] Volumetric fraction [%]
din 0.4 0
ds 2 5
dqo 3 10
dso 23 50
dqyg 138 90
dgs 240 95
donax 724 100
100
90 r 1
80 1
70 - 1

40 -

volume fraction [%]
wn
[

301

grain size [pm]

Fig. $3.1: Cumulative particle size distribution of the sediment sample after planet ball

milling.

PAHs were extracted from pulverized bulk sediment in a two-step procedure using ASE with
acetone and toluene as solvents. 21 g of sediment were mixed manually with 21 g of quartz
sand and filled into 30 mL cells. Pressure used in ASE was 100 bars and temperatures were
100 € for extraction with acetone and 150 € for toluene. Two consequent extraction cycles
were performed for each solvent to guarantee a complete extraction of target compound.
Toluene extracts were then reduced to about 1.5 mL on a rotating evaporator and measured

at the GC/MS. Acetone extracts were transferred into 2L bottles and mixed with 1600 mL
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Millipore water and extracted again with cyclohexane, then reduced to about 150 pL under

stream of nitrogen with heating to 40 € before the measurement at the GC/MS.

$3.3 Semi-analytical Laplace solution for coupled film-
intraparticle solid diffusion in a plane sheet (e.g., PE passive

sampler)

Z

Sorptive uptake from water phase > < Sorptive uptake from water phase

I ag ) X

— o]
d x Water phase External film Plane sheet External film Water phase
5

Plane sheet
Fig. §3.2: Scheme of mass transfer limited by coupled film intraparticle solid diffusion in

plane sheets.

Solid diffusion. Considering the case of diffusion into a plane sheet (e.g., PE sheets, see Fig.
S3.2) whose thickness (dg) is so thin that effectively all the diffusing substance enters
through the plane faces (diffusion through the edges is negligible), may be described by

Fick’s second law:

aC; 9%Cy
=D S3.1
ot $ 9x2 (53.1)
Boundary and initial conditions are:
Cs(x = ag,t) = Cyq, (S3.2)
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aC
—(x=0t)=0 (53.3)
0x

C.(x,t = 0) = C,(0) Vx (S3.4)

where x [L] is the Cartesian coordinate; a, [L] is half thickness and C; [M M-1] is the solute
concentration in the solid; (5, [M M-1] is the solute concentration at the solid/water
boundary; C,(0) [M M-1] is the initial solute concentration in solid materials; Dy [L2 T-1] is the

solutes solid diffusion coefficient and t [T] denotes time.

The Laplace transformation of governing equations and corresponding initial and boundary

conditions can be expressed as:

N d*C
sC; — C,(0) — Dsﬁ =0 (S3.5)
és(as) = C~s,a5 (S3.6)
dcC; —o
I = (S3.7)
x=0
C,(x) = C,(0) vx (S3.8)

in which the variables with a tilde represent Laplace transforms, and s [T-1] is the complex

Laplace coordinate. Equation S3.5 can be solved starting from:

Cs(x,s) x exp(xp) + C (S3.9)

where ¢ and C are undetermined coefficients.

dC,

X0 exp(x@) (53.10)
dzC
dxzs x pZexp(x@) (53.11)

Inserting Eqs. S3.10, S3.11 into Eq. S3.5 yields:
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sexp(x) + sC — C;(0) — Dyp? exp(xp) = 0
(s — @2Dy) exp(x@) + sC — C;(0) = 0

S
{ S 02D, = 0 0=t |5 (S3.12)
l sC—C5(0) =0 : €.(0)

The solution of Eq. S3.5 can finally be expressed as:

. s s C,(0)
Cs(x,s) =Aexp|x |— |+ Bexp| —x |— | + (S3.13)
D Dy S

where A and B are undetermined coefficients, which can be determined via the boundary

conditions of the governing equation (Eq. S3.6 and Eq. S3.7).

déS—A s s g |S s $3.14
o A, exp| x D, D, exp| —x D, (S3.14)

The internal boundary condition (Eq. S3.7) shows that the dC,/dx approaches 0 when x

approaches 0:

dc

Z —lim(A-B) |—=0
. lim(4 = B) |5 (S3.15)

dx
ms) 4 =B

Then Eq. S3.13 can be rearranged as:

’5 s
Cs(x,s) = Aexp| x D, + Aexp —x D_>
_ s L 6O
Colos) = 24 7exp| x |5 +3 7 eXP (53.16)
N
A s Cs(0
Cs(x,s) = 2Acosh| x ’— +£
Dy s

Based on the external boundary condition (Eq. S3.6), the unknown coefficient 24 can be

~ s Cs(0 ~
Cs(as, s) = 2Acosh| ag ’D_ + % = Cyq,
N

(és_as - &) (S3.17)

N

cosh (as\/DE)
S

Thus, the analytical solution of Eq. S3.5 in Laplace domain can be expressed as:

determined.

2A =
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(S3.18)

oot (-5, ( ; _cs<0)> L GO
cosh (as\/DES> i s S

Film diffusion. Assuming the solute mass release (or uptake) from the surface of the plane
sheet into the bulk solution is additionally limited by diffusion through the external
boundary layer (65) which does not store any solute mass, the continuity of the mass flux

density (F [M L2 T-1]) requires:

C,(x = agt) ac
F=k5<%_ w(t)>=_Dspsa_xs

(S3.19)

x=as

where k; [L T-1] denotes the mass transfer velocity and pg [M L-3] denotes the density of the
plane sheets. K; [L3 M-1] denotes the distribution coefficient between solid plane sheets and

water.

The Laplace transformation of mass flux density can be expressed as:

Fok (S, )=-p dCs $3.20
N Kd w SpS dx —a ( . )
46 in Eq. S3.20 can be calculated via Eq. S3.18:
dx x=ag
dCs A Ds Dg) (. Cs(0)
dx| s s s
x=as cosh | ag DC
s x=a, (S3.21)

’ s ’ s - C.(0)
= D—Stanh ag D_s <CS,aS - SS )
Rearranging Eq. 53.20 with Eq. S3.21 gives the expression of (fs,as:
Csa, = s s . C,(0)
ks( ;{: —CW> = —Dyps /D—Stanh as /D—S <Cs,as - SS )

k , s ~ , s \C,(0) -
K_Z + /Dgspgtanh | ag D_s Csa; =/ Dsspstanh | ag D_s Ss + ksC,, (53.22)

\/Dsspstanh (as /Di> ngo) + kC,,
— S
ks + 4/ Dgspstanh | a 2
Kd N pS S DS

The solute concentration change in solid materials is given by:

s,ag
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aC,
ot

CF a0 =k —— (g, - EF =D (53.23)
= —F A% = kg o (Cul(0) === .
where A° [L-1] denotes specific surface area of solid materials per unit volume of water in a

batch system. Next, the Laplace transformation of Eq. S3.23 is used.

1 (. €
(c S'“S) (S3.24)
P

W —
sFs Kd

SC~S — C(0) = kg a

Inserting Eq. S3.22 into Eq. S3.24 and rearranging terms finally yields the Laplace transform
solution for coupled film-intraparticle solid diffusion of plane sheets:

‘g (CW . cs<o>) L GO

Kis S

+/DgsK tanh (aS\/DE) K (S3.25)
S S

with g, = —

ks + \/DgspsK tanh (%\/g) @S
N

where g, [L3 M-1] denotes the transfer function of coupled film-intraparticle solid diffusion of

plane solid materials.

Two limiting cases may be considered:

1.lim kg — oo: This describes the case where external mass transfer resistance vanishes. The
denominator in Eq. S3.25 in this case simplifies to klsi_rpm <k$ + \/D_Sspsttanh <a3\/DES)> = ks,

which leads to:

6 g (CW . cs<0)> L GO

K;s s
(S3.26)
s\1
with §s; =./DssKytanh| ag |[— |—
Ds | ags

2.lim Dg — oco: This describes the case of a plane sheet with a uniform concentration
distribution (well mixed interior), where only the external boundary layer controls mass
transfer. To obtain the solution for this case, we need to consider the limit of tanh(x) for
arguments approaching 0. The Taylor series expansion shows that tanh(x) can be

approximated with:

lim tanh(x) =~ x (S3.27)
Using Eq. S3.27 to determine the limit of DlSiLnoo <,/D55Kdtanh (as \/g)) yields:
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. s
D151Ln°o DgsK, tanh aS\/D:S> (S3.28)

Il
=
1
83
5
17}
%)
&
S
17}

|
&

Q
%

%)

This finally leads to:

=[x C(0)\  C5(0)

€= S(Cw_ﬁ>+T
- Kaass ks (53.29)

Ds—00 ks + psKqags ags

kst

- ks + psKags

S$3.4 Semi-analytical Laplace solution for coupled film-

intraparticle solid diffusion in a cylinder

orptive uptake from water phase

—

5

Water phase

Cylinder

Fig. $3.3: Scheme of mass transfer limited by coupled film intraparticle solid diffusion in

cylinders.

Solid diffusion. Considering the diffusion in a long circular cylinder in which diffusion only

occurs in radial direction (see Fig. S3.3). According to Crank (1975), the governing equation
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of the intraparticle solid diffusion of cylindrical particle follows Fick’s second law:

oc, _ , [2°Cs , 10,
at ~ “Slarz " r or

Boundary and initial conditions are:

Cs(r = Qg t) = Cs,as

ac
—@r=01t)=0
or

Cs(r,t =0) = C4(0) Vr

where r [L] is the radial coordinate and a, [L] is the radius of cylindrical particles.

(S3.30)

(S3.31)

(53.32)

(53.33)

The Laplace transformation of governing equations and corresponding initial and boundary

conditions can be expressed as:

~ d*C; 1dC
sCy — C4(0) — D [dT;+ ;d—;] =0

C~s (as) = C~s,as

dc,
dr

Cs(r) = C5(0) vr
Introducing the dimensionless radial coordinate r:

s
=1 |—
,Ds

The governing equation (Eq. S3.34) can be rearranged as:

d*C dC . Cs(0)
2 N N _ 2 _ N —
1 a2 + 1 ar. 1y <CS S 0

Cs(0)
s )

With the modified C,. = C; — Eq. S3.39 becomes:
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(S3.34)

(S3.35)

(53.36)

(S3.37)

(53.38)
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d2C.,  dC,, .

2 T2 T —-1%Cs. =0 (S3.40)

T

which is the modified Bessel differential equation of zero order. Considering the internal
boundary condition (Eq. S3.36) which has a derivative of zero at r = 0, the solution of Eq.

S$3.40 is the zero-order modified Bessel function of the first type I, (7).

- , s
Ci.(r,s) =Al)| r |— (S3.41)
» DS

Considering the initial condition ((fs_* (r) = Cs(r) — 5O _ 0), the solution of Eq. S3.34 can be

N

described as:

3 / (0
C(r,s) = Aly | T i 5(0) (S3.42)
Dy S

Based on the external boundary condition (Eq. S3.35), the unknown coefficient A can be

determined.

;GO

sas T g

m (S3.43)

Inserting Eq. S3.43 into Eq. S3.42, the final solution of Eq. S3.34 can be expressed as:

A=

Ci(r,s) =

o (r\g) < B @) L GO (5340
Iy (as\/DES) s N S '

Film diffusion. If we assume the solute mass release (or uptake) from the surface of the
cylinders into the bulk solution is additionally driven by diffusion through the external

boundary layer (), the continuity of the mass flux density (F [M L-2 T-1]) requires:

Cs(r=a,t) aC;
F=k| ———— t) | = —Dsps— .
; ( = W)= Dy (53.45)
Laplace transformation of mass flux density can be expressed as:
_ C N dc
F= ks( IS(: - Cw> = —Dsps— (S3.46)

r=as

% in Eq. S3.46 can be calculated via Eq. $3.44:
r=ag
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_ ¥Ds T\ NDs) ==
_ [£) A
r=as I (as Dg) r=a, (S3.47)

where I; (as\/DE) is the first order modified Bessel function of the first type at the

. N
corresponding argument (a, D—).
S

Rearranging Eq. S3.46 with Eq. S3.47 gives the expression of fs_asz

S
Coa, - | 1( SJD) . G0
ks( s,aS_CW>:_DSpS Di s (Cs,as— s( ))
Slo(as /Di) s
N

- — és,as =/ Dsspg 5 s sbw
fo(as[5:)
AN Ds (S3.48)

The solute concentration change in solid materials is given by:

s _ a0 =2 (g ()~ &= (53.49)
= —F A7 =k (G (0 - -

Next, the Laplace transformation of Eq. S3.49 is used:

. Csa
——= S3.50
(e L) 50

- 2
sCs — Cs(o) = kg a

SIS

Inserting Eq. S3.48 into Eq. S3.50 and rearranging terms finally yields the Laplace transform

solution for coupled film-intraparticle solid diffusion of cylindrical particles:
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~ - C,(0 C(0
Cs=g5<cw_ Kis)>+ ©

DSSKd
. S) ” (S3.51)
with g = — 7
I (aSJD:> s
k +\/_pst SS
i (s 1)

Two limiting cases may be considered:

1.lim kg — oo: This describes the case where the external mass transfer resistance vanishes.

Iias [
The denominator in Eq. S3.51 in this case simplifies to klim ks + /DsspsKy E—% = kg,
00 Io( as Dis

which leads to:

¢, = ~S<~ Cs(0)>+Cs(0)

C - -
W Kus s

I (as\/;) 5 (S3.52)
I, (as\/D?) @55

2.lim Dy — oo: This describes the case of a cylindrical particle with a uniform concentration

with §; = /DssKy——————

distribution (well mixed interior), where only the external boundary layer controls mass

transfer. To obtain the solution for this case, the limit of ;18
0

for arguments approaching 0

1,(x)
Io(x)

has to be considered. The Taylor series expansion shows that can be approximated with:

im 2™ 1 (53.53)
x=0y(x) 2

/—\

1{as =
Using Eq. S3.53 to determine the limit of llm +/ Ds Kd \/;)

—00 S
Dg =
(as Ds)

yields:
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—) (S3.54)
) .

This finally leads to:

- ([~ G0  G(0)
Cs = S<Cw_ de>+ s

1
L gKeas 2k
im g =—"+——"—— S3.55
Ds00 kg + %pstass asS ( )

kst

kg + %pstass

$3.5 Semi-analytical Laplace solution for coupled film-

intraparticle solid diffusion in a sphere

¥ (2)

orptive uptake from water phase

Water phase

Fig. S3.4: Scheme of mass transfer limited by coupled film intraparticle solid diffusion in

spheres.
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Intraparticle solid diffusion. Spherical diffusion models (see. Fig. S3.4) are widely used in
simulating mass transfer of sorbates (e.g., organic pollutants) to sorbents like microplastics,
tire wear particles, etc. The governing equation of intraparticle solid diffusion of spherical

particle is:

aCs B 0%C, 20C; s3 ¢
ot - Dslae i (53.56)
Boundary and initial conditions are:

Cs(r = ag, t) = Cgq, (S3.57)

oc
— (T =0,t)=0 (53.58)

or
Cs(r,t =0) = C4(0) Vr (S3.59)

where ag [L] is the radius of solid spherical particle.

The Laplace transformation of governing equations and corresponding initial and boundary

conditions can be expressed as:

Cs—C;(0)—D °C; | 246 =0 $3.60
S8s T s Sdr2+rdr_ (53.60)
Cs(as) = Cyq, (S3.61)
ac| _,
ar = (S3.62)
=0

C.(r) = C,(0) vr (S3.63)

Equation S3.60 can be solved starting from:

~ 1
Ci(r,s) « ;exp(rqo) +C (S3.64)

where @ and C are undetermined coefficients.
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ac; 1 ) 1 1
- @ —(—li o) $3.65
I X~ 7exp(re) + —exp(rp) = (- —+ ¢) —exp(ro) (S3.65)
d?¢, 2 2¢ 1
L 2y $3.66
77 X (= — 9" -exp(re) (53.66)

Inserting Egs. S3.65, S3.66 into Eq. S3.60 yields:

1 2 2¢ 2/ 1 1
- + C—C()—D[————+ Lp(--+ ﬂ- -0
s exp(reg) + s s(0) — Dy S tet (o te)|S exp(re)

1
(s— 92D exp(r@) + C — Cs(0) = 0

S (53.67)
=+ |—
s—@?D, =0 == D,
' {sc — ¢, (0)=0 ' C(0)
s

Then the solution of Eq. S3.60 can finally be expressed as:

G s) =2 °)+Z o L) $3.68
s(1,s —rexp T D, rexp T D, . (S3.68)

where A and B are undetermined coefficients, which can be determined via the boundary

conditions of the governing equation (Eq. S3.61 and Eq. S3.62):

dC 4 1 S 4 1 |s S
dr 72 P T Dy r | D Pl Dy
+B 1 s 1 |s S
—exp| -7 D, - D exp| —r D,
_ 1 + 1 [s s
a r2 r |D; P T Dy

The exponential function can be approximated by using an infinite number of terms of its

(S3.69)

Taylor series:

X o X" x? x3
e =exp(x)=za=1+x+§+§+m (S3.70)

n=0

exp (r \/DE) and exp (—r \/DE) in Eq. S3.69 can be approximated as:
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s L+ s
exp| r D, ~ r D,

’s s
exp| —r D_s =1-r1 D_s

Inserting Eq. S3.71 into Eq. S3.69 gives:

dcC 1 N 1 [s P I D 1 1 s . s
=Al —=5+- |=— r|—= ——=—= = —-r|=
dr r2 r |Dg D, r2 r |D, Dy (53.72)

= (A+B)(_ri2+Dis)

(S3.71)

The internal boundary condition (Eq. S3.62) shows that the dC,/dr approaches 0 when r

approaches 0:
dC

) 1 s
G| =lm@+B) (- ) =0

Dy

(53.73)

r=0

mms) A=-B

Then Eq. S3.68 can be rearranged as:

C.( )_2A 1 s 1 s +CS(O) §3.74
s(r,s) = " 2exp T D, 2exp T D, . (S3.74)
Based on the external boundary condition (Eq. $S3.61), the unknown coefficient 24 can be

i 24 ,s c.(0) .
Cs(as,s)=a—ssmh ag D_s + Ss = Csq,

(5 —w)a (S3.75)
24 S/ °

determined:

S,ag

sinh (as\/DE)
S

Thus, the analytical solution of Eq. S3.60 in Laplace domain can be expressed as:

. a; 5" (r\/z% < _Cs(0)> L GO

CS(T,S)Z?— C' —_—
. /s s s
smh(as D_)

S

Film diffusion. If we assume the solute mass release (or uptake) from the surface of the

(S3.76)
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solid spherical particles into the bulk solution is additionally driven by diffusion through the
external boundary layer (), the continuity of the mass flux density (F [M L2 T-1]) also can

be expressed by Eq. S3.45.

d—? in Eq. S3.46 can be calculated via Eq. S3.76:
r=ag
s . s
A I T
dar{ |\ r |Ds . s\ 1% . S Sits s
r=as sinh|a; |7 sinh{a; [+~ r=a
Dy Dy (S3.77)
s s 1 - C,(0)
’DS o] s ’Ds ag ( Stts s )
Rearranging Eq. S3.46 with Eq. S3.77 gives the expression of fs_asz
Csa, f s f s 1)/~ C5(0)
k5< IS<Z - Cw) = —Dyps D_SCOth ag D_S —a—s <Cs'as - SS >
ks s s 11\
K_d + Dsps D_SCOth ag D_S - a—s Cs_as
< S 1\ ¢,(0) ) (S3.78)
= Dsps D_SCOth ag D_S —a—s T-l' kSCW
S S 1\ Cs(0 ~
. D.ps ( /D—Scoth (as /D—S) - a—s)% + kCy,
s,as —
e kg S S 1
e+ owpe (o (a [5) -2,)
The solute concentration change in solid spherical particles is given by:
OCS 3 CS(T = ag, t)
—=—-FA°=k Cp(t) ———— S3.79
- s (GO === ($3.79)
Next, the Laplace transformation of Eq. S3.79 is used:
~ ~ Cs,as
sCs — C(0) = kg Cw— (S3.80)
sFs Kd

Inserting Eq. S3.78 into Eq. S3.80 and rearranging terms finally yields the Laplace transform

solution for coupled film-intraparticle solid diffusion of spherical particle:

Cs =Js <C~W - CS(O)) + w

K;s s

1
DK  [5-coth a, JDES)—a—S) . (53.81)

with g = S S 1) ass
ks + DypgKy ( ’D—Scoth (aSJD:S) - a—s) s
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Two limiting cases may be considered:
1.lim kg — oo: This describes the case where the external mass transfer resistance vanishes.

The denominator in Eq. S3.81 in this case simplifies to lim <k5+

k5—>oo
DspsKy (\/DES coth (as\/DE) — a%)) = kg, which leads to:

és =Js <€w - CS(O)> + @

K;s S

$3.82

o s s 1\ 3 ( )
with g5 = DsKq | |5-coth| as |5 == |2~
N S S S

2.1im D; — oo: This describes the case of a sphere with a uniform concentration distribution
(well mixed interior), where only the external boundary layer controls mass transfer. To
obtain the solution for this case, we need to consider the limit of coth(x) for arguments

approaching 0. The Taylor series expansion shows that coth(x) can be approximated with:

KR

lirr(l)coth(x) ~—+ (S3.83)
X—

Wl xR

Using Eq. S3.83 to determine the limit ofDlim (DSKd (\/DE coth (as i) — l%)) yields:

Dg
a i
. s 1 S\ Ds
lim coth| a, o=
N

Dg—o0

S
S
. S S 1
Dlslino0 DsK, D—Scoth ag D_s —a—s
(S3.84)

4
+

This finally leads to:

a0 (0
Cs :gs<cw_ﬁ>+sT
B kK, (S3.85)
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$3.6 Semi-analytical Laplace solution for coupled film-
intraparticle pore diffusion in a plane sheet (e.g., porous

membrane)

z
‘ Sorptive uptake from water phase > < Sorptive uptake from water phase

) Je r G | O "
I T X i "
Water phase External film Plane sheet External film Water phase

(Incl. intraparticle pores)

Fig. $3.5: Scheme of mass transfer limited by coupled film intraparticle pore diffusion in a

plane sheet geometry.

Pore diffusion. Considering the solute mass stored inside the intraparticle pore space of

plane sheet (see Fig. S3.5), the governing equation of intraparticle pore diffusion can be

denoted as:

i o°C; $3.86
a(ecw,p"*'ppcs):DeW ( . )

Boundary and initial conditions are:
Cuwp(X = asp,t) = Cupag, (53.87)

ac
2L (x=0,t) =0 (53.88)
0x
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Cwp(x,t = 0) = Cy,(0) Vx (S3.89)

where ag), [L] is the half of the thickness of porous plane sheet; C,,;, [M L3] is the solute
concentration in the intraparticle pore water; Cwp.agy [M L-3] is the solute concentration at
the solid/water boundary; C,,,(0) [M L3] is the initial solute concentration in the
intraparticle pore water; D, [L2 T-!], e [-] andp, [M L3] denote the effective diffusion
coefficient in the porous particle, the intra-particle porosity, and the bulk density of the
particle (= ps(1 — €)). C; [M M-1], the solute concentration in the solid phase, is related to the
aqueous concentration by the distribution coefficient K, i.e. Cs = K4 C,,,,,. Eq. $3.86 thus

simplifies to:

0Cyp 0%Cyp
L—-p : S3.90
at ¢ 0x2 ( )
where D, [L? T-1] is the apparent diffusion coefficient:
D Dgg€ Dgg €2
a : = - ~ — (S3.91)

e Kapp B s (e + Kqpp) T+ Kaqpp

5 [-] is the tortuosity factor and D, [L? T-1] denotes the solute diffusion coefficient in water.
Previous research showed that D, increases approximately with the square of the
intraparticle porosity (Boving and Grathwohl, 2001); thus, the tortuosity factor z; [-] for
diffusion in intra-granular pores may be approximated via the reciprocal of the intra-

granular porosity (t ~ 1/¢).

The Laplace transformation of governing equations and corresponding initial and boundary

conditions can be expressed as:

~ d?C,
5Cwp = Cwp(0) = Dg—3= =10 (53.92)
Cwp (aszi) = Cw,p,asp (53.93)
dC,,p
: “o |
ax | (S3.94)
Cup(x) = Gy (0) Vx (S3.95)

Similar to solid diffusion in plane sheet (see section $3.3) this can be applied for pore

diffusion, thus, the analytical solution of Eq. S3.92 in Laplace domain can be expressed as:
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cosh (x\/DEa) <~ Cw,p(0)> + Cwp(0) (S3.96)

C~w,p (x,5) = 5 Cw,p,asp - S S
cosh (asp ’D_)
a

Film diffusion. Assuming the solute mass release (or uptake) from the surface of the porous
plane sheet into the bulk solution is additionally driven by diffusion through the external
boundary layer (d5,) which does not store any solute mass, the continuity of the mass flux

density (F [M L2 T-1]) requires:

ac
F = kep(Cup(x = agp,t) = Cu()) = —De—+ (53.97)
0x ly=qy,
where kg, [L T-!] denotes the mass transfer velocity of porous materials.
The Laplace transformation of the mass flux density can be expressed as:
_ . . dé,,
F=kgp (Cw,p,asp - Cw) =-D, dx (S3.98)
x=asp
%‘;"” in Eq. S3.98 can be calculated via Eq. S3.96 and is:
X=asp
= = sinh (x i)
dCyp B w’ D, w’Da c Cyp(0)
dx a S whas g
x=asp cosh | ay), oo
a x=agp (S3.99)

’ s ’ s - Cwp(0)
= D—atanh Agp D_a <Cw,p_asp e

Rearranging Eq. $3.98 with Eq. $3.99 allows to express Cy,,q,,,

- ~ N S ~ Cw,p(o)
ksp (Cw_p,asp — CW) =-D, ’D—atanh asp ’D—a <Cw,p,as,, -
s s ~
ksp + De D—atanh Asp D_a Cw,p.asp

B S 1 (0) (S3.100)
=D, D, —tanh| ag, D S + spr
s [s 0
SwpY)
i D, D tanh( ) + ksp

Cw,p,asp -
[ksp + D, /D tanh (asp ’ )]

The solute concentration change in porous materials is given by:
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ac 1
(e+ ppKd)a—“t”"’ =-FA° = kspa—(cw(t) = Cwp(x = agp, f))
o s (S3.101)

1
w,p pa— =
= kep m (Cw(t) Cwp (x Asp, t))

Next, the Laplace transformation of Eq. S3.101 is used.

. 1 . .
SCwp — Cup(0) = kg, m (Cw - Cw_p,asp) (S3.102)

Inserting Eq. S3.100 into Eq. S3.102 and rearranging terms finally yields the Laplace

transform solution for coupled film-intraparticle pore diffusion of plane sheet:

. (s Cup(0\ C,,(0)
Cw,p = JGsp (Cw_ Wz >+ Wz;
JDgst h( /i> $3.103
astanh{ag 5= kep ( )

ith g, =
WL Gsp S \agps
ksp +/DasppKqptanh | ag, D

The term K, ;, denotes the bulk distribution coefficient between bulk water and porous
materials (= K; + £/p,), which also accounts for the solute mass stored in the intraparticle

pore space.
Two limiting cases may be considered:

1.lim kg, — co: This describes the case where external mass transfer resistance vanishes.

The denominator in Eq. S3.103 in this case simplifies to klim <k5p+

sp—>®
\DasppKgptanh (asp\/DEa)> = kgp, which leads to:

~ _ [~  Cup(0)\ C,,(0)
Cop = Gsp (CW — W’; >+ W’;
(S3.104)
o s 1
with g, = /Dgstanh| ag, /D_a aoys

2.lim D, — oo: This describes the case of a plane sheet with a uniform concentration
distribution (well mixed interior), where only the external boundary layer controls mass
transfer. To obtain the solution for this case, we need to consider the limit of tanh(x) for

arguments approaching 0. Using Eq. S3.27 to determine the limit of

Dggnoo (,/Dastanh (aSP\/DEa)> yields:

248



) ’ s ’ s
Dnglootanh asp D_a X Agp D_a

. S
Dlalinoo \Dgstanh| ag, ’D_a (S3.105)

X ’ S
= Dlalinoo‘,Dasasp D_a

= agpS
This finally leads to:

- _ [~ Cy,y(0)\ C,,(0)

Cop = Fsp (cw - W’; )+ W’;

. ~ AspS ksp
lim = S3.106
Daco ISP ksp + ppKapasps asps ( )
ks

ksp + ppKapasps

$3.7 Semi-analytical Laplace solution for coupled film-

intraparticle pore diffusion in a cylinder

tive uptake from water phase

Dissolved contaminants Water phase

Fig. $3.6: Scheme of mass transfer limited by coupled film intraparticle pore diffusion in

cylinders.

Intraparticle pore diffusion. Considering the diffusion in a long circular cylinder with
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intraparticle pores in which diffusion only occurs in radial direction (see Fig. S3.6).
According to Crank (1975), the governing equation of the intraparticle pore diffusion follows

Fick’s second law:

Cwp 0%Cy, 10Cy,,

= = = —— S3.107
ot Da [ orz2 " r or ( )

Boundary and initial conditions are:
Cup(r = asp,t) = Cupay, (53.108)

0C

or

Cwp(r,t =0)=C,,(0) Vr (S3.110)

where ag, [L] denotes the radius of porous cylindrical particle.

The Laplace transformation of governing equations and initial conditions (Eqs. S3.107-

$3.110) can be expressed as:

s d?C 1dC
5Cyp — Cup(0) — Dg [ dr‘;’"’ +- d“:'”] =0 (S3.111)
Cwp(asp) = Cupay, (53.112)
dc,
“El =0 (S3.113)
dr
r=0
Cop () = €y, (0) VI (S3.114)

Analytical solution of Eq. S3.111 can be expressed as (the derivation process can refer to the

case of intraparticle solid diffusion present in section S3.4):

CW,p (T, S) =

@ ( 3 B Cw,p(0)> + Cw,p(0) (S3.115)
5 w,p,asp S s .
Iy (asp\/D:a)

Film diffusion. Considering the solute mass release (or uptake) from the surface of the
porous cylindrical particle into the bulk water phase is additionally driven by diffusion

through the external boundary layer (d85,) which does not store any solute mass, the
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continuity of the mass flux density (F [M L2 T-1]) requires:

9Cuwp
or

F = kg (Cyp(r = ag,t) — C(t)) = =D, (S3.116)

r=asp

Laplace transformation of mass flux density can be expressed as:

« « ac
F = ke (Cupay = Cw) = —De—3%

(S3.117)

T=asp

Lwp in Eq. S3.117 can be calculated via Eq. S3.115:

~ \/DE w(r5;) < cw,p(0)>

dr r=ag,

dCy
dr

w,p,asp S

= - D, —
e o (“sv\/a—)
r=asp
h (e J57)
s \%D,) (| Cp(0)
= oo Copag ==
IO Asp D_a

Rearranging Eq. S3.117 with Eq. $S3.118 gives the expression of C,,,

S
Il (asp _>
. ~ S Da ~ Cw,p (0)
ksp (Cw,p,asp - Cw) =D, ’D_a 5 <Cw,p,asp - s
a

(S3.118)

P, Asp *

(S3.119)

The surface to volume ratio of a cylinder is twice as much as the case of plane sheet and the

solute concentration change in cylindrical porous materials is given by:

ac 2
(4 ppKa) 52 = =F 4 = kop — (G0 = Gy (7 = a5 1))
Cyp _
at  Pag(e+p,Ky)

(53.120)
(CW () —Cuwp (r = Agp, t))

Next, the Laplace transformation of Eq. S3.120 is used:
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- 2 - -
SCyp — Cup(0) = kg m (Cw - Cw,p,asp) (S3.121)

Inserting Eq. S3.119 into Eq. S3.121 and rearranging terms finally yields the Laplace

transform solution for coupled film-intraparticle pore diffusion of cylinder:

s - [~ Cuwp®\ Cyp(0)
Cw_p=g5p<CW— W’; >+ W’;
S
1 (e 5c)
D,s
S
o Iy | asp D_a> 2k, (S3.122)
with g, = 7o
h(as 5;)
ksp + VvV DasppKd,b —S
to (@ 5,)

Two limiting cases may be considered:

1.lim kg, — co: This describes the case where external mass transfer resistance vanishes.

The denominator in Eq. S3.122 in this case simplifies to lim | kg, +

ksp—wo
ILlas, [
VDaSppKap f;% = ksp, which leads to:

Iy Asp E

N - (x  Cup(0)\ C,,(0)

Cwlp:gsp<CW— W’; >+ W’;

s
L (asp D_a> 9 (S3.123)

with ggp =/ Dgs s
toas f5)

2.lim D, — oo: This describes the case of a cylindrical particle with a uniform concentration

distribution (well mixed interior), where only the external boundary layer controls mass

transfer. Using Eq. S3.53 to determine the limit of lim DyS—/——

S
Pa to{asp [57)

yields:
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. a 1 S
pim, s\ 2% |D,
o\ Qsp D_a
S
b (e 77)
pim_/Das 3 (S3.124)
io(as 5;)
= lim D >
_Dalgqoo aszasp D_a
1
Easps
This finally leads to:
. - (s Cuwp(0))  Cyp(0)
cw,p=gsp<cw— ‘”‘; )+ ‘”‘;
1
X - 7asp5 stp
pim_ Jsp = 1 dos (53.125)
e ksp+7ppKd_basps sp
ksp

- 1
ksp + zppKd_basps

$3.8 Semi-analytical Laplace solution for coupled film-

intraparticle pore diffusion in a sphere

Fig. $3.7: Scheme of mass transfer limited by coupled film intraparticle pore diffusion in

spheres.

Intraparticle pore diffusion. The governing equation of intraparticle pore diffusion of

sphere (see Fig. S3.7) is:
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Cwp 0%Cy,p 20Cy,,

——==D =4 —— S3.126
at . [ oz "7 ar ( )

Boundary and initial conditions are:
Cup(r = asp,t) = Cupay, ($3.127)

¢

ar

Cwp(r,t=0)=C,,(0) Vr (S3.129)

where a, [L] denotes the radius of porous spherical particles.

The Laplace transformation of governing equations and initial conditions (Eqs. S3.126-
S$3.129) can be expressed as (more detail information of derivation was present in Liu et al.
(2022)):

~ d?¢ 2dC
SCwp — Cwp(0) — Dy [ dr‘ﬁ"’ - d“}f‘”] =0 (S3.130)
Cwp(asp) = Cupay, (53.131)
dCy,
| =0 (83.132)
r=0
Cop (@) = €y, (0) Vr (3.133)

Analytical solution of Eq. S3.130 can be expressed as (the derivation process can refer to the

case of intraparticle solid diffusion present in section S3.5):

ag, SN (TJDE> ( - cw,p(0)>  Cup(©)
)

C'W_,,(r,s)=7 = | Cwpay, ~ S (S3.134)

sinh (a 5
sp Da
Film diffusion. Assuming the solute mass release (or uptake) from the surface of the porous

spherical particle into the bulk water phase is additionally driven by diffusion through the

external boundary layer (65,) which does not store any solute mass, the continuity of the

mass flux density (F [M L2 T-1]) in Laplace domain also can be described with Eq. $3.117.
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dCyp
ar

in Eq. S3.117 can be calculated via Eq. $3.134, which yields:

r=ag,
: h(r)5:) o, (5)
dC,, g [s cosh(r |5 as, sinh (|- (~
- — I __2 er)asp
dr r=agp r Dasinh(asp Di) " sinh(asp Di)
a a
_Gwp(@ (53.135)
S
r=asp

S S 1 ~ Cw,p(O)
= D_aCOth Asp D_a —a—sp <CW,p.asp_ S

Rearranging Eq. $3.117 with Eq. $3.135 gives the expression of C,,,

D,Asp

~ ~ s s 1 - Cyp(0)
kg, (C —C,)=-D ’— th /— -— (¢ -
sp( w,p,asp w) e Da co Asp Da agp < w,p,asp S
kep+D.| |~ coth s)-Lle
sp e Da co Asp Da Gy w,p,asp
=p,| [ coth S B 21O 0
=D, D, co Agp D, 2 p spCw

/ S S 1 Cw,p (0) ~
_ De ( D_aCOth (asp D_a) - @) S + kspCW

Cw p.asp
HEsp S S 1
Ky + e [0t (a0 [5) = 7,

The surface to volume ratio of sphere is three times as much as the case of plane sheet and

the solute concentration change in spherical porous materials is given by:

¢ 3
(e + ppKa) a‘:‘p =—-FA°= kspa—sp(CW(t) — Cyp(r = asp,t))
S3.137)
0C,p 3 (
—— =kgy—F———(Cy(t) = Cy ,(r = agy, t
2 b (O o= .9)
Next, the Laplace transformation of Eq. S3.137 is used:
Séw,p - Cw,p (0) = ksp 2 (g T p Kd) (C~W - éw,p,asp) (S3.138)
sp P

Inserting Eq. S3.136 into Eq. S3.138 and rearranging terms finally yields the Laplace

transform solution for coupled film-intraparticle pore diffusion of spherical particle:

255



. ( - cw,,,(O))  Cup(©)

Cwp = Gsp S S

s s 1
O o e (35139

’ S S 1\ag,s
ksp + DappKd,b ( D—aCOth (asp D_a> - a—sp> sp

Two limiting cases may be considered:

with gg, =

1.lim kg, — co: This describes the case where the external mass transfer resistance vanishes.

The denominator in Eq. S3.139 in this case simplifies to lim <ksp+

ksp—>oo
DappKap (\/Dza coth (aSP\/DEa) — é)) = kgp, which leads to:

. [~ Cup(0)\ C,,(0)
CW’p = Gsp (Cw — WZ > + WZ
(G -\ 1\ 4 (53.140)
wi = —coth| agy |— | ——
Gsp “\ |D, P 1D, asp | asps

2.lim D, — oo: This describes the case of a sphere with a uniform concentration distribution

(well mixed interior), where only the external boundary layer controls mass transfer. Using

Eg. S3.85 to determine the limit of Dligqoo (Da (\/Dza coth (asp\/DEa) - a%p)) yields:

S

lim coth > L “7\ D

Im cot a - =

Dg—oo sp Da S 3
Clsp D_a

lim Dy| |- coth il
1m —CO a _— |-
pa~e || Da FPa) as (S3.141)

S
a —
1 sp\D D
= lim | \/Dgs + =
Dg—00 S 3 Agp
asp D_a
1
= g AspS
This finally leads to:
) - [~ Cup(0)\ Cyp(0)
Cup = Jsp (cw - )+ =
1
. ~ §a5p5 3ksp
pim Gsp = 1 dos (S3.142)
¢ ksp + gppKd,baspS P
k

sp

- 1
kg, + gppKd,basps
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$3.9 Model setups for batch experiments

$3.9.1 Model setups of Phenanthrene redistribution in spherical

microplastics with different sizes

In this example solid spherical microplastics (no intraparticle porosity) are modeled with
the coupled film-intraparticle solid diffusion model (FIPSD) in Laplace domain. Based on the
transfer function of FIPSD presented in Tab. 3.1 (main text), Phenanthrene concentrations in
bulk water phase (C,,) and in microplastics (Cpgy, Cpgp and Cpg3) in Laplace domain of the

three batch tests A-C are for

batch test A:

, s / S 1
) DPEKPE ( D_PECOth (aPEl D_PE> - aPEl) 3DaqShPE1
9drE1 =
DggShpes , S / S 1 2a, s
" 2app; + DprppeKpr ( D_pECOth (aPE1 D_PE) B aPEl)

m . C 0
Cw(0) + =72 Gren ”1‘?() (53.143)
w PE

(1 + mVL‘flgPEl) S

- _ ~  Cpg1(0)\  Cpg1(0)
Cpe1 = Jpe1 (Cw - ;El 3 ) + PE;
PE

Cw=

and for batch tests B-C:

S S 1
) DpiKes (\/ Dy Oth (am\/ D) ") 3DgqShers
9prE2 = D..Sh >
aq 2 lPE2 S S 1 2a5:5S
———+D K ( ’—coth(a —)— ) PE2
20557 PEPPERPE Dp PE2 Do Uria
S S 1
DpiKee (\/ Dy <ot (ars2 [ 577) ~ ) 3DgqShprs

gPEB = D. Sh 2
aq”PE3 S S 1 2a5:2S
———+D K ( ’—Coth(a —)— ) PE3
203 PEPPERPE Dp PE3 |Dpp Upgs

Cpg2(0) + Mpg3 ~ Cpg3(0)
Kee ' Vo P53 Kpg
Mpg

~ m ~
(1 + v, 2 Gpea + %gm‘s) s
CPEZ(O)) + Cpr2(0)

(S3.144)

MpEo ~
G0+ ‘})EZ 9rE2
C, = w

EPEZ = Jpre2 (C~w -

Kpg's s
~ - ~  Cpp3(0)\ Cpgs(0)
Cpe3 = Jpes (Cw - Kop s + S

Dpg [L2 T-1] denotes the Phenanthrene diffusion coefficient in polyethylene. Kpp [L3 M1] is
the partition coefficient between polyethylene and water. apg; [L], apg, [L] and apgs [L] are
the radii of PE1, PE2 and PE3, respectively. mpg, /V,, [M L3], mpg, /Y, [M L-3] and mpg3/V;, [M
L-3] denote the solid-to-liquid ratios of PE1, PE2 and PE3, respectively. Gpz1, §prz and Jpgs
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are the transfer functions of FIPSD in Laplace domain of PE1, PE2 and PE3, respectively.
Shpg1, Shpg, and Shpgs are Sherwood numbers of PE1, PE2 and PE3, respectively. Cpg,(0),
Cpg;(0) and Cpg3(0) denote the initial Phenanthrene concentrations in PE1, PE2 and PE3,

respectively.

The input parameters of the semi-Laplace solution for batch tests A-C are compiled in Tab.
S3.4. Based on Egs. S3.143 and S3.144, the unknown parameters are the partition
coefficients (Kpg) and Sherwood numbers (Shpgq, Shpg, and Shpg;), which are obtained by

fitting experimental observation data (here aqueous concentration measurements).

Tab. $3.4: Summary of input parameters for modelling of batch tests A-C.

Global parameters

Daqa DpEa PpPE
Parameters [m? s71] [m2s1] [kg L1]

Values 7.60E-10  1.60E-13 0.92

Batch specific input parameters

Qapg1 Mpg1/Viy Cy (0) Cpp1(0)

Parameters
[nm] (kg L] [ng L] [vg kg]
Batch test A 73 1.00E-3 110 0
a a Mpgo [V, Mpgs/V, c, (0) Cpp,(0) Cpr3(0)
Parameters PE2 PE3 prE2/ Yw PE3/ Yw w PE2 PE3
[um] [nm] [kg L] (kgL']  [pgL?] [ugkg?] [ugkg]
Batch test B 130 2086 1.11E-3 1.11E-3 2.94 0 4.60E4
Batch test C 130 2086 1.00E-3 1.00E-3 0.31 2.42E4 0

2 data from Seidensticker et al. (2017), at 25TC.

$3.9.2 Model setups of Anthracene d10 and Phenanthrene
redistribution in a mixed sediment suspension with passive

samplers

Here the sediment particles are assumed as porous spherical particles and the coupled film-
intraparticle pore diffusion (FIPPD) is used while only the external film diffusion is applied
to plane passive samplers (PE sheets) due to its large distribution coefficient (Kpz) and thin
thickness (dpr = 30 um). The Anthracene d10/Phenanthrene concentrations in bulk water
(Cw), PE sheets (Cp), fine sediment particles (C,, s, 1) and coarse sediment particles (C, s 2)

in Laplace domain of batch test D can be expressed as:
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Dyq
5o 7

Jrg = aq
- pPpreKprapgs
PE

, S [ S 1
Da ( D_aCOth (asp,l D_a) - Asp, > 3DaqShsp,l

9sp1 = D Sh = z
~aq-""sp.1 S — 1 ZaSPrls
Zasp,l + DappKd'b ( Da coth (asp,l Da) asp,l)

, S S 1
Da ( D_aCOth (aSp'Z D_a) B asp,2> 3DaqShsp,2

=

|

gSp'Z D Sh 2

sp.2 ’i sy_ 1 2ag, ,s

Zasp,z + DappKap ( D, coth (asp,z Da> . 2) sp. (S3.145)

mpp . Cpp(0) m
A Cw(0) + PEgPE I;?( ) ledegsplcwsp 1(0) + degSpZCwspZ(O)
Cy = i g

(1+ V gPE+ V degsp1+ V degspz)

~ _ (=~ Cpe(0)\  Cpg(0)
Cpe = JrE (Cw - Kop 5 + S
. . «~ Cuspr(0)\  Cusp,1(0)
Cw,sp,l =JYsp1 (Cw - ws;; ) + wsr;
~ - ~ Cwep2(0))  Cyp2(0)
Cw,sp,z = Ysp,2 (Cw WSZ; + WSI;

where apg [L], asp 1 [L] and agp , [L] denote the half thickness of PE sheets, radius of fine and
coarse sediment particles, respectively. mpg/V;, [M L3], mg,/V, [M L3] and mg,/V,, [M L-3]
denote the solid-to-liquid ratios of PE sheets, fine and coarse sediment particles, respectively.
Jpg denotes the transfer function of FD in Laplace domain for PE sheets. gy, ; and gy, are
the transfer functions of FIPPD in Laplace domain for fine and coarse sediment particles,
respectively. §pg, Shgp, 1 and Shg, , are film thickness of PE sheets and Sherwood numbers of
fine and coarse sediment particles, respectively.Cpg(0), Cy sy 1(0) and Cy,p,(0) are the
initial Anthracene d10/Phenanthrene concentrations in PE sheets, intraparticle pore water

of fine and coarse sediment particles, respectively.

The input parameters of the semi-Laplace solution of batch test D are listed in Tab. S3.5.
Based on Eq. $3.145, the unknown parameters are the partition and distribution coefficients
(Kpg, K3), intraparticle porosity (¢), film thickness of PE sheets (6pg), Sherwood numbers
(Shsp,1 and Shy,,) and the initial Phenanthrene concentration in sediment solids (Cg in;),
which may be obtained by fitting the model to the observation data (here measurement of

concentrations in PE).

Tab. §3.5: Summary of input parameters of semi-Laplace solution of batch tests D.

Global input parameters

a a
Parameters Dag Dpg PrE Ps apg Asp,1 Asp,2

[m?s?]  [m?s?]  [kgL?]  [kgL']  [pm] [um] [um]
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Values 7.60E-10 1.60E-13 0.92 2.7 15 3.5 37
Batch specific input parameters (solid/liquid ratios: SL = 0.15 and 0.30)
mPE/Vw md,l/Vw md,Z/VW Cw (0) CPE (0) Cw,sp,l (0) Cw,sp,z (0)
parameters  |kgLi  [kgL'] (kgL' (L] [eke)  [gL1]  [ugL-]

Ant-d10 SL=0.15 5.00E-3 0.075 0.075 0 227 0 0
Ant-d10SL=0.30 5.00E-3 0.15 0.15 0 227 0 0

Phe SL=0.15 5.00E-3 0.075 0.075 0 0 unknown? unknownb

Phe SL =0.30 5.00E-3 0.15 0.15 0 0 unknown? unknownb

2 data from Seidensticker et al. (2017), at 25T.

bunknown initial Phenanthrene concentrations in the intraparticle pore water of fine and

coarse sediment particles can be calculated from initial Phenanthrene concentration in

sediments (Cw,sp,l (0) = Cs,ini/Kd,b; Cw,sp,z (0) = Cs,ini/Kd,b)-

$3.10 Anthracene d10 and Phenanthrene concentration

changes in water
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Fig. $3.8: Anthracene d10 and Phenanthrene concentration changes over time in water (blue
lines) and PE passive samplers (polyethylene sheets dpr = 30 um; Anthracene d10: black
lines, symbols; Phenanthrene: red lines, symbols), fine particles (dg, 1 = 7 pm; green lines)
and coarse particles (dg, , = 74 pm; magenta lines) for two solid-to-liquid ratios (SL = 0.15
kg L1 (solid lines, left panel) and SL = 0.30 kg L1 (dashed lines, right panel)); for the solids,
concentrations are reported by their equivalent aqueous concentrations (Cy, pr = Cpg/Kpg;
Cw,sp1 = Cssp1/Kap; Cwsp2 = Cssp2/Kap for PE passive samplers, fine and coarse particles),

which has the advantage that at equilibrium between all phases all lines converge.

$3.11 Influence of different geometries of particles on

sorption/desorption Kinetics

Different geometric shapes of particles have different surface to volume ratios (Agp,/Vsp)
leading to different sorption/desorption behaviors. For better illustrating the impact of
surface to volume ratio on coupled film intraparticle pore diffusion model (FIPPD), short

term approximations of analytical solutions of external film diffusion (FD) and intraparticle
pore diffusion (IPPD) versus Fourier numbers (Dg, t/(V;p /Asp)z) can be used:

M 1 DgqShAg
Meq 2 ppKd,basstp
1 Sh

2)/ ppKd

M
= (14K, bSL) ————— for IPPD
Meq T[ppde

where M [M] and M., [M] denote the mass of solute, which has diffused into or out of the

(1+ Ky,SL)t

D,
(14 Ky,SL) —tz for FD

(S3.146)

particle after a certain time ¢t and after equilibrium was reached, respectively. Sh [-] denotes
the Sherwood number. SL [M L-3] is the solid-to-liquid ratio. y denotes the ratio of particle
radius over surface to volume ratio (e.g,y =1,2and 3 for plane particles, cylindrical

particles and spherical particles, respectively.).

In Fig. S3.9, sorption/desorption kinetics for pure spherical particles are fastest, followed by
cylindrical particles and slowest for plane particles, because of the higher surface to volume
ratio (Ag,/Vsp = 3/asp) of spherical particles compared to cylindrical particles (2/a,,) and
the plane sheets (1/ag,). At early times sorptive uptake/desorption rates are independent
on particle geometry and solely depend on the surface to volume ratio of a particle

(Grathwohl, 1998, see Fig. S3.9b) and this also applies to mixtures. The slightly different
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slopes of fines and coarse particles at early time are due to different mass transfer shifts in
the coupled film-intraparticle pore diffusion model (details see discussion for Fig. S3.10). If
instead of Ay, /V;, the radii or thicknesses are used to calculate dimensionless time (Fig.
S3.9a) differences in geometries become more obvious also for mixtures (e.g., faster
for cylinders:spheres = 1:1 or slower for mixed plane sheets:cylinders =1:1), but

differences are still within one order of magnitude in time.
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Fig. $3.9: Impact of geometry of particles on sorption/desorption kinetics of mixtures of
fines (dsp,fine = 40 um) and coarse particles (dgp coarse = 400 um) for solid-to-liquid ratio
(SL) of 0.001 kg L-1. (a): Mass sorbed or desorbed relative to equilibrium conditions (M /M)
vs. dimensionless time based on the radius (or half thickness of plane sheets; Fourier
number = D, t/ afp) for different geometries and mixtures of plane sheets (pl), cylinders (cy)
and spheres (sp). (b): M/M,q vs. time normalized to surface to volume ratio (Ag,/Vs,) of
different geometries. Dgq = 7.6 x 1010 m2 s1; po = 2.7 kg L'}, £ = 0.2; €445p = 1015 m2 53, v =
106 m? s1; K; = 1000 L kg (reference value). All simulations are based on coupled film-

intraparticle pore diffusion model.

Liu et al. (2022) showed how mass transfer shift of FIPPD from FD to IPPD gets delayed with
increasing distribution coefficient and intraparticle porosity and decreasing Sherwood
number (Egs. 2.28-2.31). While external mass transfer resistance dominates for longer time
(t) with the increase of grain size (seems like “delay”), mass transfer shift of FIPPD for coarse
particles presents reverse results (“acceleration”) in figure of M/M,, vs. dimensionless time
(see green and magenta lines in Fig. S3.10) because the time dominated by FD is normalized

by the total equilibration time of FIPPD where coarse particles take much longer time
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compared to fines and mass transfer shift occurs quite early for coarse particles (at very low
M/Mcq). Thus, for coarse particles mass transfer shifts earlier to IPPD and IPPD is
independent on the ratio of particle radius or surface to volume ratio (y) (see Eq. S3.146);
plane sheets, cylindrical and spherical particles show almost the same kinetics at early times
(magenta lines almost overlap); for fine particles, however, FD dominates at early time and
since FD is dependent on y this leads to deviations between various green lines seen in Fig.
S$3.10 (see SL =0.001 kg L1). Although kinetics for both FD and IPPD in the finite bath
accelerates with the increase of the solid-to-liquid ratio (see Eq. $S3.146), this is more
significant for the latter (IPPD) (discussed in section S3.12). Equilibration times reduce by a
factor of 25 times for fines and around 50 times for coarse particles at early time if SL
increases only by a factor of 10 (see Fig. S3.10 (right panel; deviations between green lines

and magenta lines become larger).

SL=0.001 kg L"! SL=0.01kgL"
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e
eq

green: fines
magenta: coarse particles
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- = =cylinder
—— sphere

4 6
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DtV /4 )* D thV /4 )*
aqg spsp aqg spsp

10° 10

Fig. $3.10: Mass sorbed or desorbed relative to equilibrium conditions (M/M,,) vs.

dimensionless time (Fourier number = Daqt/(VSp/Asp)z) of homogeneous samples of plane

sheet particles (dashed-dotted lines), cylindrical particles (dashed lines) and spherical
particles (solid lines) for two solid-to-liquid ratios (SL = 0.001 kg L1, left and SL = 0.01 kg L-
1, right) for fine (dgp fine = 40 pum, green lines) and coarse particles (dp coarse = 400 pm,
magenta lines), respectively. Dyq = 7.6 x 10-10m? s-1; po = 2.7 kg L'1; £ = 0.2; €445 = 1015 m2 s
3 v=10°m?2s?; K; =1000 L kgL. All simulations are based on the coupled film-intraparticle

pore diffusion model (FIPPD).
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$3.12 Solid-to-liquid ratio impact on equilibration time of

film diffusion and intraparticle pore diffusion

Solid-to-liquid ratio (SL) impacts on external film diffusion or intraparticle pore diffusion are
different, which can be mathematically illustrated by using their analytical solutions. The
analytical solutions of external film diffusion (FD) and intraparticle pore diffusion (IPPD)
(e.g., short term approximation) for spherical particles are given as:

M 3 Sh Dggt

== 1+ K;,SL for FD
Meq 2 ppKd,b ( @b ) a.%p
147
M o6 | (1+ Ky,SL) Dast ¢ 1pPD D
= —— for
Meq T[ppKd,b @b agp

For very strong sorbents (K;,SL > 1), the equilibrium time decreases 10 times for one
magnitude increase of solid-to-liquid ratio for film diffusion (K ;, actually drops out), while
the equilibrium time decreases 100 times for intraparticle pore diffusion (t here appears
under the square root and a maximum equilibration time occurs when K; , = 1/ SL (see Liu
et al,, 2022), thus large K, values would accelerate equilibration further). For moderate
sorbents (K, ,SLis close to 1), the solid-to-liquid ratio impact on mass transfer becomes
weaker and equilibrium time decrease is dependent on the variation of the “acceleration”
term (1 + K;,SL). For weak sorbents (K;,SL « 1), the solid-to-liquid ratio influence on
mass transfer can be neglected and the equilibrium time is independent on the solid-to-

liquid ratio (because 1 + K, ;,SL = 1).

$3.13 Sorption/desorption Kinetics in mixed samples of

strongly and less sorbing particles

Figure S3.11 illustrates sorption/desorption kinetics of three mixed samples where 100%,
10%, and 1% of the particles have distribution coefficients (K;) of 1000, 10000 and 100000,
respectively (keeping the overall K; constant = same average K;). If the fraction of sorbing
particles decreases to only 10% or 1%, then only these particle fractions carry the
contaminant leading to increased concentrations (Figs. S3.11a and b: dashed or dotted-
dashed lines); in this case sorption/desorption kinetics slows down at each step as expected
(Figs. S3.11a and b: dashed or dotted-dashed lines). This may be illustrated for film diffusion

N . M 3Sh{ 1
(kinetics at early times: =-— (— + SL)
Megq 2 pp \Kap

Dgqt

2
asp

by one order of magnitude (both are the same in Fig. S3.11a). If SL > 1/K, ;, (Fig. S3.11b) the

) where at each step 1/K; ;, and SL decrease
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faster kinetics are due to increasing SL. Generally increasing solid-to-liquid ratios accelerate

equilibration in batch systems as demonstrated by Fig. S3.11a (left panel: KL + SL = 2/1000)
d,b

compared to Fig. S3.11b (right panel:KL+SL= 1.1/100). Fine particles (green) seem
d,b

slower at early times than coarse particles (magenta) despite dimensionless time is used;
this is because mass transfer resistance dominated by film diffusion is more important for
fine particles than for coarse particles because of the grain size dependence of the Sherwood
number. We also note that this difference is more pronounced at large SL ratios (Fig. S3.11b)
although mass transfer shifts in principle should be independent on SL (Liu et al., 2022); this is
because the ratios of characteristic times or ratios of mass transfer resistances are approximations
at finite bath conditions (do not apply to the same M/M,,) and thus SL does not cancel out
completely and this results in slight differences between fines and coarse particles at early times

for SL = 0.01 kg L1 (see Fig. S3.11b).
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Fig. $3.11: Impact of the fraction of sorbing particles on sorption/desorption kinetics of
mixtures of fines (dgp rine = 40 pm) and coarse spherical particles (dsp coarse = 400 pm) for
two solid-to-liquid ratios (SL= 0.001 kg L1 (left) and 0.01 kg L1 (right panel)) for pure
(100%) and bi-modal mixtures of sorbing and non-sorbing particles with the same average
Kq (=Kgq,= 1000 L kg, solid lines); dashed lines: 10% of the particles carry the
contaminant (K; =10 X K; 4,,); dashed-dotted lines: only 1% of the particles carry the
contaminant (K; =100 X K; 4,,); M/M,,: Mass sorbed or desorbed relative to equilibrium
conditions vs. dimensionless time; Dy = 7.6 x 10-10 m2 s'1; po = 2.7 kg L'} € = 0.2; €44, = 10-
L5m2Zs3;v=10°%m?s?; K; = 1000 L kg1 (reference value). All simulations are based on the

coupled film-intraparticle pore diffusion model (more film diffusion limitation for fines slow
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down Kkinetics at early time).

$3.14 Sorption/desorption Kinetics in mixtures of different

grain sizes

In Fig. S3.12, sorption/desorption Kinetics in mixtures of two grain sizes (dsp rine = 40 pm;
dsp coarse = 400 um) with three mass fractions (10%, 50%, 90% fines) are compared to the
homogeneous cases containing either 100% fines or 100% coarse particles. Materials with
90% fines (Figs. S3.12a and b: blue diamonds) show similar kinetics as the sample
containing just fines (Figs. S3.12a and b: green solid lines). Fines dominate sorption kinetics
at early times and a quasi-steady state is reached between fines and water and equivalent
aqueous concentrations overlap indicating equilibrium (C,, fines = Cy; see Figs. S3.12¢ and
d). An important feature is an “overshooting” i.e., a rapid solute uptake by fines which
gradually decreases when coarse particles (Figs. S3.12c and d: dotted-dashed lines) slowly
take up the compound at late times leading to solute desorption from fines. The 50% mixture
at early times shows the typical increase in M/M., but shifts to much slower kinetics
dominated by coarse particles. Materials with only 10% fines follow closely the homogenous
coarse sample (Figs. S3.12a and b: magenta solid lines) at late time. Sorption/desorption
kinetics are quite sensitive to grain size distributions and as expected equilibration times

increase a hundredfold for one order of magnitude increase in grain size.
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Fig. $3.12: Impact of heterogeneous sorbent compositions on sorption/desorption kinetics
of mixtures of fines (dgp fine = 40 um) and coarse particles (dgp coarse = 400 um) for two
solid-to-liquid ratios (SL =0.001 and 0.01 kg L'); (a) and (b): M /M, vs. time (t) of bi-modal
material compositions of fine and coarse particles with 10% fines (red cross symbols), 50%
fines (black square symbols) and 90% fines (blue diamond symbols) as well as
homogeneous samples of pure fines (green solid lines) and pure coarse particles (magenta
solid lines); (c) and (d): changes in aqueous concentrations (symbols or solid lines) and
equivalent equilibrium concentrations in water for fines (Cy, fines = Cs fines/Kap, dashed
lines) and coarse particles (Cy, coarse = Cs,coarse/Kap, dotted-dashed lines) for the sorptive
uptake case (equilibrium if lines overlap); initial aqueous concentration C, ;,; = 100 pg L'%;
Dyq=7.6x1010m2s%; po =27 kg L} e=0.2; £45p = 1015 m2 s3; v = 10°m2 s, K; = 1000 L
kg1 (reference value). All simulations are based on coupled film-intraparticle pore diffusion

model.
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$3.15 Biased fitting of distribution coefficients in sorptive
uptake and desorption experiments with heterogeneous

samples containing strong sorbents

Considering the pollutant redistribution in two phases (water and solids) system where the

solid phase is a mixture of different sorbents the mass conservation equation is given as:
n
Myor = M,, + Z Mg (S3.148)
i=1

where my,, [M] denotes the total mass of pollutants in the system. m,, [M] and mg; [M] are

pollutant mass stored in the water phase and in the sorbent i, respectively.

Under equilibrium conditions, the “retardation” factor (R;) can be expressed as:

n

m mgi

Ry = ot _q 4 Z Kaip (53.149)
Mw i=1 w

The final equilibrium concentration in aqueous phase is:

c _ Mot
weq — n
Vy + Zi=1 Kd,imd,i

(S3.150)

In the following, we use the case of a mixed sample with fine weakly sorbing and coarse
strongly sorbing particles (case (i) in section 3.4.4 of the main text; the analysis also applies
to redistribution of PAHs in sediments and passive samplers) as an example to illustrate why
the K,; values obtained by fitting in sorptive uptake and desorption experiments may differ.
This example aims to demonstrate that kinetics of strong sorbents (particulate organic
carbon, char, coal, tire wear, microplastics etc.) in sorption/desorption batch experiments

may be masked if they are mixed with a fast sorbing fraction.

If in a sorptive uptake experiment (results shown in Figs. 3.6a-d of main text), initially all

solute mass is in water, then the mass balance equation is given as:

Meor = Cy iniVi
tot w,ini'w (53.151)
= Lweq (Vw + Kd,b,finesmd,fines + Kd,b,coarsemd,coarse)

where C,, in; [M L-3] is the initial solute concentration (Cy,;n; = 100 pg L1). Ky p, fines [L3 M1]
and Ky p, coarse [L? M1] denote the bulk distribution of fine weak sorbent and coarse strong
sorbent, respectively. my fines [M] and my coqrse denote the mass of fine weak sorbent and

coarse strong sorbent, respectively.
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The final equilibrium concentration (Cy,¢4) can be denoted as:

Cw,ini

o My, $3.152
1+ Kd,b,fineg % + Kd,b,coarse % ( )

Cw,eq =

The apparent average bulk distribution of the mixing sample (K;,,) (applied in both

sorption and desorption cases) can be calculated as:

Mot — Cw (t)Vw

(md,fines + md,coarse ) Cw (t)

Kapa (S3.153)
The equilibrium average bulk distribution of the mixing sample (Kgpaverage) can be

obtained by replacing C,, (t) with Cy, .4 in Eq. $3.153.

Owing to much slower sorption Kinetics of coarse strong sorbent, the fine weak sorbent
dominates the mass transfer at early times and a quasi-steady state may be observed, where
the solute concentration in aqueous phase becomes:

Cw,ini

Cw.eq.quasi = My fines (S3.154)
1+ Kd,b,fines T

The ratio of the equilibrium concentrations in aqueous phase due to the contributions of fine
and coarse sorbents (ACy, fines/ACw coarse) Can be determined (e.g., taking a mixture of fine
particles (K; =1000 L kg1) containing 1% coarse particles (K; =100 000 L kg!) (orange

symbols and lines in Figs. 3.6a-d in main text)):

Cop i — Cw,ini
w,ini 1+ K . md,fines
ACw,fines d,b,fines VW
ACw,coarse Cw,ini _ Cw,ini
md, ) md‘ i md‘
1+ Kd,b,fines VC:HES 1+ Kd,b,fines 7‘/37125 + Kd,b,coa‘r‘se %
ne
100 “Tg B 100 4 ] (S3.155)
L -3K8
~ 1+1000 2+ 107 2 99%
100 18 100 L2
L _3kg B L _s3kg L kg
1+100075 510732+ 99% 1+ 1000155 10732+ 99% + 100000 12+ 1073 12+ 1%
=3

Thus, the aqueous concentration decrease caused by fines is three times larger than
concentration decrease caused by coarse particles (see Fig. 3.6c in main text) for a solid-to-
liquid ratio of 0.001 kg L-1. This increases with solid-to-liquid ratio and for SL = 0.01 kg L1
(see Fig. 3.6d in main text) the ratio (ACy, fines/ACw coarse) becomes already 21; here the
mixed sample with 1% coarse particles shows almost the same sorptive uptake kinetics as
the sample containing only fines (see Fig. 3.6b in main text). In such cases, the short term

behavior mainly reflects the distribution coefficient of the fine weak sorbent (Kgp fines)
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while Kinetics of the coarse strong sorbent (K p coarse) Would be masked especially at large

solid-to-liquid ratios (see Figs. S3.13c and d, sorption case).

In a desorption experiment (results shown in Figs. 3.6e and f in main text), the initial solute
mass is stored in fines and coarse sorbents (in equilibrium with each other). The mass

balance equation is given as:

Mior = Cw,p,ini (Kd,b,finesmd,fines + Kd,b,coarsemd,coarse)
(S3.156)

= Cw,eq (Vw + Kd,b,finesmd,fines + Kd,b,coarsemd,coarse)

where Cy,, ini [M L3] is the initial solute concentration in the intraparticle pore water
(Cw,p,ini =100 pg L1).
The final equilibrium concentration of desorption experiment can be expressed as:

My fines My coarse
w,p,ini \8d,b,fines ,b,coarse

Cw,p,ini (Ka,bfi vt Kap A,

w w

C =
w.eq 1+K md,fines +K md,coarse
d,b,fines Vv d,b,coarse 1%
w w

(S3.157)

For the fines, the quasi-steady state aqueous concentration becomes:
md,fines
Cw,p,inin,b,fines Vv
w

Cw,eq,quasi = L+ K Mg fines
d,b,fi
fines Vw

(S3.158)

The ratio of the concentration changes in aqueous phase due to the contributions of fines
and coarse particles (ACy, fines/ACw, coarse) also can be determined (taking the mixture
containing 1% coarse particles as an example (orange symbols and lines in Figs. 3.6e and f in

main text)):

m, .
Cw,p,inin,b,fines d],}‘mes
my, fi:zves
ACy, fines 1+ Kqp fines 7,
- My ri m, M, r:
ACW,coarse Cw,p,ini (Kd,b,fines d];‘mes + Kd,b,coarse d,‘c/oarse) Cw,p,inin,b,fines d‘,}‘mes
Ty ) w — .
1+ Kb fines d‘;‘mes + Ky pcoarse d,Ic/oarse 1+ Kap,ines d];mes
w w w
L 3k
100 “Tg*wook—g*w 328 999 (S3.159)
1+ 1000k—]é* 10-358 ., 9994
= - L _
100 4« (10001%g £10-3 554999 + 1000001(% +103 38« 106) 100 L~ 1000](_‘%* 10358 9995
k K - "
1+ 10001(£g * 1073 Tg *99% + 100000k£g * 1073 Tg * 1% 1+ 1000](—];; * 10_3Tg * 9904
=3

For higher solid-to-liquid ratios (e.g., SL = 0.01 kg L1, see Fig. 3.6f in main text), ACy, fines/
ACy, coarse would again amount to 21. Unlike in sorptive uptake experiments, the initial
concentration in the solids usually is measured in total (e.g., by accelerated solvent
extraction). If the initial concentration is fitted from experiment data (as in test D see section

3.4.2 of main text), it again reflects only the less sorbing fine fraction and the concentration
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in coarse particle is underestimated (much less than value obtained from ASE). This also
applies to fitted concentration in intraparticle pore water (Cy, ;) and finally K, values,
which would be too low. The distribution coefficient based on extraction of the total sample

is given as:

Cw,p,ini (Kd,b,finesmd,fines + Kd,b,coarse md,coarse)

= Cw,eq,quasi (Vw + Kd*,b,finesmd,fines) (53 160)

Cw,p,ini (Kd,b,finesmd,fines + Kd,b,coarsemd,coarse) Vw

*
Kd,b,fines -

Cw,eq,quasiMd,fines My fines

where Kj j, rines [L3 M1] denotes the fitted distribution coefficient of fines based on the initial
solute mass obtained from extraction. If only the solute mass stored in fines is considered,
the solid-to-liquid ratio of fines is:

Cw,p,iniKd,b,finesmd,fines = Cw,eq,quasi(Vw + Kd,b,finesmd,fines)

Vi (Cw,p,ini - Cw,eq,quasi) (S3.161)

= Kd,b, fines C
Mg fines w,eq,quasi

Inserting Eq. S3.161 into Eq. S3.160, the distribution coefficient of fines based on extraction

can be simplified as:

K* - K Cw,p,ini md,coarse K
d,b,fines — Dd,b,fines + C d,b,coarse
w,eq,quasi md,fines

L 10058 19

L L
= 1000 — + —= 100000 — $3.162
kg 50 L€ " 99% ke ( )
— 3000 —
- »

K4 b fines is three times of K j, rines for SL = 0.001 kg L (Kg p, ines = 2110 L kg! for SL = 0.01

kg L1) if 1% of coarse strong sorbent is considered.

The deviations of distribution coefficient between sorptive uptake experiment (Kgp fines)

and desorption experiment (Kg j, rines) are:

Cw,p,ini md,coarse

AKd,b,fines = Kd,b,coarse (S3.163)

Cw,eq,quasi md,fines

K b coarse €an only be determined if the mass of coarse strong sorbents is known (e.g., using

density separation method to determine the strong sorbents).

The biased distribution coefficient (AKg p, rines) between sorption (Kg p rines) and desorption
(Kap,fines) for short time (e.g., few days) batch experiments are confirmed by our modeling
results (see Figs. S3.13c and d) for time scales of days to weeks. Equilibrium conditions are
achieved after long time periods of a few years (see Figs. S3.13e and f) which usually never is

covered in batch tests in the lab. These modelling results show how fitted parameters (e.g.,
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initial compound mass (m;,) and K, values) from desorption experiments could be
underestimated compared to independent measurements if majority of solute mass is stored
in coarse strongly sorbing particles (see Phenanthrene redistribution in sediment

suspension with passive sampler results in section 3.4.2 of main text).
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Fig. $3.13: Impact of heterogeneous sample composition on sorption/desorption kinetics
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for a mixture of fines particles (dsp rine = 40 pm) with low sorption capacity (K; = 1000 L
kg1) and coarse particles (dgp,coarse = 400 pm) with high sorption capacity (K; = 100 000 L
kg1) for two solid-to-liquid ratios (SL = 0.001 and 0.01 kg L-1); solid green and magenta
lines represent fine and coarse pure particles (homogeneous sample) while symbols
represent the mixtures, which are slower than the coarse particles alone. (a) and (b):
Aqueous concentration (C,,) vs. time (t) of pure (solid lines) and bi-modal material
compositions of fine and coarse particles with 1% coarse particles (orange circles), 10%
coarse particles (blue diamonds) and 50% coarse particles (black squares); (c) and (d):
Short term behavior of apparent distribution coefficient (K; ;) vs. time (t) for the cases of
fines (green lines) containing 1% coarse particles (orange circles); (e) and (f): Long term
behavior of apparent distribution coefficient (K;j,,) vs. time (t). Fitted distribution
coefficients  differ between sorptive uptake (Kgp fines) and desorption experiments
(Kap,fines) at short to intermediate time scales (c and d) and very long time periods are
needed until they converge to the final equilibrium average distribution coefficient
(Kap,average); Dag=7.6 x10-10m2 s1; po = 2.7 kg L1; € = 0.2; £4;5p = 1015 m? s73; v = 10-6 m?

s1; all simulations are based on coupled film-intraparticle pore diffusion model.
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S4 Supplementary information for modeling of
particle/gas distribution Kinetics of polycyclic
aromatic hydrocarbons (PAHs) in the atmosphere:

Relevance of mass transfer resistance shifts

S4.1 Molecular mass, octanol-air partitioning coefficients

and supercooled liquid vapor pressures of PAHs

Tab. S4.1: Physical and chemical properties of PAHs (from Lei et al., 2002; Odabasi et al,,
2006)

PAHs Structure Molar mass LogK,, at LogPp at
(# of rings) [g mol-1] 25°C 25°C [Pa]
Naphthalene (Nap) 2 128.17 4.81 1.56
Acenaphthylene (Acy) 3 152.20 6.33 0.35
Acenaphthene (Ace) 3 154.21 6.51 0.18
Fluorene (FI) 3 166.22 6.89 -0.23
Phenanthrene (Phe) 3 178.23 7.67 -1.07
Anthracene (Ant) 3 178.23 7.71 -1.11
Fluoranthene (Flu) 4 202.26 8.75 -2.23
Pyrene (Pyr) 4 202.26 8.81 -2.21
Benz[a]anthracene (BaA) 4 228.29 10.28 -3.45
Chrysene (Chr) 4 228.29 10.29 -3.89
Benzo[b]fluoranthene (BbF) 5 252.32 11.33 -4.79
Benzo[k]fluoranthene (BKF) 5 252.32 11.36 -4.82
Benzo[a]pyrene (BaP) 5 252.32 11.55 -5.03
Indeno[1,2,3-cd]pyrene (InP) 6 276.34 12.42 -5.96
Dibenzo[a,h]anthracene (DBA) 5 278.35 12.58 -6.12
Dibenzo[a,h]pyrene (DahP) 6 302.37 12.58 -6.12
Benzo[g,h,i]perylene (BghiP) 6 276.33 12.54 -6.09

Tab. S4.2: Parameters 4,, B,, b, and m;, for temperature correction. (from Lei et al., 2002;

Odabasi et al., 2006)

PAHs A, B, b; my

Nap 1.57 965 11.39 -2930
Acy -1.97 2476 9.93 -2855
Ace -2.20 2597 10.17 -2979
FI -2.61 2833 10.61 -3233
Phe -3.37 3293 11.43 -3726
Ant -3.41 3316 11.47 -3750
Flu -4.34 3904 12.47 -4382
Pyr -4.56 3985 11.70 -4146
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BaA -5.64 4746 10.87 -4269

Chr -5.65 4754 13.87 -5294
BbF -6.40 5285 12.48 -5148
BKF -6.42 5301 12.50 -5165
BaP -6.50 5382 12.59 -5252
InP -7.00 5791 13.13 -5691
DBA -7.17 5887 13.31 -5794
DahP -7.17 5887 13.31 -5794
BghiP -7.03 5834 13.15 -5737

S4.2 Apparent distribution coefficients of external film

diffusion under non-equilibrium condition

Apparent bulk distribution coefficients (K,4p,) are quite often used in comparison of
sorption kinetics data from different scenarios, because the sorptive uptake data to some
extent is independent on solid to volume ratios (mg/V;, which is equivalent to the
concentration of total suspended particles (TSP) in gas phase). Many research papers show
inconsistencies between measured bulk distribution coefficients (Kpg 5 4) and equilibrium
bulk distribution coefficients (K4 ) derived either from octanol-air distribution coefficients
(K,q) or subcooled liquid vapor pressures (P) of targeted compounds. This indicates non-
equilibrium condition and sorption kinetics may play a role (Mu et al., 2014; Ma et al., 2020;
Parnis et al., 2020; Zhao et al., 2021). Often deviations in slopes (much less than 1; slope (m
=1) in empirical relationships (e.g., logK,g5q = m*logK,q+ b or logK,,pq = -m*logP+ ¢
where b and c are constants.) are observed and finally a maximum distribution coefficients
obtained (= constant Ky, ,) independent on the compounds’ K,, or P/. Such a plateau is
well explained by the external film diffusion model (FD) whose analytical solution for porous

spherical particles (see Liu et al., 2022) is given as (for sorptive uptake):

C

P -1 ( kS (1 +K md) t) (S4.1)
=1—exp|-— — b .
Cpeq Kpg.b Pp d pob Vg

where C, [M L-3] and C, .4 [M L-3] denote the pollutant concentration in suspended particles
at time t and at equilibration, respectively. d [L] is the grain size of the particles. k [L T-1] is
the first order mass transfer velocity (k = D;/6; Dy [L2 T-1] is the gaseous diffusion
coefficient of the pollutants and § [L] is the external film thickness of suspended particles,
which can be estimated via dimensionless Sherwood numbers (Sh= d/§; for spherical
particles Sh> 2). p, (= ps(1 —¢)) [M L3] is the bulk density of the suspended particles
where pg [M L-3] and € [-] denote the dry density and intraparticle porosity of suspended
particles, respectively. K5, (= Kpg + €/pp) [L3 M1] is the distribution coefficient between
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gas and porous suspended particles, which also considers the pollutant mass stored in the

intraparticle pore space.

The relative distribution coefficients are defined as ratio of apparent distribution coefficients

K} g,b,a to the equilibrium distribution coefficients:

K Cp/Cy
pg.b,a — / p/ p.eq (54.2)
Kpg:b p eq/ g.eq C / g.eq

where C; [M L-3] and C; ., [M L-3] denote the pollutant concentration in gas phase at time t

and at equilibration, respectively.

The numerator of Eq. S4.2 can be expressed by Eq. S4.1 and the denominator of Eq. S4.2 can
be determined by considering mass conservation where all pollutant mass initially is stored

in gas phase.

CgoVy = Cgeq(Vg + KpgpMa)
mq S4.3
Cg0 = Cgeq(1 + Kpgp 79) ( )

Realizing that (Cyo — Cyeq) V; represents the mass sorbed under equilibrium condition

(Cp,eq¥y) and (Cy o — Cy) V; equals to (C, V) leads to:
Cy0—C k6 m
90~ g d
————=—=1-—exp (— — <1 +Kygp —> t> (S4.4)
Cg0 — Cgreq Kpgp Pp d T

Inserting Eq. S4.3 into Eq. 54.4, C;/C; o4 becomes:

o _14k,,,M ( k6 <1 +K md) t> (54.5)
= p——exp|— — b .
Cg.eq PI7 Y, Kpgp Py d Pev Y,

Putting Eq. S4.1 and Eq. S4.5 into Eq. S4.2 leads to relative distribution coefficients:

k 6
e (B (111, )e)
Kzog,b,a= *P Kpgp Pp d b7

K. my k 6 ( ) )
pab 14K, ,—Le (—— 1+K
Pob *p Kpgp Pp d Pab T,

(S4.6)

e my _ my
In the infinite bath (K 7, Klorf(= Kpgzmd) > 1), 1+ Kpgp 7, approaches to 1 and the

term (Kpg p—2exp ( k (1 + Ky d) t)) can be neglected, which leads to:
Kpgb Pp d

K k 6
—boba _ 9 _ exp <— —t) (54.7)
Kpgb pg.b Pp d

Note that 1-exp(-x)~x when x is small. K, 4, , at early time in infinite bath can be expressed
by:
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6
pgba = k—p t (54.8)
14

QU

In this case K4, becomes independent on compound properties (besides Dg) and TSP.

mq

In case the sorbent takes it all (“infinite sorption”) (Kpg,b% »>lorf K1),1+ Kpg’bV_
g g

kK 6 .
approaches to K, 24 and the term (Kpg b ﬂexp (— — (1 + Kpgp ﬂ) t)) is much
" Vg " Vg Kpgp ppd " Vg

larger than 1, which leads to:

Kpgpa

= (54.9)
Kpgp _p 0 Mg
90 Kogo e o, )
At early times, K, 4 5, , in the infinite sorption case can be expressed by:
-2t
K Po @
pg.ba 6 my (54.10)
exp (—k = t)
ppd Yy

In this case, K, depends on the airborne particle concentration (TSP ormg;/V;) in

contrast to the infinite bath (Eq. S4.8).

LogK,gp,a Vs LogKy,,, curves of external film diffusion under different particle
concentrations (TSP = 20 or 200 pg m-3) with different contact times (t = 1e2, 1e3, 1e4 and
1e5 s) are presented in Fig. S4.1. At early times (t = 100 s), particle concentrations (TSP)
have not much influence on FD (see red lines in Fig. S4.1), while with increasing TSP higher
LogKp g .o values are obtained at late times (¢t = 1e3 and 1e4; see green and blue lines in Fig.
§4.1) especially for compounds with large LogKp, ,- FD shows a slope of 1 for compounds
with small Logk,,, , as well as a maximum LogK,,,, . domain for compounds with large
LogK, 4, at early times. With the increase of contact times, higher degree of equilibration is
reached, and the slope gradually shifts to 1 even for compounds with large LogK,, , at late

times.
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2 ‘ ‘ ‘
solid lines: TSP =20 ;g m™
dashed lines: TSP =200 pg m™
L —i=tle2s---t=1le2s
t=1e3s t=1e3s
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Q
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Fig. $4.1: LogK,, p 4 Vs. LogK),, , of external film diffusion at different times (increasing from
bottom to top). (Dy = 6e-6 m? s;Sh=2;d=25um;k =DySh/d =48 m s, TSP =
mg/V; = 20 or 200 pg m>; p; = 1.8 kg L''; £ = 0.05)

S4.3 Apparent distribution coefficients of intraparticle pore

diffusion under non-equilibrium condition

The analytical solution of intraparticle pore diffusion in finite bath for spherical particles is
given as (Crank, 1975):
66(f+1)

M 1 N [ 2 Da t] (S4.11)
=1- ——————exXp|—qn— .
M, 419+ 9B + q;B? " a?

where M [M] and M., [M] denote the mass of pollutants, which has diffused into or out of

suspended particles after time ¢ and after equilibrium is reached, respectively.

For sorptive uptake scenarios, C,/Cp q can be expressed by Eq. S4.11 and C;/Cg .4 also can

be determined by accounting for the mass conservation (Eq. S4.3):

b _ <1+ 1) L G (S4.12)
Cg,eq 'B B Cp,eq .

Thus, the relative distribution coefficients of intraparticle pore diffusion become:
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CP CP
Kpg,b,a — CP'eq — CP'eq
K C ( 1 1 G
pgb . 1+ )
Cg,eq B ﬁ p.eq

Ly 665 + 1) D, (54.13)
_ T By i A
(147) -7 (1 -2 dopgmen - e])

In the infinite bath condition (f > 1), series expansion solution (Eq. S4.11) can be simplified

as:

,D
=1-— 2 €XP [—n a—t] (S4.14)

For short term approximation, square root of time solution can be used.

M D,t

y - (S4.15)
eq

Inserting Eq. S4.15 into Eq. S4.13 and D, is estimated via Eq. 4.12 in the main text. K, 4

becomes:

DK,
K, =6 |22opabt (54.16)
pg' ’ naz
For long term approximation, first term of series expansion can be utilized. Similar to short

term case, Kp 4 o can be expressed by:

Koyna = [1-— %\« $4.17
pgba = 72 XP Kpgp @2 pg.b (54.17)
In the infinite sorption case (f < 1), we could modify the square root of time in finite bath

(Eqg. 4.14 in main text) as:

D,t

6 (54.18)
My, B ma?

Inserting Eq. S4.18 into Eq. S4.13, short term approximation of K4 5, , in the infinite sorption

case can be expressed by:

Cp
K C 2
pgba _ p,eq Ta (when t is small)
3BT, /naz (54.19)
D,K,,pt
K ~ oy,
pg,b,a naz
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For long term approximation of infinite sorption, first term of series expansion solution (Eq.

S4.11) can be simplified as:

M 2 , Dy
T 1- §,8exp [—n ﬁt] (54.20)
eq
Thus, K, p,q is given as:
C
p 2 2D
Kpgba _ Cpeq  _ 1 —3pexp [—n a_gt]
Kpgp 1 _1 CCP %exp [—nz %t]
BB et ; (54.21)
_2£ 9 _g2Za
K _Kg'b 3mdexp[ T azt]
pg.b,a —

In summary, for infinite bath condition (8 > 1) of IPPD, Ky, 4 is independent on particle

concentration (TSP); this also applies for the infinite sorption case (f « 1) at early times

Only at late times the particle concentration (TSP) shows a minor effect.

2 ‘
solid lines: TSP =20 ug m™
dashed lines: TSP =200 zg m™
17 —t=le2s---t=1els
t=1e3s t=1e3s
—t=1leds---t=1leds

Or —t=leS5s---t=1leSs

-1 0 1 2

5 4 3 2
LOngg,b [m3,u.g’l]

Fig. $4.2: LogK,pq Vs. LogKy,, of intraparticle pore diffusion at different times (time

increase from bottom to top). (Dy = 6e-6 m? s';d = 2.5 um; TSP = m, /V, = 20 or 200 pg m

3 ps = 1.8 kg L!; € = 0.05; n = 5000 in Eq. S4.13)
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S4.4 Apparent distribution coefficients derived from semi-
Laplace solution for coupled film-intraparticle pore

diffusion

solid lines: TSP =20 pig m™
dashed lines: TSP =200 pg m™

Lt —t=le2s---t=1le2s
t=1le3s t=1e3ds
—t=1led4s---t=leds

0 —t=1leSs---t=1e5s P

s 4 3 2 a0 1 2
LOngg,b [m3,u.g'1]
Fig. $4.3: LogKp g p o VS. LogK, 4, of coupled film-intraparticle pore diffusion at different
times (time increase from bottom to top). (Dy = 6e-6 m? s'; d = 2.5 um; TSP = m, /V; = 20

or 200 pg m3; pg, = 1.8 kg L!; € = 0.05)

S4.5 PAHs emission from oils combustion

Tab. S4.3: PAH concentrations (inpug m3) in gaseous and particle phases from fuel
combustion (condensate, diesel and heavy oil) as well as information of sampling
temperature (T; in unit of K), airborne particle concentration (TSP; in unit of pg m-3), organic
carbon content (f,,,), elemental carbon content (f,.) and specific surface area of elemental

carbon (a,.; in unit of mz g-1). (Data from Yin et al., 2022)

Condensate Diesel Heavy oil
PAHs Particle Particle Particle
Gas phase phase Gas phase phase Gas phase phase

Nap 2.9840.27 0.21+0.05  9.04+1.53 0.1840.05  12.26+0.25 0.29+0.03
Acy 0.39+0.07 0.07+£0.02  0.90%+0.01 0.36x0.01 2.08+0.29 0.6310.16
Ace 0.29+0.07 0.09+0.02  0.294+0.03 0.02+0.00 0.17+0.03 0.14+0.04
FI 0.44+0.03 0.10+0.03  0.294+0.12 0.25140.05 0.3940.05 0.39+0.00
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Phe  0.9140.06 0.35+0.04 0.58+0.11  2.00+0.24  0.59+0.01  4.14+1.19
Ant  0.09+0.00 0.0640.01  0.08+0.00  0.62+0.07  0.0840.02  1.134+0.31
Flu  0.2940.04 0.73+0.02 02140.05 3.09+0.89  0.21+0.00  6.95+0.05
Pyr  1.1740.46 121+0.27 1.3840.07 3.9940.98  0.93+0.10  7.86+0.92
BaA  0.1240.02 0.53+0.11 0.1340.01  1.35+0.41  0.08+0.02  3.76+0.48
Chr  0.1240.03 0.68+0.09 0.1740.04 1.61+0.37  0.10+0.00  5.78+0.24
BbF  0.1340.01 0.3940.05 0.1140.00 1.06+0.06  0.09+0.03  2.32+0.74
BKF  0.0840.00 0.49+0.04 0.07+0.00  1.44+0.04  0.09+0.05  2.69+0.63
BaP  0.114+0.01 0.71+0.18 0.0940.00  2.28+0.02  0.06+0.00  4.04+0.75
InP  0.0840.01 0.90+0.01  0.0740.01  2.13+0.18  0.04+0.01  4.15+1.30
DahP  0.0840.00 0.06+0.01 0.0840.02  0.15+0.00  0.05+0.01  0.65+0.05
BghiP 0.0640.01 0.64+0.15 0.04+0.01  1.44+0.18  0.04+0.01  2.63+0.54
Total 7.34+1.05 7.22+1.10 13.56+2.01 22.00+3.55 17.26+0.88 47.53+7.43
TSP 315750 280147 380817

T 305.15 305.15 305.15

fom 0.30 0.50 0.65

foc 0.41 0.65 0.32

o 38.1 38.1 38.1

Tab. S4.4: LogK,, (in unit of m3 ug1) values of 16 EPA PAHs based on the absorption and

dual mode models.

Condensate Diesel Heavy oil

PAHs Measured Absorption Dual Measured Absorption Dual Measured Absorption  Dual

model model model model model model
Nap -6.651+0.07 -7.70 -6.37 -7.154+0.05 -7.48 -6.16 -7.214+0.04 -7.36 -6.44
Acy -6.241+0.05 -6.29 -5.31 -5.8440.01 -6.07 -5.10 -6.10+0.05 -5.95 -5.34
Ace -6.031+0.05 -6.12 -5.16 -6.5240.05 -5.90 -4.96 -5.6610.05 -5.79 -5.19
FI -6.16%0.10 -5.76 -4.83 -5.5240.10 -5.54 -4.62 -5.5840.06 -5.42 -4.85
Phe -5.91+0.02 -5.01 -4.14 -4.914+0.03 -4.79 -3.94 -4.7340.12 -4.68 -4.16
Ant -5.68+0.07 -4.98 -4.11 -4.57+0.05 -4.75 -3.90 -4.4340.01 -4.64 -4.12
Flu -5.10+0.05 -3.98 -3.18 -4.2840.02 -3.76 -2.98 -4.06+0.00 -3.64 -3.18
Pyr -5.4840.08 -3.93 -3.18 -4.9940.09 -3.71 -2.97 -4.6610.00 -3.60 -3.17
BaA -4.8610.02 -2.52 -2.04 -4.4340.10 -2.30 -1.83 -3.9340.06 -2.18 -1.95
Chr -4.7440.05 -2.50 -1.81 -4.4840.00 -2.28 -1.61 -3.814+0.02 -2.17 -1.79
BbF -5.024+0.02 -1.51 -0.98 -4.4640.02 -1.29 -0.78 -4.1940.01 -1.18 -091
BKF -4.71+0.04 -1.48 -0.95 -4.1610.01 -1.26 -0.75 -4.1240.17 -1.15 -0.88
BaP -4.67+0.07 -1.30 -0.78 -4.0510.00 -1.07 -0.57 -3.731+0.08 -0.96 -0.70
InP -4.4740.05 -0.46 0.01 -3.9540.03 -0.23 0.21 -3.561+0.03 -0.12 0.11
DahP  -5.58+0.07 -0.31 0.15 -5.1840.11 -0.09 0.35 -4.45+0.05 0.03 0.25
BghiP  -4.4840.03 -0.34 0.12 -3.9440.06 -0.12 0.33 -3.7710.02 -0.01 0.22
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Fig. $S4.4: Measured apparent gas/particle bulk distribution coefficients (LogK,gpq) Vs.
equilibrium bulk gas/particle distribution coefficients (LogK,, ;) based on absorption model
(open circle symbols) and dual model (solid circle symbols) for PAHs emissions from three
fuels (condensate (red), diesel (blue) and heavy oil (black).). The dashed black line denotes a
1:1 relationship.

S4.6 Domestic heating impacts on particle/gas partitioning

of PAHs in a northern urban city of China

Tab. S4.5: PAHs concentrations (in unit of ng m-3) in gaseous and particle phases sampling in
a northern city of China (Yuncheng) as well as information on sampling temperature (T in K),
particle concentration (TSP inpg m-3), organic carbon content (f,,), elemental carbon
content (f,.) and specific surface area of elemental carbon (a.;; in unit of m2 g1) by

considering the diurnal variation as well as the impact of domestic heating (Data from Sun

etal, 2022).
Non-heating Heating
PAHSs Day Night Day Night
Gas Particle Gas Particle Gas Particle Gas Particle
phase phase phase phase phase phase phase phase
Nap 7.57 3.66 9.13 3.33 10.18 2.89 34.99 2.77
Acy 0.56 0.69 2.11 0.64 4.28 1.12 30.74 1.33
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Ace 0.75 0.26 1.44 0.25 1.42 0.24 4.71 0.25

FI 4.80 0.33 7.64 0.36 20.65 0.60 26.97 0.83
Phe 8.07 1.48 9.49 1.39 26.24 5.10 30.21 7.53
Ant 0.50 0.26 0.60 0.34 2.04 0.83 3.16 2.12
Flu 2.70 2.80 2.71 2.95 8.15 12.61 6.14 22.57
Pyr 1.30 4.76 1.62 4.41 3.93 11.43 3.01 18.93
BaA 0.05 0.86 0.08 1.87 0.04 5.98 0.05 14.49
Chr 0.16 1.57 0.17 2.55 0.05 7.77 0.05 13.88
BbF 0.03 2.39 0.03 3.97 0.03 9.65 0.03 17.40
BKF 0.02 0.71 0.02 1.11 0.02 2.24 0.02 4.27
BaP 0.04 1.16 0.04 2.18 0.04 4.22 0.04 9.62
InP 0.05 1.73 0.05 2.76 0.05 5.08 0.05 9.48
DBA  0.05 0.62 0.05 0.83 0.05 1.44 0.05 2.61
BghiP  0.04 1.63 0.03 2.49 0.03 458 0.03 8.79
Total 2669 2491 3521 3143 7720 7578 14025 136.87
TSP 56.69 66.19 75.73 82.76

T 286.15 275.15 279.15 265.15

fom 0.36 0.33 0.37 0.46

foc 0.06 0.07 0.08 0.09

Qe 100 100 100 100

Tab. $4.6: LogK,, (in unit of m3ug1) values of 16 EPA targeted PAHs based on absorption

model and dual model.

Non-heating Heating
PAHs Day Night Day Night
Measured Absorption  Dual Measured Absorption  Dual Measured Absorption  Dual Measured Absorption  Dual
model model model model model model model model
Nap -2.07 -7.41 -6.23 -2.26 -7.31 -5.83 -2.43 -7.31 -5.90 -3.02 -7.04 -5.38
Acy -1.66 -5.67 -5.10 -2.34 -5.36 -4.72 -2.46 -5.44 -4.79 -3.28 -4.88 -4.27
Ace -2.21 -5.48 -4.93 -2.58 -5.15 -4.54 -2.65 -5.24 -4.61 -3.19 -4.65 -4.07
FI -2.92 -5.06 -4.54 -3.15 -4.71 -4.12 -3.42 -4.80 -4.21 -3.43 -4.17 -3.62
Phe -2.49 -4.22 -3.75 -2.66 -3.79 -3.27 -2.59 -3.92 -3.38 -2.52 -3.20 -2.71
Ant -2.04 -4.18 -3.71 -2.07 -3.75 -3.23 -2.27 -3.87 -3.34 -2.09 -3.15 -2.66
Flu -1.74 -3.05 -2.65 -1.78 -2.54 -2.09 -1.69 -2.70 -2.23 -1.35 -1.86 -1.45
Pyr -1.19 -2.99 -2.65 -1.39 -2.47 -2.11 -1.42 -2.63 -2.25 -1.12 -1.78 -1.47
BaA -0.52 -1.41 -1.27 -0.45 -0.78 -0.66 0.30 -0.98 -0.84 0.54 0.01 0.09
Chr -0.76 -1.39 -1.07 -0.64 -0.76 -0.40 0.31 -0.96 -0.59 0.53 0.03 0.35
BbF 0.15 -0.28 -0.11 0.30 0.42 0.58 0.63 0.19 0.37 0.85 1.28 1.40
BKF -0.20 -0.25 -0.08 -0.08 0.45 0.62 0.17 0.23 0.41 0.41 1.33 1.44
BaP -0.29 -0.05 0.12 -0.08 0.67 0.82 0.14 0.44 0.61 0.46 1.55 1.66
InP -0.21 0.88 1.02 -0.08 1.66 1.78 0.13 1.40 1.55 0.36 2.59 2.68
DBA -0.66 1.05 1.18 -0.60 1.83 1.96 -0.42 1.58 1.72 -0.20 2.79 2.87
BghiP -0.14 1.00 1.14 0.10 1.78 191 0.30 1.53 1.67 0.55 2.73 2.82
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Fig. $4.5: Measured apparent bulk gas/particle distribution coefficients (LogKygp,a) Vs
equilibrium bulk gas/particle distribution coefficients (LogK,, ;) based on the absorption
model (open circle symbols) and dual model (solid circle symbols) for PAHs sampling in a
northern China city (Yuncheng) by considering the diurnal variation as well as the impact of

domestic heating. The dashed black line denotes a 1:1 relationship.

S4.7 PAHs sampling in the marine atmosphere from the

Western Pacific to the Southern Ocean

Tab. S4.7: PAH concentrations (in pg m=3) in gaseous and particle phases sampled in the
marine atmosphere from the Western Pacific to the Southern Ocean (32 locations) as well as
information on sampling temperature (T in K), airborne particle concentration (TSP in pg m-
3), organic carbon content (f,,,), elemental carbon content (f,.) and specific surface area of

elemental carbon (a,. in m? g-1) (Data from Zhang et al., 2022).

Al A2 A3 A4
PAHs Gas Particle Gas Particle Gas Particle Gas Particle
phase phase phase phase phase phase phase phase
Acy 96 6.0 41 3.6 230 5.4 210 8.8
Ace 84 5.4 87 6.1 440 9.4 470 20
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FI 180 22 120 23 400 39 370 85
Phe 1300 75 460 70 1400 120 1500 280
Ant 150 12 57 9.5 170 16 160 39
Flu 91 9.8 100 9.2 360 14 620 41
Pyr 440 9.6 140 8.1 240 10 240 44
BaA 12 12 9.8 2.6 23 3.6 30 9.0
Chr 19 6.2 32 3.0 84 2.4 88 9.4
BbF 1.9 11 5.4 5.3 4.3 4.1 8.5 9.3
BaP 1.1 3.6 3.2 5.2 0.46 0.93 11 6.6
InP 1.0 11 4.2 8.5 0.65 2.1 4.9 8.6
DahP 0.27 4.1 0.37 1.2 0.14 0.73 0.44 2.1
BghiP 1.1 9.2 2.0 7.0 0.92 2.0 4.8 6.9
Total 2377 197 1062 162 3353 230 3718 570
TSP 12.88 13.17 15.11 25.58
T 301.80 300.05 298.80 297.50
fom 0.024 0.024 0.021
foc 0.0016 0.0015 0.0013 0.0008
Aoc 200 200
A5 A6

PAHs Gas Particle Gas Particle Gas Particle Gas Particle

phase phase phase phase phase phase phase phase
Acy 330 8.7 120 5.0 69 5.7 200 6.5
Ace 410 6.4 300 11 200 4.9 230 11
FI 400 31 280 42 460 19 270 39
Phe 3400 110 860 120 780 54 730 130
Ant 470 21 93 15 92 8.8 100 15
Flu 330 21 140 11 110 7.3 360 12
Pyr 1300 52 96 7.4 98 6.7 200 9.0
BaA 35 48 7.2 2.4 4.3 5.7 24 3.8
Chr 68 52 37 1.9 13 5.9 130 2.4
BbF 5.4 51 3.6 2.8 1.9 7.4 806 4.4
BaP 0.91 26 3.2 0.84 0.47 7.1 2.5 1.0
InP 4.1 61 3.1 1.5 2.1 9.0 3.1 2.5
DahP 0.64 14 0.14 0.71 0.13 2.7 0.23 0.86
BghiP 3.3 84 1.4 1.3 4.4 7.2 2.9 1.9
Total 6757 586 1945 223 1835 151 3059 239
TSP 19.58 13.68
T 294.45 289.55 279.70 273.10
fom 0.016 0.023 0.038 0.037
fec 0.0010 0.0015 0.0024 0.0024
Ao 200 200

A9 Al1l

PAHs Gas Particle Gas Particle Gas Particle Gas Particle

phase phase phase phase phase phase phase phase
Acy 27 6.1 47 6.0 27 6.7 130 6.4
Ace 110 6.6 160 7.3 95 7.3 280 6.4
FI 130 28 210 34 150 31 250 30
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Phe 480 93 590 120 510 89 1000 170

Ant 62 13 81 16 63 15 130 41
Flu 51 11 52 14 68 9.6 170 24
Pyr 100 9.1 87 12 75 8.4 160 18
BaA 5.5 7.9 45 8.6 41 7.2 12 7.9
Chr 12 3.2 7 3.6 7.7 48 58 5.2
BbF 1.9 6.4 1.1 5.7 1.4 6.8 4.0 4.2
BaP 1.1 1.4 1.0 1.6 1.9 1.4 41 0.57
InP 1.4 4.4 0.51 5.3 14 5.7 0.63 3.2
DahP  0.22 13 0.11 15 0.13 1.7 0.11 1.2
BghiP  0.53 3.6 0.33 3.8 2.6 5.3 1.2 2.0
Total 983 195 1242 239 1007 200 2200 320
TSP 9.99 13.65 11.05 13.2
T 272.50 272.95 273.00 272.90
fom 0.031 0.023 0.028 0.024
o 0.0020 0.0015 0.0018 0.0015
o 200 200 200 200

Al4 Al6 A18 A19

PAHs Gas Particle Gas Particle Gas Particle Gas Particle
phase phase phase phase phase phase phase phase

Acy 31 6.5 16 43 29 5.8 33 5.4
Ace 94 8.0 43 3.2 92 5.7 67 5.2
FI 160 35 73 14 200 23 180 20
Phe 480 100 480 52 490 75 340 62
Ant 66 16 78 7.5 62 12 56 9.4
Flu 64 12 52 9.7 57 9.7 32 7.7
Pyr 55 9.5 310 11 80 7.3 66 6.4
BaA 4.4 7.2 5.3 11 3.8 6.5 3.4 5.9
Chr 7.1 3.0 7.7 8.5 5.0 2.9 4.6 2.6
BbF 1.1 4.7 1.9 18 0.97 3.7 0.92 5.3
BaP 0.77 0.81 2.6 5.9 0.75 2.4 1.1 1.1
InP 0.58 5.5 3.4 19 0.76 3.2 1.0 3.3
DahP  0.11 1.3 0.27 5.1 0.14 1.0 0.12 1.1
BghiP  0.24 3.9 1.0 18 0.28 2.2 0.27 2.5
Total 964 213 1074 187 1022 160 785 138
TSP 10.43 10.66 16.48 10.06

T 274.70 272.60 273.05 272.90
fom 0.030 0.029 0.019 0.031

foc 0.0019 0.0019 0.0012 0.0020
Qe 200 200 200 200

A20 A21 A22 A23

PAHs Gas Particle Gas Particle Gas Particle Gas Particle
phase phase phase phase phase phase phase phase

Acy 150 3.7 31 6.8 44 5.8 50 3.9
Ace 440 4.7 94 6.7 110 4.5 91 4.9
FI 360 19 160 26 250 21 160 19
Phe 1300 62 380 79 480 81 390 68
Ant 130 9.5 67 14 78 13 65 9.8
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Flu 230 8.9 59 10 61 12 62 11
Pyr 310 6.7 59 9.2 53 8.8 130 8.6
BaA 10 2.2 5.2 14 3.2 2.6 6.4 1.8
Chr 56 2.0 6.0 12 5.6 2.9 12 2.6
BbF 7.9 34 1.5 9.3 1.1 3.5 1.6 4.8
BaP 7.8 2.1 1.7 49 0.63 2.6 2.2 3.0
InP 9.6 2.7 1.7 10 0.58 3.1 1.8 4.8
DahP 0.39 0.49 0.098 4.4 0.14 0.92 0.22 0.64
BghiP 17 2.5 0.68 7.4 0.21 2.2 0.83 3.8
Total 3029 130 867 214 1087 164 973 147
TSP 8.65 10.1 9.8 9.17
T 272.65 272.50 272.65 272.55
fom 0.036 0.031 0.032 0.034
fec 0.0023 0.0020 0.0020 0.0022
Aoc 200 200 200 200
A24 A25 A26 A27
PAHs Gas Particle Gas Particle Gas Particle Gas Particle
phase phase phase phase phase phase phase phase
Acy 28 4.0 91 3.4 39 6.5 36 4.2
Ace 66 3.7 79 3.2 73 8.8 55 5.1
FI 120 16 240 15 180 32 180 21
Phe 370 53 370 50 340 90 410 78
Ant 52 9.1 65 7.7 54 14 60 11
Flu 62 8.3 45 7.1 44 11 62 11
Pyr 33 12 100 5.5 68 9.5 88 8.5
BaA 31 2.0 5.2 4.0 4.1 3.7 13 7.3
Chr 6.2 2.6 6.0 2.3 4.3 3.4 14 2.2
BbF 0.58 4.4 2.1 3.6 1.2 6.0 9.1 3.3
BaP 0.47 2.3 3.4 1.9 1.3 3.8 8.6 1.1
InP 0.36 3.5 2.7 2.6 1.2 4.9 12 3.3
DahP 0.07 0.97 0.19 0.81 0.11 0.76 0.68 0.81
BghiP  0.099 2.2 2.1 1.7 0.078 4.1 7.0 2.9
Total 742 124 1012 109 810 198 955 160
TSP 8.94 6.85 9.34 9.47
T 271.05 272.55 272.25 274.05
fom 0.035 0.045 0.033 0.033
fec 0.0022 0.0029 0.0021 0.0021
Aoc 200 200 200 200
A28 A29 A30 A32
PAHs Gas Particle Gas Particle Gas Particle Gas Particle
phase phase phase phase phase phase phase phase
Acy 25 3.6 24 4.1 13 3.7 151 3.7
Ace 40 3.0 35 4.6 50 4.6 320 4.6
FI 110 14 99 19 77 18 490 18
Phe 240 46 200 60 360 53 1400 59
Ant 41 7.5 37 9.4 48 7.8 190 9.3
Flu 36 6.9 26 8.2 48 7.1 240 8.2
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Pyr 39 5.7 41 6.3 47 5.4 240 6.5
BaA 3.1 7.2 3.9 6.8 3.6 1.4 21 2.9
Chr 4.9 2.9 5.2 1.8 5.7 2.0 72 2.3
BbF 1.0 3.5 1.5 3.8 1.0 3.1 7.3 3.3
BaP 0.81 1.2 1.0 2.1 0.87 1.5 4.6 1.6
InP 0.85 3.1 1.5 2.5 1.0 2.1 2.8 2.7
DahP 0.13 1.0 0.21 091 0.15 0.67 0.23 0.9
BghiP 0.26 1.8 0.66 2.4 1.3 1.7 1.9 1.9
Total 542 107 476 132 657 112 3141 125
TSP 7.32 11.24 8.25 8.47
T 276.10 282.20 291.05 299.15
Fom 0.042 0.028 0.038 0.037
foc 0.0027 0.0018 0.0024 0.0024
Qec 200 200 200 200
A33 A34 A35 A36
PAHs Gas Particle Gas Particle Gas Particle Gas Particle
phase phase phase phase phase phase phase phase
Acy 69 5.4 840 9.0 250 8.1 230 5.6
Ace 82 7.7 530 13 550 13 540 7.6
FI 98 28 510 71 720 43 520 28
Phe 870 96 1700 350 3200 130 2400 110
Ant 130 16 260 50 440 28 270 18
Flu 140 16 550 56 490 58 360 24
Pyr 95 35 310 56 490 56 330 23
BaA 12 4.0 32 18 67 66 42 27
Chr 49 5.4 150 7.0 110 57 58 18
BbF 6.8 5.8 10 6.0 36 99 23 13
BaP 8.4 3.3 2.3 2.3 53 136 32 21
InP 2.4 5.5 2.9 7.5 28 110 24 34
DahP 0.12 1.1 0.092 1.7 4.0 52 2.5 9.1
BghiP 2.6 5.1 2.1 8.6 22 130 12 26
Total 1565 234 4899 656 6460 986 4843 364
TSP 15.04 27.17 29.25 24.16
T 300.55 301.85 300.80 299.85
fom 0.021 0.011 0.011 0.013
fec 0.0013 0.0007 0.0007 0.0008
Qoe 200 200 200 200

Tab. $4.8: LogK,, (in unit of m3pg) values of 14 EPA targeted PAHs based on absorption

model and dual model.

Al A2 A3 A4
T deasweq AURIOT ey Measured AT Dy Messured Ao e Messwed ARRIOn e
Acy -2.31 -7.29 -6.80 -2.18 -7.26 -6.76 -2.81 -7.28 -6.79 -2.79 -7.47 -6.98
Ace -2.30 -7.12 -6.65 -2.27 -7.08 -6.61 -2.85 -7.11 -6.63 -2.78 -7.30 -6.82
FI -2.02 -6.75 -6.30 -1.84 -6.71 -6.25 -2.19 -6.73 -6.27 -2.05 -6.91 -6.46
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Phe -2.35 -5.99 -5.58 -1.94 -5.93 -5.52 -2.25 -5.95 -5.54 -2.14 -6.13 -5.72
Ant -2.21 -5.95 -5.54 -1.90 -5.90 -5.49 -2.21 -5.91 -5.50 -2.02 -6.09 -5.69
Flu -2.08 -4.93 -4.58 -2.16 -4.87 -4.51 -2.59 -4.87 -4.52 -2.59 -5.04 -4.69
Pyr -2.77 -4.88 -4.56 -2.36 -4.82 -4.50 -2.56 -4.82 -4.50 -2.14 -4.99 -4.68
BaA -1.11 -3.44 -3.28 -1.70 -3.36 -3.21 -1.98 -3.35 -3.20 -1.93 -3.51 -3.37
Chr -1.60 -3.43 -3.14 -2.15 -3.34 -3.06 -2.72 -3.34 -3.05 -2.38 -3.50 -3.21
BbF -0.35 -2.42 -2.23 -1.13 -2.32 -2.14 -1.20 -2.31 -2.13 -1.37 -2.46 -2.29
BaP -0.60 -2.20 -2.02 -0.91 -2.10 -1.93 -0.87 -2.09 -1.92 -1.63 -2.24 -2.07
InP -0.07 -1.34 -1.19 -0.81 -1.24 -1.09 -0.67 -1.22 -1.07 -1.16 -1.36 -1.22
DahP 0.07 -1.19 -1.04 -0.61 -1.09 -0.94 -0.46 -1.07 -0.92 -0.73 -1.21 -1.07
BghiP -0.19 -1.23 -1.07 -0.58 -1.12 -0.98 -0.84 -1.10 -0.96 -1.25 -1.25 -1.10
A5 A6 A7 A8
T weswnea Aorpon Doy Messured AN M Measured (DB g Messwred o
Acy -2.87 -7.27 -6.78 -2.52 -6.97 -6.48 -2.00 -6.45 -5.96 -2.41 -6.24 -5.76
Ace -3.10 -7.09 -6.62 -2.57 -6.79 -6.32 -2.52 -6.25 -5.78 -2.24 -6.03 -5.57
FI -2.40 -6.70 -6.25 -1.96 -6.38 -5.93 -2.30 -5.81 -5.37 -1.76 -5.58 -5.14
Phe -2.78 -5.90 -5.49 -1.99 -5.55 -5.15 -2.07 -4.93 -4.54 -1.67 -4.65 -4.27
Ant -2.64 -5.86 -5.46 -1.93 -5.51 -5.11 -1.93 -4.89 -4.50 -1.75 -4.61 -4.23
Flu -2.49 -4.79 -4.44 -2.24 -4.41 -4.07 -2.09 -3.71 -3.38 -2.40 -3.39 -3.06
Pyr -2.69 -4.74 -4.43 -2.25 -4.35 -4.06 -2.08 -3.64 -3.38 -2.27 -3.31 -3.06
BaA -1.15 -3.23 -3.10 -1.61 -2.80 -2.69 -0.79 -2.00 -191 -1.72 -1.60 -1.53
Chr -1.41 -3.22 -2.94 -2.43 -2.79 -2.51 -1.26 -1.98 -1.73 -2.66 -1.58 -1.34
BbF -0.32 -2.16 -2.00 -1.25 -1.70 -1.56 -0.32 -0.84 -0.72 -3.19 -0.39 -0.29
BaP 0.16 -1.93 -1.78 -1.72 -1.47 -1.33 0.27 -0.59 -0.48 -1.32 -0.13 -0.04
InP -0.12 -1.04 -0.91 -1.45 -0.55 -0.44 -0.28 0.37 0.47 -1.02 0.86 0.94
DahP 0.05 -0.89 -0.76 -0.43 -0.39 -0.28 0.41 0.55 0.64 -0.35 1.05 1.12
BghiP 0.11 -0.93 -0.79 -1.17 -0.44 -0.32 -0.70 0.50 0.59 -1.11 0.99 1.07
A9 Al1 A12 A13
T vesneg Aobon Dy Messured OB ey Measwed MNEIOT e Messured
Acy -1.65 -6.30 -5.82 -2.03 -6.45 -5.97 -1.65 -6.36 -5.88 -2.43 -6.44 -5.95
Ace -2.22 -6.09 -5.63 -2.48 -6.24 -5.78 -2.16 -6.15 -5.69 -2.76 -6.22 -5.76
FI -1.67 -5.63 -5.20 -1.93 -5.78 -5.35 -1.73 -5.69 -5.26 -2.04 -5.77 -5.33
Phe -1.71 -4.70 -4.32 -1.83 -4.86 -4.48 -1.80 -4.77 -4.39 -1.89 -4.84 -4.46
Ant -1.68 -4.66 -4.28 -1.84 -4.82 -4.43 -1.67 -4.73 -4.34 -1.62 -4.80 -4.42
Flu -1.67 -3.43 -3.11 -1.71 -3.59 -3.27 -1.89 -3.50 -3.18 -1.97 -3.57 -3.25
Pyr -2.04 -3.35 -3.11 -2.00 -3.51 -3.27 -1.99 -3.42 -3.18 -2.07 -3.50 -3.25
BaA -0.84 -1.64 -1.57 -0.85 -1.81 -1.74 -0.80 -1.72 -1.65 -1.30 -1.79 -1.72
Chr -1.57 -1.62 -1.38 -1.42 -1.79 -1.54 -1.25 -1.70 -1.45 -2.17 -1.77 -1.52
BbF -0.47 -0.42 -0.33 -0.42 -0.59 -0.49 -0.36 -0.50 -0.40 -1.10 -0.57 -0.47
BaP -0.89 -0.17 -0.08 -0.93 -0.34 -0.24 -1.18 -0.25 -0.15 -1.98 -0.32 -0.22
InP -0.50 0.83 091 -0.12 0.66 0.74 -0.43 0.75 0.83 -0.41 0.68 0.76
DahP -0.23 1.02 1.09 0.00 0.84 0.92 0.07 0.93 1.01 -0.08 0.86 0.94
BghiP -0.17 0.96 1.04 -0.07 0.79 0.87 -0.73 0.88 0.95 -0.90 0.81 0.89
Al4 Al6 A18 A19
T Measureq AR uel Measweg ADON ey Measured MBI el Memred [oor e
Acy -1.70 -6.39 -5.91 -1.60 -6.33 -5.85 -1.92 -6.54 -6.06 -1.79 -6.32 -5.84
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Ace -2.09 -6.18 -5.72 -2.16 -6.12 -5.66 -2.42 -6.32 -5.86 -2.11 -6.10 -5.64
FI -1.68 -5.73 -5.30 -1.74 -5.66 -5.23 -2.16 -5.87 -5.43 -1.96 -5.65 -5.21
Phe -1.70 -4.82 -4.43 -1.99 -4.74 -4.35 -2.03 -4.95 -4.56 -1.74 -4.72 -4.34
Ant -1.63 -4.78 -4.39 -2.04 -4.69 -4.31 -1.93 -4.90 -4.52 -1.78 -4.68 -4.30
Flu -1.75 -3.57 -3.24 -1.76 -3.47 -3.14 -1.99 -3.68 -3.36 -1.62 -3.46 -3.13
Pyr -1.78 -3.49 -3.24 -2.48 -3.39 -3.14 -2.26 -3.60 -3.35 -2.02 -3.38 -3.13
BaA -0.80 -1.80 -1.72 -0.71 -1.68 -1.61 -0.98 -1.89 -1.82 -0.76 -1.67 -1.60
Chr -1.39 -1.78 -1.53 -0.98 -1.66 -1.41 -1.45 -1.87 -1.63 -1.25 -1.65 -1.40
BbF -0.39 -0.60 -0.49 -0.05 -0.46 -0.36 -0.64 -0.68 -0.58 -0.24 -0.46 -0.36
BaP -1.00 -0.34 -0.25 -0.67 -0.20 -0.11 -0.71 -0.42 -0.33 -1.00 -0.20 -0.11
InP -0.04 0.64 0.73 -0.28 0.80 0.87 -0.59 0.57 0.65 -0.48 0.80 0.88
DahP 0.05 0.82 0.90 0.25 0.98 1.05 -0.36 0.75 0.83 -0.04 0.98 1.06
BghiP 0.19 0.77 0.85 0.23 0.92 1.00 -0.32 0.70 0.78 -0.04 0.93 1.00
A20 A21 A22 A23
T doasweq AURBIOT ey Measured [T ey Messured ACorbon ey Memswed Aonon e
Acy -2.54 -6.24 -5.76 -1.66 -6.31 -5.82 -1.87 -6.30 -5.82 -2.07 -6.27 -5.78
Ace -291 -6.03 -5.57 -2.15 -6.09 -5.63 -2.38 -6.08 -5.62 -2.23 -6.05 -5.59
FI -2.21 -5.58 -5.14 -1.79 -5.64 -5.20 -2.07 -5.63 -5.19 -1.89 -5.60 -5.16
Phe -2.26 -4.65 -4.26 -1.69 -4.71 -4.33 -1.76 -4.70 -4.32 -1.72 -4.67 -4.29
Ant -2.07 -4.60 -4.22 -1.68 -4.66 -4.28 -1.77 -4.66 -4.28 -1.78 -4.62 -4.24
Flu -2.35 -3.38 -3.05 -1.78 -3.44 -3.11 -1.70 -3.43 -3.11 -1.71 -3.40 -3.08
Pyr -2.60 -3.30 -3.05 -1.81 -3.36 -3.11 -1.77 -3.35 -3.11 -2.14 -3.32 -3.07
BaA -1.59 -1.59 -1.52 -0.57 -1.65 -1.58 -1.08 -1.64 -1.57 -1.51 -1.61 -1.54
Chr -2.38 -1.57 -1.32 -0.70 -1.63 -1.38 -1.28 -1.62 -1.38 -1.63 -1.59 -1.34
BbF -1.30 -0.37 -0.27 -0.21 -0.43 -0.33 -0.49 -0.43 -0.33 -0.49 -0.39 -0.29
BaP -1.51 -0.12 -0.02 -0.54 -0.17 -0.08 -0.38 -0.17 -0.08 -0.83 -0.13 -0.04
InP -1.49 0.88 0.96 -0.23 0.83 0.90 -0.26 0.83 0.91 -0.54 0.87 0.94
DahP -0.84 1.07 1.14 0.65 1.01 1.08 -0.17 1.01 1.09 -0.50 1.05 1.12
BghiP -1.77 1.01 1.09 0.03 0.96 1.03 0.03 0.96 1.03 -0.30 0.99 1.07
A24 A25 A26 A27
T doasweg AR ey Measured [T ey Messured ACerbon ue Memswed Apon
Acy -1.80 -6.21 -5.72 -2.26 -6.14 -5.66 -1.75 -6.26 -5.78 -1.91 -6.33 -5.85
Ace -2.20 -5.99 -5.53 -2.23 -5.93 -5.46 -1.89 -6.05 -5.59 -2.01 -6.12 -5.66
FI -1.83 -5.53 -5.09 -2.04 -5.47 -5.03 -1.72 -5.59 -5.16 -1.91 -5.67 -5.23
Phe -1.80 -4.59 -4.21 -1.70 -4.54 -4.16 -1.55 -4.66 -4.28 -1.70 -4.75 -4.36
Ant -1.71 -4.55 -4.17 -1.76 -4.50 -4.12 -1.56 -4.62 -4.24 -1.71 -4.71 -4.32
Flu -1.82 -3.31 -2.99 -1.64 -3.27 -2.95 -1.57 -3.39 -3.07 -1.73 -3.49 -3.17
Pyr -1.39 -3.23 -2.99 -2.10 -3.19 -2.95 -1.83 -3.31 -3.07 -1.99 -3.41 -3.16
BaA -1.14 -1.50 -1.43 -0.95 -1.48 -1.41 -1.01 -1.60 -1.53 -1.23 -1.72 -1.64
Chr -1.33 -1.48 -1.24 -1.25 -1.46 -1.21 -1.07 -1.58 -1.33 -1.78 -1.70 -1.45
BbF -0.07 -0.27 -0.18 -0.60 -0.26 -0.17 -0.27 -0.38 -0.28 -1.42 -0.51 -0.41
BaP -0.26 -0.01 0.08 -1.09 -0.01 0.09 -0.50 -0.12 -0.03 -1.87 -0.26 -0.16
InP 0.04 1.00 1.07 -0.85 0.99 1.07 -0.36 0.88 0.96 -1.54 0.74 0.82
DahP 0.19 1.18 1.25 -0.21 1.18 1.25 -0.13 1.06 1.14 -0.90 0.92 0.99
BghiP 0.40 1.12 1.20 -0.93 1.12 1.20 0.75 1.01 1.09 -1.36 0.86 0.94
PAHs A28 A29 A30 A32
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Messured AUBIOT g Messured BT e Mesured AR g Messwed A
Acy -1.71 -6.29 -5.80 -1.82 -6.67 -6.18 -1.46 -6.80 -6.31 -2.54 -7.04 -6.55
Ace -1.99 -6.08 -5.61 -1.93 -6.47 -6.00 -1.95 -6.61 -6.14 -2.77 -6.87 -6.39
FI -1.76 -5.63 -5.19 -1.77 -6.04 -5.60 -1.55 -6.21 -5.76 -2.36 -6.49 -6.03
Phe -1.58 -4.73 -4.34 -1.57 -5.17 -4.78 -1.75 -5.39 -4.99 -2.30 -5.71 -5.30
Ant -1.60 -4.68 -4.30 -1.65 -5.13 -4.74 -1.71 -5.35 -4.95 -2.24 -5.67 -5.27
Flu -1.58 -3.48 -3.16 -1.55 -3.98 -3.64 -1.75 -4.26 -3.92 -2.39 -4.64 -4.28
Pyr -1.70 -3.41 -3.15 -1.86 -3.91 -3.64 -1.86 -4.20 -3.91 -2.50 -4.59 -4.27
BaA -0.50 -1.73 -1.66 -0.81 -2.29 -2.20 -1.33 -2.67 -2.55 -1.79 -3.12 -2.97
Chr -1.09 -1.71 -1.46 -1.51 -2.27 -2.01 -1.37 -2.65 -2.38 -2.42 -3.10 -2.82
BbF -0.32 -0.54 -0.43 -0.65 -1.14 -1.02 -0.43 -1.58 -1.43 -1.27 -2.08 -1.90
BaP -0.69 -0.29 -0.19 -0.73 -0.90 -0.78 -0.68 -1.34 -1.20 -1.39 -1.86 -1.68
InP -0.30 0.69 0.78 -0.83 0.05 0.15 -0.59 -0.44 -0.32 -0.94 -0.99 -0.84
DahP 0.02 0.87 0.95 -0.41 0.22 0.32 -0.27 -0.28 -0.16 -0.34 -0.84 -0.69
BghiP -0.02 0.82 0.90 -0.49 0.17 0.27 -0.80 -0.32 -0.20 -0.93 -0.87 -0.73

A33 A34 A35 A36

T deasweq AURBIOT ey Measured AT ey Messured ACorbon e Memswed AEon e
Acy -2.28 -7.33 -6.83 -3.40 -7.62 -7.13 -2.96 -7.62 -7.13 -3.00 -7.51 -7.02
Ace -2.20 -7.16 -6.68 -3.04 -7.45 -6.97 -3.09 -7.45 -6.97 -3.23 -7.34 -6.87
FI -1.72 -6.78 -6.32 -2.29 -7.08 -6.62 -2.69 -7.08 -6.62 -2.65 -6.96 -6.51
Phe -2.13 -6.01 -5.60 -2.12 -6.31 -5.90 -2.86 -6.31 -5.90 -2.72 -6.19 -5.78
Ant -2.09 -5.97 -5.57 -2.15 -6.28 -5.87 -2.66 -6.27 -5.86 -2.56 -6.15 -5.75
Flu -2.12 -4.95 -4.59 -2.43 -5.26 -4.90 -2.39 -5.25 -4.89 -2.56 -5.12 -4.77
Pyr -1.61 -4.90 -4.58 -2.18 -5.21 -4.89 -2.41 -5.20 -4.87 -2.54 -5.07 -4.75
BaA -1.65 -3.44 -3.29 -1.68 -3.77 -3.61 -1.47 -3.75 -3.59 -1.57 -3.61 -3.46
Chr -2.14 -3.43 -3.14 -2.77 -3.75 -3.46 -1.75 -3.73 -3.44 -1.89 -3.60 -3.31
BbF -1.25 -2.41 -2.23 -1.66 -2.74 -2.56 -1.03 -2.71 -2.53 -1.63 -2.58 -2.40
BaP -1.58 -2.19 -2.01 -1.43 -2.52 -2.34 -1.06 -2.49 -2.32 -1.57 -2.35 -2.18
InP -0.82 -1.33 -1.18 -1.02 -1.67 -1.51 -0.87 -1.63 -1.48 -1.23 -1.49 -1.34
DahP -0.22 -1.18 -1.03 -0.17 -1.52 -1.37 -0.35 -1.48 -1.34 -0.82 -1.34 -1.19
BghiP -0.88 -1.21 -1.06 -0.82 -1.56 -1.40 -0.69 -1.52 -1.37 -1.05 -1.38 -1.23
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Fig. S4.6: Measured apparent gas/particle bulk distribution coefficients (LogKpgp4) Vs.
equilibrium bulk gas/particle distribution coefficients (LogK, ;) based on absorption model
(blue open circles) and dual model (red dots) for PAHs sampled in the marine atmosphere
from the Western Pacific to the Southern Ocean (containing data of 32 locations as shown in

Fig. 4.6a in the main text). The dashed black line denotes a 1:1 relationship.
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S5 Supplementary information for mass transfer
principles in column percolation tests: Initial

conditions and tailing in heterogeneous materials

$5.1 Empirical relationships for the estimation of Sherwood

numbers

There are many studies available in the literature in which solid-liquid mass transfer in
fluidized beds and flow through systems are investigated over a wide range of Reynolds

numbers. Most of these correlations can be adequately described by the following equation:
Sh = A+ BRe%ScY (S5.1)

where Sh is the Sherwood number. A4 is a constant (theoretically = 2 for spherical particles in
a stagnant infinite medium) and B is a constant to be determined by regression analysis of

experimental data. Re and Sc denote the Reynolds and Schmidt number which are defined as:

dv
Sc = 1 Resz

B pLDaq n

(S5.2)

where 1 [M L1 T-1] denotes the dynamic viscosity of the fluid. p; [M L-3] is the density of the
fluid and v [L T-1] denotes the flow velocity.

The empirical exponents 8 and y in Eq. S5.1) may be determined experimentally or from
theory. The Blasius (1908) solved the Navier-Stokes equation and continuity equation for
laminar flow over a sharp leading edge and found that the ratio of fluid velocity boundary
layer thickness to concentration boundary layer thickness is proportional to the Schmidt
number with a power of 1/3 (= y in Eq. S5.1) which is widely used in literatures (Blasius
1908; Calderbank et al., 1961; Levins et al.,, 1972; Ohashi et al., 1981; Kirwan et al., 1989;
Arters et al,, 1990; Mao et al., 1992). Liu et al. (2014) showed a higher empirical exponent y
of 1/2 based on penetration theory (Sherwood et al, 1975).6 values depend on the
experimental setup and are generally adapted from experimental data. Most of the empirical
relationships show that 6 values lie in the range of 0.5-0.75 (Calderbank et al., 1961; Levins
et al,, 1972; Ohashi et al,, 1981; Kirwan et al., 1989; Arters et al,, 1990; Mao et al,, 1992; Liu
etal, 2014).

Liu et al. (2014) proposed an empirical relationship for mass transfer in packed beds only

based on the Peclet number (Pe = Re X Sc):
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Sh =2+ 0.1Pe'/? (S5.3)

Equation S5.3 is equivalent to Eq. S5.1 for 8 = y = 1/2. This Sherwood number correlation
was applied in the numerical models. Sh numbers obtained for the chosen column setup

were close to 2 indicating slow mass transfer close to the theoretical limit (2).

$5.2 Film diffusion coupled to advective-dispersive

transport

Equation 5.10 in the main text shows the governing equations of film diffusion coupled to
advective-dispersive transport. These partial differential equations are solved numerically

using the finite volume method (as illustrated in Fig. S5.1a).

Discretizing the transport operator in space while keeping the time derivative yields the

following system of ordinary differential equations:

an,j -D (Cw,j—l - 2Cw,j + Cw,j+1) —» (Cw,j - Cw,j—l)
ot L Ax? Ax
Dgq 6(1 —n)
+ 2 ", )
Saq mnd ( K, ™ (55.4)
9Csj _ _%L(ﬁ_ )
ot Saqpsd \Kg ™

where C,, ; [M L3], Cy,;—; [M L3] and C,, j ;4 [M L3] denote the solute concentration in the
water phase in volume j,j—1andj+ 1, respectively. Cs; [M M1] denotes the solute

concentration in the solid phase in volume j.

The approximation of the time derivative of Eq. S5.4 can be expressed as the concentration
difference between the new and the previous time, divided by the time interval At. A time
weighting factor ¢ was used to navigate between implicit and explicit time integration. For
@ = 0.5, the Crank-Nicholson-scheme is realized, whereas for ¢ = 0 and ¢ = 1, the fully

implicit and explicit scheme is used, respectively.

ke1_ck k K+l okt K K .
clai-cl —1-o(p (CWJ§11-ZC JHCwan) G 7~ Cwjm1) 4 Dag 60-1) Gt
At Ax? Ax 6aq nd Kg
k k k k
k+1 Cujmr =26+ Cupja) pEwi=Cwjm1) | Pag6(1=n) (Csj _ .k
CWJ )) * ¢ (DL sz Ax + 8qq md Kq CW'] (555)

k+1 k k+1 k
Csjr —Csj =—(1-¢) Dog 6 CSJ+ —ckt1) | =g Doq 6 CSJ —Cck.
At 6aq Ps d Kq w 5aq Ps d Kq w

where the indices k and k + 1 denote the corresponding concentration values at the
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previous time step and at the new time step.

In order to solve this system of equations, we may merge the two concentration vectors into

a single one (C = [C,,; C,]; with the semicolon being a line delimiter):

Coi] [ G
CS,l CZ
C - C(;W,] = Cz‘j_l
5.J 2j
Cwn Con-1
[Csndy g Con donsa

with je[1, 2, ..., N].

(S5.6)

A standard method of solving non-linear ordinary equations is the Newton-Raphson scheme

(Cirpka, 2020). It is based on linearizing the residual function f{C**1) at the current guess

Ciitoss of C¥*1. The residual function f{C**1) is defined as:

Coj” = Coj

=7

1oy o, Gl =20 )

L Ax?
. (Chyt = Casta) 4 Dag 61 =) Cit k1
Ax 8qg nd Ky wi
—olbD (Coj1 = 2C0 5+ Coy 1) _ (Gvj = Chje1)
+ %M (CLk'] — Ck >
8qqg nd K, "

2 At SagPsd \ Ky wJ

k
Dag_6 (Cs) _ ck .
6aq Ps d Kd w

The residual function vector can be expressed as:

[ fi
f2

o |
reen =5

fan-1
L fon “2Nx1
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The residual function vector becomes a zero vector if C¥*! is chosen right and a single step

of the Newton-Raphson method can be denoted as:

af(Ck+1)
FCR YY) ~ f(CkrLs) + (CFH — chrls T

k+1_pk+1
ck+ =Cguess

Ck+1 — Ck+1 _f(Cé(‘li-E]:S'S) — Ck+1 _ f(C‘g;elss (559)
guess ] guess af(Ck+1)
6Ck+1 ck+i=ck+1

guess

where | denotes the Jacobian matrix, which is the matrix of derivatives of all values of
f(C**1) with respective to all values of C¥*1. The residual f(C**1)is reevaluated after
updating C**1. If the resulting residual is not sufficiently close to zero, C;Jelss is set to the last

solution of C¥** and Eq. S5.9 is reapplied. In our case, the Jacobian matrix can be derived

analytically:
(Oh Oh . Ofi Of
ac, ac, 0Cyn—1 0Cyy
o,  of o, of;
acy ac, T 0C,N-, 0Cyy
J= : : : : (S5.10)

afZN—l afZN—l afZN—l afZN—l
ac, aC, 0Cn_1 0Cyy

Ofw  Ofwv . Ofw_ Ofw

| dC, aC, 0Con-1  0Con byyoon

In order to ensure the accuracy of the model, error control was employed at each time step
and an error vector (AC**1) was used to monitor the difference between the old and new

guess values, which is defined as:

r |Ck+1 _ Ck+1
1,guess,new 1,guess,old
|Ck+1 _ Ck+1
2,guess,new 2,guess,old
|iji-1 _ Ck:l-l 1
k+1 _ 2j—1,guess,new 2j—1,guess,o
AC - |Ck+1 _ Ck+1 (5511)
2j,guess,new 2j,guess,old
|Ck+1 _ Ck+1
2N—-1,guess,new 2N-1,guess,old
|Ck+1 _ Ck+1
L 2N,guess,new 2N,guess,old donx1

The iteration process stops if the maximum value of error vector ACX}L is smaller than the

tolerable error e (e.g.,, e = 10-15).
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$5.3 Intraparticle pore diffusion coupled to advective-

dispersive transport

Intraparticle pore diffusion is widely used to describe the sorptive uptake of pollutants in
porous materials such as activated carbon, zeolites and many technical materials. Equations
5.11 and 5.17 describe intraparticle diffusion coupled to advective-dispersive transport. The
intraparticle diffusion model approximates the solid grains as spherical particles. These
spherical particles are discretized into a number of shells of equal volume. Mass transfer
between solid and intra-granular water phases is assumed to be fast and local equilibrium is
assumed. For sorption, the Freundlich isotherm model is employed for nonlinear and linear
(exponent = 1) cases. Figure S5.1b shows the numerical grain model where the spherical
grains are divided into L shells. For a specific shell p in volume j the corresponding

difference-equations were used (Liedl et al., 2003):

1 1 1
K+1 k+1 k K
A+ <SCP,-]"- + /"IDKfr(Clﬂ,;r m—ely;— ppKfr(Cp.j)n>

At
k+1 _ rk+1 k+1 _ rk+1
_ & 1-¢ 2 CP+1,]' CP.J .2 CP,] Cp—l,j $5.12
) _ rp+0 5 _ rp—O.S _ ( . )
T Tp+0.5 — Tp-o0.5 o411 Ty — Tp—1
k _rk. k _ rk
&L <r2 Cpv1j — Cp,j 2 Cpj — Cp-1
2 p+0.5 p-0.5
' Tp+05 — Tp-o0.5 Tp+1 —1p ™ —Tp-1

where the subscripts p + 0.5 and p — 0.5 represent the corresponding parameter value
between shells (pandp + 1) and (p and p — 1), respectively. Subscript j denotes the
corresponding parameter value in volume j. Subscripts k and k + 1 denote the “old” and

“new” time levels.

‘Water phase

Solid phase

Column

(b)

Components of
solid phase

Fig. S5.1: Discretization of the column into N parts (a). Representation of the solid phase as

a composition of grains having different sizes and properties, each discretized by a number
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of L shells (b).

Based on the boundary conditions (Eqs. 5.12 and 5.13, main text), the innermost shell and
the outermost shell are treated specially. The solute concentration in the intra-granular

water phase at the new time step (Ck+1) can be expressed as:

1 DAt 1-— 2 T2
k+1\n 1 e P p+0.5 p—05 k+1
[s+pp1<fr(c n 4 e — < + Cyt
p p+0.5 p—0.5

:[Dem 1-¢  Thos ] .

Tp+1 - Tp T'p - Tp_l

2 — — p+1j
' Tp+os — Tp-05Tp+1 — 1p

2
. [DeAt 1—¢ 2 05 ]ck“

2 p—1j
T Tp+os — Tp-05Tp — Tp-1
P L (S5.13)
DAt Q Tp+05 ck
+ 2 — — p+1,j
' Tp+o5 ~ Tp—05Tp+1 — p
2
D At ) Th—o05 x
+ 2 — — CP 1j
o Tp+o5 ~ Tp—05Tp ~ Tp-1
L D At T2 r2
=-1 e 4 +0.5 -0.5
+ [5 + ppKpr (Co )" —— < E— Cpj
' Tp+os5 —Tp-05\Tp+1 —Tp Tp — Tp-1

for shellp = 2 to shellp = L — 1 and

1 1 1
At( Cij™ + pokpr (G 1) — £Ci PpKfr(Clk.j)")

= T
2 1+0.5
1 T1+05 —T1-05 7’2 - 7’1
k
+D_ P 2 CZJ C1j
— Tito05 —
rl T1+05 —T1-05 rn—n

After transformation: (S5.14)

1, DAt 1-— r2

2
T Ti4os5 —Ti—05T2— T

2 2
_ [DeAt 1-¢ Tit0.5 ] ck+ 4 [DeAt @ Tit0.5 ] ck
= - 1 > .
W Titos5 —T-05T2— N / W Titos —T-05T2— N J
1, D,At r2
K 1 e Y 1405 | ~k
+ [5 +ppKpr (CE)" —— = —| 1)
N Titos ~T-—os52 — T

for shell 1 (or the innermost shell, p = 1) and:
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1 1 1
2 (ect + ot et ecty (et

k+1 k+1 k+1 k+1
_De 1—-¢ (az Cwj —CLj 2 CLj — CL—1,j>

-2 —'L-05
TL a— T‘L_O.S a— T‘L T'L - rL—l

k k k k
_I_De % (az Cw,j—CLj _ 2 CrLj— CL—1,j>

~Z L-0.5
1 a—TL-05 a—rm L —7Ti-1

After transformation:

1 _ 2 2
J T A= T,os5\A—T, T~ T, 7

(S5.15)

_[DeAt 1—¢  R? w1 |PeAt 1= 1igs -
- 2 _ R — ij + 2 g _ CL—lJ
| 77 @~ TL-05 L T A—T,—057L —TL-1

+

DAt @ a? k4 DAt @ 2 o5 K
2 w,j 2 L-1,
| TL a— TL_O.S a— TL

S a—Tp—os57L —TL-1
[ 1, D,At a? r?
K 1 e 7 L—-0.5 k
+e+ ppKp (Cl)" ——5—— ——t—— CLj
| T A—Tpos5\A—7, 1,71

for shell L (or the outermost shell, p = L).

Based on the mass balance, solute mass change in the external water phase (M,,) equals the
solute mass change in the spherical particles; for better understanding, the simple case of
particles with uniform size is shown:

oM, ac,,

— =V = 4ma®FN
ot

w o » (S5.16)

where F [M L2 T-1] denotes the solute flux density into the external water phase. a and N,,
denote the radius and the total number of the spherical particles. The latter can be calculated

by:

Ny =—2
P 4 S5.17
by (370%) a7
The solute flux density into the external water phase is given by:
C,—Cy
F=D 1
S — (55.18)

Substituting F and N, with Eq. S5.18 and Eq. $5.17 in Eq. S5.16 and taking advection and
dispersion into account, the solute concentration in the external water phase at the new time

step C,’,f,f'jl can be expressed by:
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Cvléjl _ Cv,l(/,] ( k+1 2C~k+1 + C-k]+1) (Ck+1 Ck+1 1)

=(1-¢)| D, —21
At 1=9){ D Ax? Ax
n 3Demd Cll‘c,;l - Cv’lcl,+j1
PpVya a—r
+olb (Cj—1 = 2Ch; + Cyy 1) o (Cuy,j = Ciyj-1)
17 Ax? Ax
3D eMa (CFj—Coy i
ppVWa a—r
(S5.19)
After transformation:
3D,m At 2D; At  vAt
1+(1-9) e d LZ +—>] et
ppVyala —m)  Ax Ax '
DLAt VAR\T . js1 (1—@)D At] .0y
= |- (G + T bt + [T e
N [(1 — ¢)3D,m At e+ [ (DLAt+v_At)] -
ppVwala —1;) Ax?  Ax -1
4 <pDLAt] ck @3D,my At K
[ Axz [T pyVala — 1)

N 3D,mgAt 2D At vAt\]
| ¢ ppVvala—1)  Ax? Ax || "W/

In order to solve this system of equations, we may merge the two concentration vectors to a

single one (C = [C,,; C},]; with the semicolon being a line delimiter):

_Cw,l_ [ Cl
C1,1 C2
Cpa Cp+1
Ca CL.+1
Cu,j Carnp-ni
C1j Cirns(-1+2
c=|7 _ =
Cp.j Clr1)+(-1+p+1 (S5.20)
CL.j C(L-I:l)*j
Cun Ca+nv-1+1
Cin Clran«(N-1+2
CP,N C(L+1)*(N—1)+p+1
'CL’N'(L+1)*N><1 3 Curnyon Y(L+1)*Nx1

with pe[1, 2, ..., L] and je[1, 2, ..., N].
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Using the Newton-Raphson scheme, the following residual function f{C**!) is linearized at

the current guess Cgifss of C¥** (Cirpka, 2020):

3Demght _ 2D,At AL\ .,
ppVpala —1)  Ax? Ax )| ™
[ DAt vAEN] piq (1= @)D At] iy
B _(1 2 ( Az T E)] Cwja Ax? Cwj+i
[(1 — ¢)3D,m At ka1 _ [<p (DLAt + v_At)] K
| ppVpala—r) | 7 Ax2  Ax /] TWITL
'(pDLAt] ko @3D,m At k.
[ Axz | pyVpata — )|
[ 3D,myAt 2D, At vAt
—|1-¢ i —)|ck,
ppVyala—m)  Ax Ax '

fa+D«G-+1 = [1 +(1- <P)<

1, DAt 1- r2
f(L+1)*(j—1)+2 = [g +ppKfr(C1k,;-1)n 1 + e % 1+0.5 ] Ck-!-l

2 1,j
T Titos ~Ti-o572 — T
D, At 1-— r2 D, At r2
_|Pe % 1405 | ~ket1 e % 1+05 | ~k
2 2j = 2 j
T Titos —T-0o52— N / T Titos —Ti-052— N /
1 2
) e N [o
Ppfgr Ly Z 5 _ —— j
" Titos —Ti—05T2 — TN

1
__1
Ju+D*(j-D+p+1 = [5 + PpKfr(Cz’J{.}_l n

2 2
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The residual function vector can be organized as:
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f(Ck+1) —

[ fi
f2

fo+1
fL+1

f(L+1)*(j—1)+1
f(L+1)*(j—1)+2

f(L+1)*(j—1)+p+1
f(L+1)*j

f(L+1)*(N—1)+1
f(L+1)*(N—1)+2

fa+D«N-1)+p+1

L f(L+ 1)*N

JL+1)*Nx1

(S5.22)

Similar to the film diffusion case (see section S5.2), the C**! vector can be determined by Eq.

S5.9 as well and the Jacobian matrix of intraparticle pore diffusion case can be expressed as:

%
ac, ac,
)
ac,

ac,

af(L+1)*N—1 af(L+1)*N—1

0fi 0fi
aC(L+1)*N—1 aC(L+1)*N

af af
0CL+1)+N-1

Ofw+)en-1  OfL+1)en—1

0C(L+1)N

ac, ac, 0Cr+1)n-1  9C(11)sn
af(L+1)*N af(L+1)*N af(L+1)*N af(L+1)*N
aCy aC; 0C+1en-1  OCL+1)en

Y(L+1)*NX(L+1)*N

(S5.23)

In order to ensure the accuracy of the model, an error vector (AC**1) was used as described

above for Eq. S5.11:
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1,guess,new 1,guess,old
k+1 k+1

|Cz,guess,new - CZ,guess,old'

| Ck+1 _ Ck+1 |
p+1,guess,new p+1,guess,old

|Ck+1 _ Ck+1 |

L+1,guess,new L+1,guess,old
|Ck+1 _ Ck+1 |
(L+1)*(j—1)+1,guess,new (L+1)*(j—1)+1,guess,old

| Ck+1 _ Ck+1 |
(L+1)*(j—1)+2,guess,new (L+1)*(j—1)+2,guess,old

Ack+1 — (5524’)

| Ck+1 _ Ck+1 |
(L+1)*(j—1)+p+1,guess,new (L+1)*(j—1)+p+1,guess,old

| Ck+1 _ Ck+1
(L+1)*j,guess,new (L+1)*j,guess,old

| Ck+1 _ Ck+1
(L+1)*(N—-1)+1,guess,new (L+1)*(N-1)+1,guess,old

| Ck+1 _ Ck+1 |
(L+1)*(N—1)+2,guess,new (L+1)*(N-1)+2,guess,old

| C k+1 —-C k+1 |
(L+1)*(N—-1)+p+1,guess,new (L+1)*(N-1)+p+1,guess,old

|Ck+1 _ Ck+1
(L+1)*N,guess,new (L+1)*N,guess,old AL+1)*Nx1

The iteration processes stop when the maximum value of the error vector AC/}L is smaller

than the tolerable error e (e.g., e = 10-15).

$5.4 Length of the mass transfer zone (X,) for the first order

analytical solution

Analytical solutions can be derived for the case of the first flooding of the column which are

used here for verification of the numerical codes.

$5.4.1 Analytical solution based on the film diffusion model

During the first flooding of the column, the front water flow is always contacting fresh
contaminant material. Therefore, the solute concentration at the particle-water boundary is
constant and in equilibrium with the solids:

Cs,ini

Cueq = 5. (S5.25)

Inserting Eq. S5.25 into Eq. 5.7 gives:
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ac,  6(1-n)
o= k=" (Ceq = ) (S5.26)

which upon integration yields the following analytical solution for the initial condition

Cw(t=0) = 0 (desorption):

Cw ¢

J aC,y, =fk6(1—n)at

) (Cweq — Cw) J nd
C 6(1—n

—In(Cpeq — Cw) +In(Cyeq) = —ln<1 ¢ V:q) =k (nd )t (S5.27)
w,

Cy 6(1 —n)
Cw,eq exp ( nd )

The contact time in Eq. S5.27 can be substituted with the ratio of the travel distance (x) and
the flow velocity (v). The length of the mass transfer zone is defined by setting the argument
of the exponential function to -1, referring to the location x where the solute concentration in

the groundwater reaches 63.2% of the equilibrium concentration.

vnd

Xs6320 = 6k(i-n) (55.28)

Equation S5.28 shows that the length of mass transfer zone depends on the flow velocity,
inter-granular porosity as well as particle size, but is independent of the distribution

coefficient.

If the length of the mass transfer zone is shorter than the column length (X.;), a
concentration higher than 63.2% of the equilibrium concentration will be observed in the
column effluent until the mass transfer zone arrives at the column outlet. The time needed to

reach 63.2% equilibrium concentration at the column outlet equals:

X X.o1— X
L6320 = 75 + w}?d
(S5.29)

Xcol Pp Xs
= 1+K;—(1—
S K (A=)

Considering fast kinetics (X = 0), tgz3.20,(= Xco1/(V/Ry)) is mainly dominated by the

retarded seepage velocity (v/R;).

$5.4.2 Analytical solution based on the intraparticle pore

diffusion model

Expressing internal mass transfer resistance by means of intraparticle pore diffusion, with
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mass transfer coefficient k = D./J,, where D, is the effective intraparticle diffusion
coefficient (D = Dyq€/T = Dgqé?) and the mean square displacement &, (6, = /7Dy, t;)
representing the diffusion distance, which grows with the square root of contact time

between particles and water (t.) at early times, leads to:

ac, D, 6(1—-n)

_— o — — —
o =k 4°(Cueq = Cw) —5.C  nd (Cweq = Cw) (55.30)

The contact time between water and dry particles can be estimated by the ratio of particle

size and flow velocity (t, = d/v).

For the initial condition Cy, ;=) = 0, integration of Eq. S5.30 yields the following analytical

solution:
Cw t
f ac, _f D, 6(1_n)6t
(Cweq—Cw) ) JaDgt. nd
C D 6(1—n)
~In(Cyeq = Cw) +1(Ceq) = —1n<1 — ) == =" nd " (55.31)
ed nDaE
D 6(1—n
w =1- exp (— ¢ ( )t)
Cuweq d nd
T[Daa

The length of the mass transfer zone of intraparticle pore diffusion can be calculated by:

vnd

Xs,63.2% =
6% (1-n)

™ Da3; (55.32)
B wd3v n
D.(e + Kyp,)6(1 —n)

X5 63.29, based on intraparticle pore diffusion increases with particle size to the power of 3/2

(d®/?) and decreases with the square root of the distribution coefficient (,/K, ). The time
required to observe the corresponding concentration of 63.2% of the equilibrium

concentration at the column outlet can be determined with Eq. S5.29.

$5.4.3 Comparison of analytical and numerical solution and

estimation of mass transfer zone length (X;)

In Fig. S5.2, analytical solutions for the increase of the concentration in the first water parcel
over distance (which here represents time: t = x/v) during the first flooding of the column

are shown for FD (Eq. S5.28) and IPPD (Eq. S5.31). The numerical solutions are described in
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sections S5.2 and S5.3.

A comparison reveals that the analytical solutions and the numerical solutions overlap
almost perfectly for both FD and IPPD (see Fig. S5.2). This verifies the accuracy of the
numerical model. The length of the mass transfer zone for FD is 0.35 cm and independent
of K;, and much shorter than for IPPD with X; = 10 cm, 3.5 cm and 1.1 cm for K; values of 0.1
L kg1, 1 L kgt and 10 L kg1, respectively. The deviations between FD and IPPD gradually
vanish with increasing K, values. If the initial concentration in the column leachate is close
to equilibrium, it may be used for the determination of Ky (Ky = Cjini/Cypear); Ka is
overestimated if the initial effluent concentration does not reach equilibrium (Cy peqx <

Cw,eq)- The length of the mass transfer zone (Eqs. S5.28 and S5.32) may be used to assess

equilibrium at the beginning of the column test.

K,=0.1 Lkg" K,=1Lkg" K,=10Lkg"
03— 03 —t . z 03 i . .
—FD ana. Eq. 85.27 ; |—FD ana. Eq. 85.27 J —FD ana. Eq. 85.27
FD num. : —FD num. ! —FD num.
-==IPPD ana. Eq. S5.31 | - - -IPPD ana. Eq. §5.31 ! -=--IPPD ana. Eq. S5.31
0.25 1 IPPD num. H - 0.25 H~ = ~IPPD num. 4 0.25 H= = ~IPPD num. 9

[ i
f i
{ i

= 02 g 02 i ‘g 02 1

% ] 5 | =

5 : £ | g

0] ! =) ’ =0

= g { o c 1 =

S 0.15¢ / B 0.15¢ 1 2015

o i ] g

E / g | g

= / = ] =

=) © ] ()

o & O 01 1

=]

0.05 o T 0.05¢ L 0.05 ¢ i

0< 0
0 2500 5000 7500 10000 250 500 750 1000 0 25 50 75 100
C [ugl™] C gL' C [ugL™"]

Fig. §5.2: Concentration increase in a water parcel (Cy,peqr) in the column during the first
flooding (up-flow); solid lines: film diffusion; dashed lines: intraparticle diffusion;
comparison between analytical (ana.) and numerical (num.) solutions. n = 0.45,v=1.67 x10-

>m s, a/x = 0 (no dispersion), Cg;n; = 1000 pug kg, £ = 5 h, Dgg = 1 x 102 m? s°1, £ = 0.05,

dp,coarse = 2000 pm.

$5.5 Comparison of analytical and numerical solution (code

verification)

In order to further confirm the accuracy of the numerical solution, the initial concentration
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distribution in the column after first flooding, as well as leaching curves are compared with
the analytical solution (Eq. 5.6). The analytical solution is only valid for equilibrium sorption
conditions and to compare it with the numerical solution, fine particles (dp, fine = 63 pm) are
used to get close to equilibrium (to fast FD kinetics). Figures S5.3 and S5.4 show the good
agreement of both solutions. The slight deviations between analytical and numerical
solutions, especially at low K, values, are due to Kkinetics in the numerical solution.

Deviations gradually vanish with the increase of Kj;.

Kdzo.lLkg" K,=1 Lk K“,=10Lkg'l
0.3 T T 0.3 T . 03 T :
---Ana. Eq. 5.6 ---Ana. Eq. 5.6 ---Ana. Eq. 5.6
— Num. — Num. —Num.
0.251} 0.25
= 02 = 02- = 02r
= I =
5 5 %
5015 5o.1s 50157
= £ E
E 3 z
=) S [}
o 0.1 < 0.1 o 0.1

0051 0.05 1

* * 0 - - 0 * -
0 2500 5000 7500 10000 0 250 500 750 1000 0 25 5075 100
C lpgl"] C [pgl'] C, [ueL"]
Fig. $5.3: Concentration vs. distance in the up-flow column test after the first flooding of the
column (initial condition). Comparison of the analytical solution (Eqg. 5.6, dashed lines) and
numerical solution (solid lines); n = 0.45, v =1.67 x 10-> m s}, & = 0 (no dispersion), Cs ;,; =

1000 ug kg, t =5h, dp fine = 63 pm.

1 1200
0.8 1000
=5 800
To6 2
. B
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04 ---Ana. K =1 §
—Nunt. K{, =1 Ev 400
0.2 ---dna. K =10
——Nun. Kd =10 200
0 10! 0
0 2 4 61 8§ 10 1072 10° 10! 0 5 10 15
LS[Lkg™] LS[Lkg! LS [L/kg]

Fig. $5.4: Normalized and absolute concentration (C,/Cy ¢4, Cy) as well as cumulative

eqr

concentration (mg,,,) in the column effluent vs. time (expressed as liquid to solid ratio: LS)

309



for the initial conditions after the first flooding of the column (see Fig. S5.3); comparison of

analytical solution (Ana. Eq. 5.6, dashed lines) and numerical solution (Num., solid lines).

$5.6 Impact of dispersion on leaching curves

The following figures (S5.5-55.12) compare leaching scenarios without and with dispersion.
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Fig. $5.5: Initial concentration profiles in the column after the first flooding (up-flow)
without and with dispersion (top and bottom panel); solid lines: linear sorption; dashed
lines: non-linear sorption cases (based on a Freundlich exponent1/n= 0.7), n = 045, v =

1.67 x 105 m s, a/x = 0 or 0.1, C,; = 1000 pg kgL, t, =5 h, Dgg = 1 x10-9 m? s, £ = 0.05,
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dp,coarse = 2000 pm.
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-=-FDK,=0.1, 1/n=0.7

IPPD K = 0.1, Iin =07
—FDK,~ 1. 1h=1
——IPPDK,= 1. I/n=1

-=-FDK,= 1, 1m=07
- - -IPPD K',: I, 1/in=0.7

1200

—FDK,=10. I/n~1
1000 ——IPPD K, =10, I/n=1
S FDK,= 10, I/n=07
— d
Tou {00 - = -IPPDK,= 10, 1/u=0.7
i~
50
3 600
e
g
bS]
400
= !

15

LS[L kg™

Fig. §5.6: Normalized concentrations (C,,/Cy,¢q) as well as cumulative concentrations (my,)
in the column effluent vs. time (expressed as liquid to solid ratio: LS) for different initial
conditions depicted in Fig. S5.5; solid lines: linear sorption; dashed lines: nonlinear sorption.

Left column: without dispersion; right column: with dispersion.
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Fig. §5.7: Initial concentration distribution in the column after the first flooding (up-flow)

for different bi-modal compositions of sorbing and non-sorbing particles; left column:
homogeneous case with average K; (=K;4, = 1 L kg'); mid column: only 10% of the
particles carry the contaminant at K; = 10 X K 4,,; right column: only 1% of the particles
carry the contaminant at K; = 100 X K 4,,; the average K; ,,, of the entire material is the
same for all compositions; solid lines: film diffusion case, dashed lines: intraparticle diffusion
case. Top panel: without dispersion; bottom panel: with dispersion; n = 0.45,v=1.67 x10->

m st a/x=0or0.1,Cspn = 1000 ug kg, t, =5 h,Dyg =1 x 102 m? s1, £= 0.05, dp coqrse =

2000 pm.
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Fig. §5.8: Normalized concentrations (C,,/Cy,¢q) as well as cumulative concentrations (my,)
in the column effluent vs. time (expressed as liquid to solid ratio: LS) for different
combinations of sorbing particles and distribution coefficients (initial conditions depicted in
Fig. S5.7); left: without dispersion; right: with dispersion; solid lines: film diffusion cases,

dashed lines: intraparticle diffusion cases.
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Fig. §5.9: Initial concentration distribution in the column after the first flooding (up-flow)

for two different bi-modal grain size distributions of fine and coarse particles; solid lines:

fine particle mass fraction 10%; dashed lines: fine particle mass fraction 90%. (n = 0.45, v =

1.67 x 10> m s, a/x = 0 or 0.1, Csin; = 1000 ug kg, t.= 5 h,Dgg=1 x 10 m? s, e=

0.05, dp coarse = 2000 pm, d;, rine = 63 pm); top panel: without dispersion; bottom panel:

with dispersion.
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Fig. §5.10: Influence of different grain size fractions and distribution coefficients on

normalized concentrations (C,,/C,¢,) as well as cumulative concentrations (Mmg;) in the

column effluent vs. time (expressed as liquid to solid ratio LS); left: without dispersion; right:

with dispersion; solid lines: fine particle mass fraction 10%; dashed lines: fine particle mass

fraction 90%; kinetic parameters are the same as Fig. S5.9.
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Fig. $5.11: Initial concentration distribution in the column after the first flooding (up-flow)

for different bi-modal material compositions of fine particles with low sorption capacity
(K;z =10 L kg'1) and coarse particles with high sorption capacity; left: 100% coarse particles
(Kz =100 L kg1); middle: mixed sample with 10% fine particles; right: 100% fine particles;

solid lines: film diffusion (FD), dashed lines: intraparticle diffusion cases (IPPD); n = 0.45,v =
1.67 x 10> m s, a/x = 0 or 0.1, Csin; = 1000 ug kg, t.= 5 h,Dgg=1 x 10 m? s}, &=
0.05, dp coarse = 2000 pm, dy, fine = 63 um; top panel: without dispersion; bottom panel: with

dispersion.
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Fig. $5.12: Leachate concentrations (C,,) as well as cumulative concentrations (m.,,,) in the
column effluent vs. time (expressed as liquid to solid ratio: LS) for different combinations of
fine particles with low sorption capacity (K; = 10 L kg') and coarse particles with high
sorption capacity (K; = 100 L kg1); left: without dispersion; right: with dispersion; solid
lines: film diffusion cases, dashed lines: intraparticle diffusion cases; kinetic parameters are

the same as Fig. S5.11.
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S6 Supplementary information for two mesh free
methods for solving non-equilibrium advective-
dispersive solute transport with coupled film-

intraparticle diffusion

$6.1 Structure of deep neural networks

The universal approximation theorem has showed that neural networks possess a form of
universality and there exists a network that can approximately approach the function with a
high degree of accuracy regardless of the nature or complexation of the function (Hornik et
al., 1989). This theorem remains valid no matter the quantity of inputs and outputs of the
neural networks. Many types of neural networks have been developed and applied in
computer vision, image processing, speech recognition, face recognition, complex
classification, machine translation in the last decade, such as feed-forward neural networks,
convolutional neural networks, recurrent neural networks, radial basis functional neural
networks, etc. In this paper, we used the simplest neural networks (feed-forward neural
networks), which has been widely used in solving most of PDE problems (Raissi, 2018; Raissi
et al, 2019; McClenny et al,, 2020; Lu et al., 2021; Cuomo et al,, 2023). Define a network
(NNL(x)): R%n — R%ut is a L-layers neural network with (L-1)-hidden layers. The #-th layer
contains N, neurons (input: N; = d;,,; output: N, = d,,;). The hyperparameters (8) of
network contains the weight matrix (W) and bias vector (b). In £-th layer, the size of weight
matrix and bias vector can be denoted as W¥e RV¢*N¢-1 and b’e RV¢, respectively. Activation
functions (o) are key components of neural network because they introduce non-linearity,
allowing the neural network to learn complex relationships between input and output data.
Various activation functions are used in neural networks and each of them has unique
characteristics utilized for different scenarios. The most frequently used activation functions
are logistic sigmoid (1/(1+ e™*), hyperbolic tangent (tanh) and rectified linear unit
(ReLU(x) = max(0, x)). The logistic sigmoid function is used in our neural networks due to
its better performance in training process of neural networks. In summary, a feed-forward
neural network can be recursively defined as (see Lu et al., 2021):
Input layer: NN°(x) = x € R%n
Hidden layers: NN¢(x) = o(W!NN’"1(x) + b?) e RM* for 1<¢<L-1 (S6.1)
Output layer: NNX(x) = WENNY1(x) + bt € R%out
For solving one dimensional (1D) advective-dispersive transport coupled with intraparticle

particle pore diffusion, two feed-forward neural networks are used (NN{(x;) and NN£ (x,)).
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The inputs of the 1st network (x;) are dimensionless time (t*) and space coordinate in
transport direction (x*) and the output is the dimensionless pollutant concentration in bulk
water phase (Cy,). The inputs of 2nd network (x;) not only includes the dimensionless time
(t*) and space coordinate (x*) in transport direction, but also the dimensionless radial
coordinate for pollutant transport in intraparticle pore space (r*). The output is the
dimensionless pollutant concentration in intraparticle pore water phase (Cy ). Due to
normalization of inputs and outputs of neural networks by their corresponding maximum

values, all dimensionless variables range from 0 to 1.

S6.2 Automatic differentiation

In physical informed neural networks (PINNs), a crucial step is to compute the derivatives of
the network outputs (Cy, and Cy, ) with respective to the network inputs (t*, x* and r*) for
constructing the PDEs. Four methods are commonly used in computer programming: (1)
manual differentiation; (2) numerical differentiation; (3) symbolic differentiation; (4)
automatic differentiation (AD). Manual differentiation is both time-consuming and
susceptible to errors. While numerical differentiation is easy to use, it would be inaccurate
due to round-off and truncation errors (Jerrell, 1997). Symbolic differentiation is widely
utilized in software program such as Mathematic, Maxima, Maple and Matlab, but it often
results in complex and tedious expressions plagued with the problem of “expression swell”
(Collobert et al., 2011). AD reinterprets a computer program by replacing variable domains
with derivatives. It then redefines operator semantics to propagate derivatives using the
chain rule of differential calculus (Giines Baydin et al. (2018)). In the following, we present
an example how to calculate the derivatives using backpropagation in Fig. S6.1, a typical

technique of AD.
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Forward primal trace Backward derivative trace
X =1 fLyﬂ
ay
hy = (Wipex + W3y +x;) + 5] Y _ -1
=(01+1401=2}+01=04 an, Ot
hy = (Wiy=xy + Wiy x3) + by ﬂ_wg_1
05+1+05=2)+05=2 an, T
= (Wis w2y + Wi+ 25) + b3 ay,wz -1
1wl+1w2)+1=4 an, M
=o(h;) = o(0.4) = 0.60 dy  dy dn,
n, = alhy) = 6(2) = 0.88 Froiarrar el COM (1= o))
ny = 5(513) = 6(4)f 0.98 ) ) =1+0.60+(1—060) =024
¥ = (Wesn, + WS+ ng +W5 «nz) + b a dy dn.
A simple neural network structure with 2 fully connect operations (1 = (14 Slﬁn i 1% 02;13 +21 * nleJa): 1= :34(-; 2 g(hy) + (1-0o(hy)
input layer (x; and x;) =1 hidden layers + 1 ;mtpur layer (v)) with 3 ’ ) - Ohy 8y 0k,
B * - N =1=088+(1-0.88) =011
hidden neurons (i, 1tz and ng).
ady  dy dny
h = I ah = Lea(hy)»(1-o(hy))
Caleulation process: o 150
By = (W= xq + Wiy % x) + bt - 1 0.';19 :«”(il —0.98) ~ 0.02
hy = (Wih* 2y + Wi + 2] + b} LY _ VO hagaw), = 0241 =024
ha = (Wi %, + Wy + x3) + b3 Ox;  Bhyix
- dy  dy dhy
ny = a(hy) = o 024 e Wy = 0241 = 024
ny = alhy) dxy  dhydxy
n3 = a(hs) ﬂ—y:a—era—y%:U.zzer.H*W“i
¥ = (Wixng + Wi wny + W] wng) + bf ax;  Bxp  dhy Oxy
=024 +0.11+05=1035
dy By  dyadhy 1
Assumption of weights, bias and activation function (as an example): B_Jcl = 3_361 ma =024+ 0.11+ Wiy
W = Wi = bt = 01 =024+ 01105 =035
dy dy dy ohy
=Ty 12035 4 0.02 « W4
Py dxy | Ok 0% R
=10.3540.02+0.1=0352
(= —" (sigmoid function) ay 8y  ayan
o) = o= sigmold function 3—23—‘*'?‘,_:“35"'0“2*["/{1
dolx) _ ax;  dx,  hydx,
Note: = a(x)+ (1 —a(x)) =035+ 0.02 0.1 =0.352

Fig. S6.1: An example of automatic differentiation to calculate the partial derivatives

neural network output (y) respective to the inputs (x; and x,).
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$6.3 The half and one quarter of the full training data
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Sequential training data
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Fig. $6.2: Half of the full raining data (a) or one quarter of the full training data (b) of

physical informed neural networks (PINNs). In each case,

the first row and second row

represent the training points of PDEs (black symbols), initial conditions (red symbols) and

boundary conditions (blue symbols) of first (output of C;) and second (output of Cy, )

neural network by using sequential (left column) or random (right column) training points,

respectively. The third row shows the spatial temporal coordinates of observation data

applied in semi-Laplace solution to generate virtual true concentrations (here only C;,) as

training data of PINNs.
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$6.4 Impacts of various factors on training PINNs

$6.4.1 Impact of amount of observation data (N ;,:,)
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Fig. $6.3: Comparison of PINNs solutions by using different numbers of observation data in
training (Ngqtq =130, 2500) with semi-Laplace solution of advective-dispersive transport
with coupled film intraparticle pore diffusion (ADE-FIPPD). In each case, spatial-temporal
normalized solute aqueous concentrations (C;) of PINNs solutions and semi-Laplace
solution are presented in the top panel. The absolute errors of PINNs solutions (|Cy, pjyns —
Cy,semi-Laplacel) @s well as the breakthrough curves (BTCs) at the outlet (x* = 1) of the
transport are showed in the bottom panel. (Parameters used in model are described in

section 6.2.4.1; here only case of K; = 100 L kg1 is displayed.)

$6.4.2 Impact of neuron numbers in each hidden layer of neural

networks
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Fig. S6.4: Comparison of PINNs solutions by using different neurons in each hidden layer

(neurons = 10, 20, 40) with semi-Laplace solution of advective-dispersive transport with

coupled film intraparticle pore diffusion (ADE-FIPPD). In each case, spatial-temporal

normalized solute aqueous concentrations (C;;,) of PINNs solutions are presented in the top

panel. The absolute errors of PINNs solutions (|Cy, p;yys —

* .
CW'Seml-_Laplace |) and semi-Laplace

solution as well as the breakthrough curves (BTCs) at the outlet (x* = 1) of the transport are

showed in the mid and bottom panel respectively. (Parameters used in model are described

in section 6.2.4.1; here only case of K; = 100 L kg'! is displayed.)

$6.4.3 Impact of quantities of layers of neural networks
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Fig. $6.5: Comparison of PINNs solutions by using different layers of neural networks in

training (Layers =5, 9) with semi-Laplace solution of advective-dispersive transport with

coupled film intraparticle pore diffusion (ADE-FIPPD). In each case, spatial-temporal

normalized solute aqueous concentrations (C;) of PINNs solutions and semi-Laplace

solution are presented in the top panel. The absolute errors of PINNs solutions (|Cy, p;yns —

C,semi-Laplacel) @s well as the breakthrough curves (BTCs) at the outlet (x* = 1) of the

transport are showed in the bottom panel. (Parameters used in model are described in

section 6.2.4.1; here only case of K; = 100 L kg1 is displayed.)

$6.4.4 Impact of activation functions of neural networks
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Fig. $6.6: Comparison of PINNs solutions by using different activation functions (sigmoid,

tanh and leakyReLU) and different amount of observation training data (case 1:Ng,4¢, = 130;

case 2: Nyqutq = 2500) with semi-Laplace solution of advective-dispersive transport with
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coupled film intraparticle pore diffusion (ADE-FIPPD). In each case, spatial-temporal
normalized solute aqueous concentrations (C;,) of PINNs solutions with different activation
functions are presented in the top panel. The absolute errors of PINNs solutions (|Cy, pyys —
Cy,semi-Lapiace|) and semi-Laplace solution are depicted in the bottom panel. The reference
(semi-Laplace solution) and the breakthrough curves (BTCs) at the outlet (x* = 1) of the
transport of all scenarios are summarized in the last row. (Parameters used in model are

described in section 6.2.4.1; here only case of K; = 100 L kg1 is displayed.)

$6.5 Loss components tracking in training PINNs

10%

T

0 2000 4000 6000 8000 10000
epoch

Fig. $6.7: The loss functions of training physical informed neural networks (PINNs) for
solving 1-D advective dispersive transport with coupled film intraparticle diffusion (ADE-
FIPPD). The loss components of PDEs (Lossppg), initial and boundary conditions (Loss;cgc),
observation data (LoSSg4t4) as well as the total loss (Loss;,q;) are tracked in each epoch.
(Parameters used in model are described in section 6.2.4.1; here only case of K; = 100 L kg1

is displayed.)

328



$6.6 Comparison of NN, PINNs and semi-Laplace solution
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Fig. $6.8: Comparison of pure data driven model (neural network (NN)) and PINNs solution

by using different numbers of observation data in training (Ng4, =130, 2500) with semi-

Laplace solution of advective-dispersive transport with coupled film intraparticle pore

diffusion (ADE-FIPPD). In

each case,

spatial-temporal normalized solute aqueous

concentrations (Cy,) of three methods are presented in the top panel. The absolute errors of

NN (l C\:z,NN - C;v,semi—Laplace D and PINNs (l C\:/,PINNS -G,

w,
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,semi—Laplace D as well as

breakthrough curves (BTCs) at the outlet (x* = 1) of the transport are depicted in the



bottom panel. (NN uses the same layers and neurons as PINNs; parameters used in

simulation are described in section 6.2.4.1.)
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