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Filtration processes in nature and technology

1 Introduction

Very similar processes take place in aquatic systems. Natural and technical reaction
spaces differ in their different dimensions. Nature and technology cannot always be
clearly distinguished from each other.

Here, joint description and design approaches are compiled for the processes in porous
media flowing through between large-scale aquifers (aquifers GWL), technical filters up
to membranes and on a wide scale. After many processes have been clarified down to
the smallest detail, one is more inclined to be able to tackle a new problem by offsetting
proven software solutions, whereby one runs the risk of losing the understanding of the
process. This overview is intended to avoid this.

Scientists and engineers should have connections beyond their field of expertise to other
scientists and their representatives, master the fundamentals of systems science, and
keep an eye on the potential societal implications of their work. Since especially in the
current phase the success of the competition, which must be strived for by all means,
decides (almost) everything, it is worth remembering the further responsibility of
scientists and engineers in the form of Hippocratic oaths for scientists and engineers.

» Hippocratic Oath for Natural Scientists (FURTH 1956, quoted in BRANDT 2015):

Since I am aware that my scientific knowledge has given me considerable power over
the forces of nature, I pledge to use this knowledge and this power to the best of my
knowledge and belief exclusively for the welfare of mankind and to abstain from any
scientific activity which, as far as [ am aware, is intended for harmful purposes.

» Hippocratic Oath for Engineers (Thring, M. W. 1973 quoted in BRANDT 2015):

In my work, I vow to strive for the following: the coexistence of all human beings in
peace and human dignity, with everything that absolutely belongs to a fulfilled life,
freed from fear, overexertion, ugliness, pollution and noise.

I would like to thank all those who have contributed to the creation of the empirical
basis for this work, starting with the colleagues in the Water Treatment Process Group
at VEB Prowa Cottbus, the staff of the Chairs of Water and Wastewater (names have
changed several times - the old ones have remained) to the project sponsors and clients
who financed many a project. This is not to be thanked to Bertelsmann's policy of the
Entrepreneurial School, with its ruinous competition for third-party funding, which
suppresses any long-term creative research work in connection with financial and
personnel cuts (KREIB 2020).
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2 Reactive compartments in Nature and Technology
2.1 Reaction compartments in Natural Scales
2.1.1 From the molecular scale to macroscopic scale

When considering the different systems, their scale size must be taken into account.
Let's leave the Big Bang aside and start at the atomic level around 0.1 nm.
Electromagnetic forces and quantum effects are mainly at work between atoms and
molecules, leading to new bonds and configurations. On the smaller scales with
increasing quantum effects, the thermodynamic approach becomes more and more
complicated, although their conservation laws continue to apply statistically. This area
is not relevant for water treatment.

Ilnm 1pm Imm Im 1 km 10'km

1Light-year
Fig. 2.1-1: Scale ranges between the molecular and global level.

The effects at the molecular level, such as rotation, oscillation, change of
physicochemical bond states and diffusion, take place with changes in the energy and
the state of order (entropy) of the particle collectives. This results in the system changes
of energy and entropy typical of material turnover. In addition, there are chaotic systems
whose islands of stability are the subject of our observations and whose self-similarity
we encounter again and again during leaps in scale.

In more complex systems, such as microorganisms, the individual reaction pathways
become increasingly unmanageable. Mass transport via diffusion is becoming
increasingly important. For aggregated phases, a surface tension can be formulated.
Attractive forces (adhesion) act between individual particles.

In the pore system of a filter (< 2 mm), convective mass transport also has an effect,
which is accompanied by energy dissipation (internal friction, viscosity). Here,
individual phases can be distinguished from each other by diffusion layers. This level is
where the filtration processes in water treatment take place, but also in the aquifer.

Most water treatment plants are located on the next larger metre scale. Here, turbulence
increasingly has an influence on flow and mass transport processes.

Even more confusing are processes in nature or those treatments that are designed to be
close to nature and take place on scales from one meter to kilometers. Our climate
models cover the entire Earth, although the scales below can usually only be taken into
account in a highly simplified way, Tab. 2.1-1.
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Tab. 2.1-1: Fundamentale Naturkonstanten.
Parameter Symbol | Unit Value
Speed of Light c m/s 2,99810%
Planck's constant h Is 6,63:1073
dielectric constant €0 J'C?m! 8,8510°12
gravitational acceleration g m/s? 9,806
2.1.2 Relationships between molecular and macroscopic level

The relationship between the molecular and the macroscopic level is established by the
definition of the mole, together with the corresponding mole concept. To do this, the
properties of a system of particles are related to NO = 6.02:10+23 particles (Avogadro
constant), the mole. By definition, the mole is a counting quantity. The Avogadro
constant was originally defined by the number of 12 g carbon > and is now determined
more and more precisely using different methods. The most important atomic/molecular
constants are given by their molar equivalent, Tab. 2.1-2. This avoids calculating with
very unwieldy small or large numbers.

In the SI system of units of measurement, the mole is only shown shortened to the
amount of substance. You can specify water molecules but also the total number of the
world's population in moles. 8 billion people correspond to 1.3:10"* mol or around
13 fmol.

Tab. 2.1-2: Conversions between the molecular level and macroscopic ratios. P 0°C, 1 atm for an
ideal gas.

Molecular level Transition to the macroscopic level

Description symbol | Value unit | Description symbol | Value unit

Chemistry object set | n 1 Avogadro constant | N 6,02:10"23 | mol'!

Particle mass ~ yg | Molar mass M ~ g/mol

Particle volume ~ nm?® | Molar volume A% 22,414 Y | L/mol

Electron charge e 1601071 | As | Faraday constant F 96485 As/mol

Boltzmann constant | kg 138102 | JJK | Ideal gas constant | R 8,314 J/(K'mol)

Reaction energy 1 eV | Reaction energy ARU 96,485 kJ/mol

The mass of a mole of particles is defined as molar mass [g/mol] defined as an
equivalent of the atomic unit of mass [Da, Dalton] and is given in the periodic table
(usually) to the right above the symbol. For a water molecule, its mass can be
calculated, Eq.(2.1-1)
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Tab. 2.1-3: Prefixes for units of measurement.
Prefix log n Prefix log n
Deka | da 1 Dezi d -1
Hekto | h 2 Zenti c -2
Kilo k 3 Milli |m | -3
Mega | M 6 Mikro | p -6
Giga G 9 Nano | n -9
Tera T 12 Pico p | -12
Peta P 15 Femto | f | -15
Exa E 18 Atto a | -18
Zetta Z 21 Zepto | z | -21
Yotta | Y | 24 Yokto | y | -24
M 18 9/

m(molecule of water) =— = ﬂmﬂj %3107 = 30yg (2.1-1)
4 6,02-1081

=

mol

Analogously, the respective molar volume results from the space required by a particle.
The molar volume thus does not describe the actual particle volume and is dependent on
the state of matter and the temperature-dependent state of motion of the phase under
consideration. Since atoms and molecules are limited by their outer electrons with
residence probabilities, their exact size is practically impossible. The space required by
the molar volume of a particle oscillating in a crystal structure to the elastic collisions
within a gas phase increases with temperature.

The molar volume of liquid water is calculated from the macroscopic quantities molar
mass M and density pu20, Eq.(2.1-3).

g
— M — 18 f}]‘?‘lﬂ'f =18 - 10—6 ;rna,/
Proo 1055}' mao

(2.1-2)

HI0 1= lamLX

mol
m?3

The corresponding molecular space requirement is obtained by dividing by the
Avogadro constant No, Eq.(2.1-3).

18-103L
: [mol_, 0.03yL = 3+ 10-m? = 0,03mm®  (2.1-3)
6,02-1031

mol

V(Wassermolekiil) =

For ideal gases, their molar volume V is derived from the equation of state of ideal
gases pressure(p)- and temperature(T)-dependent, Eq.(2.1-4) In the ideal gas theory, the
Boltzmann constant represents the proportionality factor between the energy absorption
of elastically colliding particles and the temperature. Their molar equivalent is the
general gas constant of ideal gases R.

p-V=n-R-T (2.1-4)

Under normal conditions, the ideal gas molecule has a space requirement of 36 nm?,
which corresponds to an edge length of 3.3 nm.
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3.3 nm
0.31 nm
—
i
Fig. 2.12: Comparison of the space requirement of an ideal gas molecule under normal conditions

with that of a liquid water molecule with indication of the edge length.

One mole of elementary charges is defined as the Faraday constant F. In this way, the
material turnover of electrochemical reactions (electrolysis) is linked to the electricity
demand. At a current of 1 ampere, 37.3 mmol/h electrons flow (= 10 pumol/s).

In the same way, the reaction energy U or enthalpy H, which are sometimes expressed
in electron volts (eV), can also be converted into molar units. An electron volt is the
energy that an electron absorbs when accelerating in the electric field of 1 Volt. The
energy turnover of electron transitions can be converted into molar quantities, Eq.(2.1-
5)

. k
1elV-N,=1F-V = 14s-V - 96485mol~! = 96,485 —fi (2.1-5)
o

The molar free enthalpy for an absorption line with the wavelength Amax is calculated
using Planck's quantum of action h, Eq.(2.1-6).

c
AG =h- 2.1-6
il v‘l?nﬂx:mn:r ( )
or using the usual units of measurement, Eq.(2.1-7).
-. .2 1nd 1n-lE BTk kI
AG =6.625- 10 Ws® -=9q98 lFfl m =1=986.10 I=1=19_6 107 nm 2.1.7)
107 - h s Lo P mol

With 10%° eV or 16 J each, the most energetic extragalactic particles of cosmic rays
reach us. This corresponds to 10?> kJ/mol or an equivalent molar mass around
107000 g/mol, i.e. the mass of a macromolecule or aggregate. Since these are mostly
protons, the rest mass of 1 g/mol would still have to be subtracted from it.
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2.2 Water-flowing reactive compartments
221 Flow through reaction spaces in mountain formations

BUSCH et al. (1993) distinguish the volumes available in fractured aquifers (mountains)
for groundwater flow into primary and secondary cavities:

» Primary cavities:
P1 Porosity of Broken rock
P2 Inclusions in the formation of chemical and biogenic sediments
P3 Gas excretions from the magma during the eruption
» Secondary cavities
S1 joint system joint set
S2 Cavities, in fracture and fracture zones
S3 Solution cavities due to
o dissolution of water-soluble minerals or
o chemical weathering

S4 Secondary cavities caused by organisms and crystallization

The quality distribution in aquifers is determined by certain regional or site-specific
factors, such as local geology, groundwater flow and genesis. The water quality is
shaped by geological boundary conditions and their genesis. In the problem areas to be
considered, stable flow patterns with associated property distributions usually formed
over several years (to decades), Fig. 2.2-1 The porous aquifer have predominantly
primary pore systems (P1 debris pore of solidified and unconsolidated sediments).

With groundwater recharge, as a balance of precipitation, evapotranspiration and
surface runoff, the water flow begins along an imaginary streamline through the pore
system towards the receiving water. The flow field (streamlined course of the velocity
vectors in space) is determined by the hydraulic boundary conditions, such as the
stanchion level heights (water levels) and the permeability.

In the upper part of the anthropogenic influenced area (aquifer, inner - dump), a
groundwater lamella is formed, which is shaped by this nature and flows down to the
opencast mining lake, Fig. 2.2-1. The groundwater flowing in from the outside (aquifer,
outside) and from the floor (aquifer, lying) is of a different origin.

The cavity systems of fractured-rock aquifer are composed of all the primary and
secondary cavities mentioned. The groundwater flows mainly along the fissures, FigFig.
2.22.
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Fig. 2.2-1: Schematic section through an anthropogenically modified pore aquifer (mining dump)
in the upstream of an opencast mining lake as an example of complex flow systems in
pore aquifers.

GWL

fissures

mine shaft

shoring

tunnels

Fig. 2.22: Section through a fractured aquifer with mining relics (scheme).

In flooded mines, groundwater also preferentially flows through remaining sections,
shafts and soft rock backfills (structures). Accordingly, flow distances and times vary
greatly. Relatively stable current tube systems form in karst aquifers.

Bei Membranen ist der durchflossene Querschnitt im Verhéltnis zur durchflossenen
Wassersdule sehr groB3. Prozesse auf der Membran und innerhalb der Membran lassen
sich mit Einschrankungen auch als Filtration beschreiben.

2.2.2 Filtration as a flow through porous media

The term filtration is usually used for the separation of particles in equipment provided
for this purpose (filters, sieves, ...). In contrast to sedimentation, the separated
substances are retained in the direction of the flow and usually have to be removed there
by regeneration. Sedimentation alone does not count as filtration.

Technical filters usually consist of a container filled with the filter materials (filter
medium) through which the water to be treated is passed.
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Fig. 2.23: General distinction between surface filtration and deepfiltration (GIMBEL & NAHRSTEDT
2004).

In surface filtration method the separated substances accumulate at the porous interface
to the filter medium. In the process, a filter cake is formed from filtered substances,
FigFig. 2.23 Dead End. In the cross-flow driving style, cake formation is largely
avoided by removing part of the concentration of non-membrane-permeable substances,
Fig. 2.23 cross flow.

In depth filtration, the colloidal or finely dispersed water constituents to be separated
are retained inside, i.e. in the depth of a porous filter layer (also known as a room filter,
GIMBEL & NAHRSTEDT 2004).

This particle separation takes place in sub-steps:

1. Transport of the particles inside the filter bulk from the suspension to the surface of
the filter material or its loading layer until contact occurs. Various transport
mechanisms are responsible for this.

2. Adhesion of the particles after contact, resulting in a stable, permanent deposit.
Various adhesive mechanisms are responsible for this.

In addition,

3. biochemical reactions in the porous system cause further changes in their properties.

In a broader sense, all processes taking place in porous systems that flow through them
are considered filtration processes. This opens up a common possibility of describing
technical processes on the one hand and natural processes in the aquifer on the other.
The process description is extended to all essential processes. As broad as the
application of these processes is their description in the disciplines concerned, from
chemical reaction engineering to water treatment and hydrogeology.

2.2.3 Dimensioning of porous reaction spaces (filters and aquifers)

The ones shown in Fig. 2.2-1 and Fig. 2.22 can be combined into characteristic current
tubes, which are dimensioned like filters made of granular material, Tab. 2.2-1. Shown
as a black box, the filter path describes the signal change between input and output
function, or between inlet and outlet, Fig. 2.25.

The filter itself consists of the immobile solid and a mobile solution with the specific
volume fraction nP(mobile). This mobile volume component reaches a maximum of the
value of the porosity np Eq.(2.2-6) but is usually lower than that due to dead spaces or
gas phase inclusions.
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Va, tr. H, nigy
QR ====== ]]P(mob]]) PV BY
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Vi, VWZ, Dpy, L

Fig. 2.24: Division of a horizontal current tube into an immobile and mobile volume fraction.

Filter Reactor:

- Volume V. Output

- Flow section L ¢

- Flow

- Storage capacity t,V
Fig. 2.25: Black box representation of a filter.
Tab. 2.2-1: Basic quantities of the reaction space flowing through in Fig. 2.25.
Parameter Symbol | Units Definition Eq.
Length L m, dm
Area of the flow cross-section AF m?, dm?
Reactor volume VR m?, dm? Ve =A.-L (2.2-1)
Volume Flow, Flow Qr m?/s, m/h
Filtration velocity Vf m/d, m/h Ve = A_R (2.2-2)

F
V, L
space-time tp d, h tp=—=— (2.2-3)
Qv
1 t t
Water column flowing through H m H= A_ _[(QR )5t = _[Vfat (2.2-4)
F t0 t0

Technical filters are usually flowed vertically and aquifers horizontally, Fig. 2.26. The
dimensioning of technical filters can be transferred to granular and non-cohesive
sediments in the aquifer, Tab. 2.22.

= Qr
Qp v Af
2 PR
& P N3 TR RG>
-ﬁ .o i o | ':5 Filtermedium ;’Z'. x
8 : —Filtermedium b e D7 SR
= - fo ! mp. Ve Vi pg 0y v X A e
Area of the s o W SRS
flow cross-section Ap
L

Flow of regeneration

Fig. 2.26: Dimensioning of a downward-operated pressure filter (left) and a horizontally flowing
power pipe in an aquifer (right).
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Tab. 2.22: Basic quantities of the reaction chamber flowed through with a granular filter material,
Fig. 2.26.
Parameter Symbol | Units Definition Eq.
Pore volume or water volume Vr=Vw | m’, dm?
Solids (sample) mass Mmp; kg
. 3 _ 1’nPr
Bulk density Ps kg/dm Ps = (2.2-5)
VR
Pore volume Vp m’, dm?
VP
Porosity, specific pore volumen np 1 np = V_ (2.2-6)
R
Porosity of the particle npp 1
Ve
Distance velocity VA m/d, m/h Va=— (2.2-7)
n
P
residence time VWZ d, h VWZ =n, -t (2.2-8)
p _ mPr pS
Solids (grain) density pss kg/dm? S8 V, -V, (1 ~n, ) (2.2-9)
VW p
Phase Ratio z dm’/kg Z=—"=— (2.2-10)
1,nPr pS
Interface between mobile and immobile )
OR m
phase (shear surface)
Konzentration des Stoffes X cx mmol/L
Homogeneous reaction rate r mmol/(L'h) r(L, t.cy, ,) (2.2-11)
t
Amount of substance, cumulative
. ’ n=|lc- 2.
material passage n mol, mmol t-[) ( Qx )@t (22-12)
Number of bed volumes flowed . H
fi = -
through Ny 1 ur BV L (2.2-13)
Number of pore volumes flowed H
npy 1 fir PV = (2.2-14)
through n

P’

The reactor volume Vg is referred to as the filter bed volume BV. While the reaction
sequence in the technical filter is often based on the number of bed volumes flowing
through ngv Eq.(2.2-13) geochemical simulation models refer to the number of pore
volumes flowed through npy, Eq.(2.2-14) This results in different reference systems for
the consideration of filtration processes:
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» Flow-related approach:

o The filtration velocity vr Eq.(2.2-2) and the spacetime tF Eq.(2.2-3) refer to the
total filter volume Vr and the total volume flow Qr.

o The distance velocity va Eq.(2.2-7) and the residence time VWZ Eq.(2.2-8) only
take into account the pore volume np(mobile) flowing through it for the
conversion.

» Integral approach:

o The water column flowing through H Eq.(2.2-4) and the cumulative material
passage Eq.(2.2-12) refer to the filter cross-section Ar and to the volume flowed
through. The water exchange is determined by the number of bed volumes
exchanged ngv Eq.(2.2-13)).

o When referring to the mobile solution phase, the pore volume PV Eq.(2.2-14) their
exchanged number is counted as npy in the same way.

o The reference to the solid mass is determined by the phase ratio z Eq.(2.2-10)
which reduces the bulk density ps Eq.(2.2-5) The phase ratio in filter mode then
follows from Eq.(2.2-15).

t

J.Vfé‘t
. Vo  H-A,  H 3 (2.2-15)
m, pg-Ag-L pg-L pg-L

Further compartmentalization and/or extension to multidimensional spaces can be
carried out according to the same principles with corresponding computing capacity and
with rapidly decreasing clarity.

2.2.4 Scale transitions of natural and technical reactors

Near-natural processes usually use the materials available at the respective location. The
conditions explored usually determine the suitability of the location. In water treatment,
narrowly classified chemically inert grains such as quartz sand/gravel, hydroanthracite,
garnet sand, ilmenite, expanded clay, pumice and plastic granules are used as filter
materials. Their treatment effect is caused by their pore system or active grain coatings
that form. In addition, chemically active materials such as calcite, half-burnt dolomite,
activated carbon and ion exchange resins are also used.
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Tab. 2.2-3:

Transition between natural and technical filtrations via granular media without the (bio-

)chemical processes that take place in detail (u-unsaturated, g-saturated flow).

Infiltrationsverfahren \G Saturati| Evaporation/ |[Kolmation |Infiltration areas

Guideline  |on rainfall

values
Processes
Groundwater recharge 250 mm/a u |Large insignificant | Soils and biotopes
Soil filter for rainwater 40 m/a u/g natural soils,
treatment decreasing |increasing |applied filter sand
Low Groundwater recharge 0,5 m/d u/g layers, vegetated
Groundwater flow 1 m/d g |no Porosity and
Slow sand filter with surface 10 m/d g |unbedeutend |determining |unvegetated
regeneration the

procedure

Rapid filters in water 15 m/h g |keine Depth filter |Filter sands
treatment
Membrane Technology 20 mm/h g |keine scaling Module

The complex processes can be reduced to a one-dimensional consideration of the
reactive mass transport if there is a largely stationary flow field in which representative
current tubes can be classified, Tab. 2.24.

With a high exchange rate of pore volume (water treatment filters, bank filtration and
artificial groundwater recharge), relatively stable concentration profiles often form
along the flow path. In contrast, when water bodies are displaced, complicated
displacement fronts form between them, which migrate through the displaced filter area.
In these cases (e.g. environmental and contaminated site problems), their pore volume is
replaced only a few times. From the flow behavior determined in each case, adequate
reactor models are selected for the description, chapter 3.2.

Tab. 2.24: Applications of filtration processes with reference to their process-determining

processes.

1. Technical filters:

e Surface filtration, chapter 5.3,

e Depth filtration, chapter 5.1,

e Transport-controlled reactions at the
phase interface, chapter 6.3.3,

e Graindiffusion chapter

e Steady-state concentration profiles,
chapter 3.3.3.

2. Membrane Technologies:

e Surface filtration, chapter 5.3.

TiilI1]
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A 3. Artificial groundwater recharge and bank
v filtration:

e Surface filtration, chapter 5.3

e Experiences with artificial groundwater
recharge, chapter 10.4.1

4. Contaminated sites in the pore aquifer as
} I\ an opencast lignite mining dump:
e Surface reactions and

-equilibria, chapter 6.3

e Migration of concentration jumps,
chapter 8.3.

5. Fracture aquifer, flooded mine:

e Transient communication with dead
spaces chapter 8.3.4.

23 Thermodynamic basics

231 State Variables and mixed phases

The macroscopic properties of thermodynamic systems are described by state variables,
which are linked to each other via state functions with state variables. A distinction is
made between intensive and extensive state variables (system parameters).

» Extensive state variables change during a system division
» Intensive state variables do not change in a system division.

While in the geohydraulics of multiphase systems (BUSCH et al. 1993) DENSITY and
concentrations are among the derived extensive system parameters, in chemical
thermodynamics they belong to the intensive quantities. The state of mixing phases
depends not only on temperature and pressure (intrinsic to the system) but also on their
composition (intrinsic quantities). The parameters for describing the composition can be
defined differently:
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Extensive quantities are quantities of material, masses, etc.

» Intense quantities are obtained by dividing the proportion of a component by the
total amount of the mixing phase. Depending on the choice of extensive reference
values, mass or volume fractions or molar concentrations are obtained.

A state quantity y in a phase is described as a function of state variables, Eq.(2.3-1)

y=1f(T,p,n,,...) (2.3-1)
The changes describe the total differential of the function, Eq. (2.3-2)
ayj (ay] oy
dyz(— dT+| = -dp+z — -dn, (2.3-2)
aT p.ni ap T,ni i ani T,p,nj

Partial molar quantities are the partial differentials of the state quantity of the respective
amount of substance or concentration. The condition for a state variable is that all
second mixed derivatives after the state variables are zero. Under isothermal-isobaric
conditions, Eq.(2.3-3)

dy [ 2%y
dy= — -dn. mit | ———— =0 -
’ Z(an T.p.nj l 61’1i .8nj T.p,i#] (23 3)

i

The thermodynamic state functions include enthalpy (h), entropy (s) and free enthalpy
(g), as well as molar enthalpy (H), molar entropy (S) and molar gibbs enthalpy (G) in
terms of substance quantity or reaction. The absolute magnitude of an object's energy
cannot be given because not all components, including mass and dark energy, are
quantifiable or unknown. Enthalpy, and the free enthalpy derived from it are only given

as differences with respect to selected standard states, Eq.(2.3-4)
G = H-T-S 534
6G = OH-T-3S @3-4)

The derivatives of state variables according to the amount of substance result in the
partial molar quantities Y, Eq.(2.3-5)

Yz(—) :f(ci,cj,p,T,...) (2.3-5)
p,T

.....

The chemical potential n is defined as the partial molar free enthalpy of a component
and is related to the standard state p*, Eq.(2.3-6)

w =, +RT-In(a,) (2.3-6)

In phase equilibrium, the chemical potentials in the phases are the same.

2.3.2 Reaction Stoichiometry

Every reaction of the starting materials A and B to the reaction products C and D can be
expressed in the form of Eq.(2.3-7) or as Eq.(2.3-8) (Autorenkollektiv 1971),
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|VA|A+|VB|B—>VCC-I-VDD (2.3-7)

where the stoichiometric coefficients va, vs of the starting materials are negatively
defined and thus their substance sum results in zero, Eq.(2.3-8).

V,A+v,B+v.C+v,D=0 (2.3-8)

The macroscopic turnover of a reaction is indicated by the reaction run number & [mol,
or mol/L], Eq.(2.3-9)

(v, X, +v, X, +v, X, +V, X, +..)-E= &-ZviXi =0 (2.3-9)

Molar reaction sizes ArRY are derived from the molar sizes of the reactants and the
stoichiometry coefficients, Eq.(2.3-10)).

ARY{Q}ZWK (2.3-10)
%) 4

233 Chemical reactions and equilibria

2.3.3.1 Reaction rate and chemical equilibrium

The chemical potentials of the reactants make up the free enthalpy of the reaction,
Eq.(2.3-11).

AyG=V, U, +Vg Uy + Ve He +Vp Uy (2.3-11)

The energy level diagram Fig. 2.31 shows the difference between the initial and final
products of a reaction. The reaction leads via an energetically higher activated complex.
This energy barrier must be overcome in the event of a collision between the reaction
partners before the transition complex disintegrates into the end products. The
frequency of overcoming and thus the reaction rate depends on the energy distribution
of the starting molecules at the reaction temperature, Eq. (2.3-12) and Fig. 2.31.

—k-e RT .c% .¢% = . e e 2.3-12
r=k-e CAA CBB _kTempO QTemp CAA CBB ( )

The reaction mechanisms of complex reactions can therefore usually be decomposed
down to the more probable two-way interactions than elementary reactions. Irreversible
reactions only take place in the direction of negative free enthalpy differences.

In chemical equilibrium, back and forth reactions take place at the same rates. The
starting and end products are at the same energy level. The free enthalpy of reaction
ARG is therefore zero. By inserting Eq.(2.3-6) in Eq.(2.3-9) the law of mass action is
derived, Eq.(2.3-13)
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Gibbs enthalpy activated complex
Ga. N
Ey
Reaction partners Products
ALB ARG
C+D
Fig. 2.31: Energy scheme of a chemical reaction (vt = 1) with transition complex and the molar

free enthalpy of the reaction ArG.

ARG =V, "Hp +Vp U + Ve He +Vp tHp +

RT(VA ln(aA)+ Vg ln(aB)+ Ve ln(ac)+ Vo 1n(aD)) (2.3-13)

The sum of the standard chemical potentials is summarized in the free standard reaction
enthalpy ApG¢and the logarithms of the activity terms in the activity fraction, Eq.(2.3-

14) The starting materials appear in the denominator because of their negative
stoichiometry coefficients.

0=A,G' +RT-ln(H(ai“)]=ARG° +RT-InK (2.3-14)

i

In chemical equilibrium, the fraction of activity corresponds to the general formulation
of the law of mass action. The equilibrium constant is thermodynamically linked to the
molar reaction enthalpy and entropy, Eq.(2.3-15)

AG=A,G"+2303-RT-Ig(K)=A,H-T-A,S (2.3-15)

From Eq.(2.3-14) follows the formulation of the equilibrium constant as a product of
activity with the stoichiometry coefficients as exponents, or as a fraction of final and
output components, Eq. (2.3-16)).

aVC aVD
K= Ha ‘VCA‘ "33‘ (2.3-16)
B

2332 Ion Activity Product IAP

The decadal logarithm of the break in activity, regardless of the equilibrium position, is
also referred to as the Ion Activity Product IAP (PARKHURST & APPELO 1999), Eq.(2.3-
17).

:mgvi In(a,) (2.3-17)
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Species that are in a pH or redox-dependent equilibrium (index j) are separated out as
functions of their total concentrations. The equilibria are of type Eq.(2.3-18) or Eq.(2.3-

19)).
XH <> X~ +H"' (2.3-18)

Protolysis equilibria are formed by H>S, H>COs, ... with the corresponding equilibrium-
constants log(K) and pK.

X &X' te (2.3-19)

From the reaction equation Eq.(2.3-17) separate pH and ORP dependent parameters
follow, Eq.(2.3-20)).

ZVi (X )+ vy H 4vee 4D v, f, (PH’pg’XTOT,j )=0 (2.3-20)

On a redox equilibrium Eq.(2.3-19) for example, ferrous iron and ferrioc iron are linked.
Often, however, only their sum cror is known. According to the definitions of the pH
and pe value for the ion activity product, the functions fi and fj, which contain the
corresponding laws of mass action, follow from this.(2.3-21) to Eq.(2.3-24)).

1
IAP = —Zvi 'ln(ai )_va ‘pH—v, -pe+ ZVJ- logf; (aTOT,j) (2.3-21)
In(10)4 -
For i =X, or fj = fx. of the protolysis equilibrium Eq.(2.3-18) follows Eq.(2.3-22)
IOpKpr

fe (aTOT,X): (W)'aTOLX (2.3-22)

and for j = X, or fj = fx+ of the redox equilibrium Eq.(2.3-19) follows Eq.(2.3-23)).

10P%
fX+ (aTOT,X ) = (W) : CTOT,X (23‘23)
Logarithmized follows Eq.(2.3-24) shown in Fig. 2.32.
1oPePH ..

lg(ay )~loglarer y)=log {10 ) fiir pH und pe (2.3-24)
For

o pK-pH<<-1.5, species X has no influence on IAP and

o pK-pH>> 1.5, there is a linear influence of the total activity/concentration.

Valid for pH or pe.
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Fig. 2.32: Relationship between the differences (pK-pH) and (pK-pe).

2333 Application of the total differential of the ion activity product IAP to error
considerations

The influence of deviations in the input data is described by the total differential,
Eq.(2.3-25),

1 )
JIAP=——S'v.. =iy opH-v, -
ln(lo)zvl ai va ap Vs apg

(2.3-25)

i 1
FYv ’+ZVA.(1_(—)_ 8]-8pH|p8
i : A1or1,; i : 1+107 PHp

whereby the pH|pe-dependent term is often either close to zero or close to one,
depending on the milieu. The relative differences or errors [1, %] of the activities
correspond to those of the concentrations, Eq.(2.3-26)).

&,

2.3-26
a.  c ( )

1 1

To consider errors, the absolute values of the terms in the total differential are summed
up (error propagation), Eq.(2.3-27)).

1 Ac; ' .
AIAP —m2|\/i|.c—i+‘vw‘ ApH+|v8| Ape

(2.3-27)

ACqror 1
+Sv - i S ] 1= - ApH | Ape
;‘ J‘ Cror, 2‘ J‘ il_i_lopKrPH\pe ) p | p
The relative (Ac/c) and absolute (ApH, Apg) errors are always to be used positively.

234 Energetic size ranges

The (bio-)chemical reactions in the environment and nature take place in a broad energetic spectrum, Fig.
2.33.
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Fig. 2.33: Gibbs standard reaction enthalpies ArG® for different interactions and activation

energies Ex compared to electromagnetic radiation (right).

The gibbs enthalpies of reactions lie in the following ranges:
» 2,5 kl/mol: van-der-Waals-Kréfte in hydrophobic areas,

» 12-29 kJ/mol: electrostatic interactions of acid functions with complex-forming
cations (CaZ", ...

» 10-30 kJ/mol: Hydrogen bonds, mainly between hydroxyl groups

» Stability constants of complexes or associates (pK) can be converted into free
standard enthalpies of formation, Eq.(2.3-28).
kJ
A,G? =5,61— - pK (2.3-28)
mol
» The microbiological activation energies Ea refer to the values listed in chapter
6.1.3.3 Temperature dependence of aerobic degradation processes (aerobic) and
anaerobic sulfate reduction (SRB) described above.

» The energy of light quanta extends over the region of excitation of m and n-
electrons.

» Covalent chemical bonds are only excited to fission from the vacuum UV (A <200
nm).

» Peak values are released during radioactive decay in the form of ionizing gamma
radiation, ranging from trittum (1.8 GJ/mol) to radium and uranium-238 (around
450 GJ/mol) to plutonium (560 GJ/mol).

A high number of individual compounds between the macromolecules in aggregates
results in an effectively high free bond enthalpy. LATTNER (2003), for example,
demonstrates the stabilization of anionic macromolecules (alginate) by cations, Fig.
2.34. This mechanism stabilizes many organic and inorganic molecular associations and
shapes their pH- and electrolyte-dependent mobility behavior.
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Fig. 2.34: Conformational change of a polymer as a function of the cation concentration; blue:
carboxyl groups, red: cations (Li+) (Scheme according to LATTNER 2003).

235 Description of complex mixtures of substances (continuous
thermodynamics)

2.3.5.1 Problem

Complex are multi-substance mixtures that contain a very large number of chemically
similar components. Due to the large number of similar molecule species, it is difficult
or practically impossible to determine them analytically, qualitatively or quantitatively.
This is why they are also described as substance continuums. Variables used include the
boiling temperature of hydrocarbons in petroleum distillation or the degree of
polymerization in synthesis. Groups of substances with distinguishable properties can
be grouped into pseudo-components. The concentration is usually determined by sum
parameters, such as the DOC ... .

2352 One-dimensional material distributions

One-dimensional material distributions are only distributed by a property parameter (x),
Eq.(2.3-29)).

0c(x) = cyop - F(x)- Ox (2.3-29)
with

X = Distribution parameter (property) with -oo < x <+oo

Cror = Total concentration of the component

Here, the integral of the distribution function is defined by one over the definition range
of x (e.g. Gaussian distribution), Eq.(2.3-30).

Tf(x)‘ax =1 (2.3-30)
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The first derivative of the sum function describes the corresponding density distribution
of the substances as a function of the selected parameter. The discretized density
function is calculated from the difference coefficients of the sum function with a mostly
unusual unit, Eq.(2.3-31).

p(x)z% 2.3:31)

Often, properties are normally distributed around a fixed value xm with a standard
deviation G, Eq.(2.3-32),

_oy_ v _—(x %, (2.3-32)
O0X o421 P 20 ._

p

or are composed of several normal distributions that can be separated as
pseudocomponents. Partial molar quantities of substance distributions describe
functional relationships. Partial (molar) quantities can also be determined for
pseudocomponents, but with reference to their respective concentration basis (DOC,
Eosa, ...), Eq.(2.3-33).

_|oy ) _1foy| _1f_ o
Y_[an.lT _v{acil’“ V[CTOT-f(X)-éxlT (2.3-33)

1

---------

After multiplying by the volume V, a substance quantity equivalent of the
pseudocomponent is obtained. This procedure can be transferred to multidimensional
material distributions.

2353 Set-theoretic prerequisites for the definition of pseudocomponents

Pseudo-components are subsets of a mixture of substances that meet specified criteria.
Each unit of substance (molecule, ion, aggregate) can be regarded as an element of the
amount of substance. The set-theoretic mapping of the mixture, or its fractions, to the
set of natural numbers results in their extensive distribution function, i.e. the number of
associated elements is assigned to each point in the multidimensional property space
(SCHOPKE 2007).

The set-theoretic prerequisites for pseudocomponents (Gemisch) are fulfilled if the
entire definition range of a property can be divided into non-overlapping sections. For
the classification of a mixture of substances into two pseudo-components, their
intersection must always result in an empty set.

Gemisch = A UB ) 3.34
ANB=C (2.3-34)

This allows pseudo-components to be treated in the same way as homogeneous
substances. For the (pseudo-) component i with its measured value y, and its base

concentration, Eq.(2.3-35)),
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oy, =(%ja“7 =Y, ¢, (23-35)

1

where c¢ stands for the sum parameter used to quantify the pseudocomponent.

2.3.6 Properties of the flowing medium water

2.3.6.1 Density of water

The density of water depends on the temperature, pressure and composition of the
water. In particular, the dissolved ingredients (salts and gases) cause density differences
between mineralized and pure water. In the case of high-precision investigations, the
isotopecompositionof the water, including the proportion of the heavy isotopes *O and
’H (deuterium), must also be taken into account.

GROSCHKE (2007) researched the calculation of the density of pure, gas-free water p,

for the following parameters:

o Air pressure p, = 1013,25 hPa
o Hydrostatic pressure p, = 0 Pa and
o Salinity

Salinity SAL 1is the total mass of dissolved salts per unit mass of aqueous solution.
According to Chen & Millero (1986, quoted in GROSCHKE 2007), the

Density pw [g/cm?],
when specifying the
Temperature Temp [°C],
Pressure p;, [bar],
Salinity SAL [g/kg]
via polynomials of the nth degree, Eq.(2.2-1) to Eq.(2.2-3).

6
py = a, Temp" (2.3-36)
n=0
5 -1
Pw =(pO+SAL-Z(bn-Temp“)j-( _thj +Ap,,, [g/em?’] (2.3-37)
n=0

4 ( ) 2 ( )
_ . o, -S(d - "
K HE:O c, -Temp” |+ p, Z;, o Temp™ J+ rbar] (2.3-38)

SAL -(53,238-0,313-Temp +0,005728p, )

Mit den Koeffizienten wurde eine Excel-function fiir die Anwendung formuliert, Tab.
2.31.
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Tab. 2.31: Coefficients for the Eq.(2.3-36) to Eq.(2.3-38). Further density calculations are provided
by LERMAN et al. (1995).
Koeff.
0 1 2 3 4 5 6
a, 0,9998395 6,7914- 105 | -9,0894- 10- | 1,0171- 107 | -1,2846- 10~ | 1,1592- 10- | -5,0125- 10-
6 9 11 14
b, 8,181 104 -3,85- 106 4,96- 108
c, 1,965217 104 | 148113 102 | 2,293 1,256- 102 | 4,18 107
d, 3,2726 2,147 10 1,128+ 104
e, 68,0 18,209 -0,30866 53445+ 103 | -6,0721- 10- | 3,1441- 107
5
f 4,599 -0,1999 2,79 107
g, 0,3682 -1,52- 107 1,91- 10
h, 50,885 -0,38364 8,7185- 103 | -1,251910%* | 1,3488- 10 | -6,744 - 107
i -0,1317 2,732+ 107 -3,78- 107
in -1,446- 102 2,082 10 -3,83- 106
2.3.6.2 Viscosity of water

Viscosity is a measure of the viscosity of a fluid. The greater the viscosity, the thicker
(less flowable) the fluid; the lower the viscosity, the thinner (more flowable) it is, so it
can flow faster under the same conditions. The temperature dependence for the dynamic
viscosity 1 [Pas, kg/(m's)] uses the WORCH (1993) in connection with the calculation of
diffusion coefficients, Eq.(2.3-39).

o Mo | 1,37023(Temp — 20°C)+8,36-10~* (Temp — 20°C)’*
8 n 109°C + Temp

mit

Ny =1,0019-107Pa s

(2.3-39)

The kinematic viscosity vx [m?%s] of a medium X is the quotient of the dynamic
viscosity nx and the fluid density px, Eq.(2.3-40)).

v, =—%
Px

The temperature dependence in the range (4°C < Temp < 30°C) is approximately linear,
Eq.(2.3-41).

(2.3-40)

V00

—2€ ~0,5363+0,0238- Temp (2.3-41)
VTemp
2.3.63 Molecular diffusion coefficients

For the estimation of mass transfers, knowledge of the molecular diffusion coefficient
or constant is necessary. In aqueous media, the diffusioncoefficients of inorganic ions
are in the order of 10 m%/s. WORCH (1993) compared a Wilke-Chang approach with
data sets from the literature and found a correlation for low molecular weight organic
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substances (56 g/mol < M < 407 g/mol), Eq.(2.3-42) This approach is probably also
approximately applicable to higher molecular weight substances (>2000g/mol).

0,53
D, =3.595-10 . — L _ {ms Pa-s(g/mol) }
n-M> K

(2.3-42)

With the temperature dependence for the dynamic viscosity n Eq.(2.3-39)).

SIRIPINYANOND et al. (2005) calculate the diffusion coefficients of humic aggregatesas a
function of their hydrodynamic particle diameter dg[nm], Eq.(2.3-43)).
ky-T

D=—58 ]
R—— (2.3-43)

With the Boltzmann constant kg (Tab. 2.1-2) and as a workingequation for 20° C
Eq.(2.3-44)).

2

k .
138-102 & ™M 19315k

2

2
. Inm
D,pe = s_ K =4286-10"0 L.

3-n-1,0019-10_3k—g-10_9md—k s dg
S-m nm

(2.3-44)

Alternatively, BALCH & GUEGUEN (2015) give the diffusion constant of humic and
fulvic acids as a function of the molar mass for 25°C.(2.3-45)

5 -0.81
D=11-10" m—[ M j | *=0,78 (2.3-45)
mol \ g/mol

BUFFLE et al. (2007) compiled various computational approaches required for the three
main types of chelating agents in aquatic systems and derived diffusion coefficients for
inorganic ions:

o small ligands, Tab. 2.3-2,
o kolloid partikles or aggregates Eq.(2.3-46), and

o fulvischin and humin substances, BUFFLE et al. (2007).

2 -}
D=284.10° 1 [ M (2.3-46)
s | g/mol

For various complexes with organic substances, including humic substances, even more
complicated calculation methods are presented. When comparing the compiled
diffusion coefficients, considerable differences are noticeable.
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Tab. 2.3-2: Von BUFFLE et al. (2007) researched diffusion coefficients of hydrated inorganic cations
and anions in water at T =298.15 K and infinite dilution.

Kation | D Kation | D Anion D Anion | D

101 m?/s 1071 m%/s 1071 m%/s 107" m?/s
H30* 93,11 K* 19,57 OH- 52,7 PO4*> 6,1
Agt 16,48 La* 6,19 HrAsO4 9,05 HPO4* 7,59
AP* 5,41 Li* 10,29 Br 20,8 HoPO4 9,59
Ba?* 8,47 Mg?* 7,06 CO3* 9,2 HS 17,3
Be? 5,99 Mn?* 7,12 HCO3- 11,9 SCN- 17,58
Ca?* 7,92 Na* 13,34 Cr 20,3 SO3* 9,59
Cd** 7,19 NH4" 19,57 ClO4 17,92 HSO3- 13,31
Co*" 7,32 Ni%* 7,05 F- 14,8 SO4* 10,7
Cr3t 5,95 Pb** 9,45 Fe(CN)g* 8,96 HSO4 13,3
Cs** 20,56 TI* 19,89 Fe(CN)6* 7,35 SH03%> 11,32
Cu® 7,14 T 6,1 I 20,45
Fe?* 7,19 Zn* 7,03 103 10,78
Fe’* 6,04 MnOy4 16,32
Hg?* 8,47 NO3- 19,02
Hgo?* 9,13

2.3.64 Ionic strength and electrical conductivity

Polyvalently charged ions have a greater influence on the environmental properties of
aqueous solutions. This takes into account the ionic strength I [mol/L], which is defined
as the charge-weighted ion concentration, Eq.(2.3-47)).

1=05-Y (2 ) (2.3-47)

with zi= number of charges and ci= concentration of ions.

Compared to the unweighted ion concentration, (mostly nonlinear) relationships are
derived from the ionic strength, among other things, to electrical conductivity and
activity constants. The experimentally determined conductivity LF (electrical
conductivity EC) [mS/cm, mS/cm] captures the contributions of all ions moving in
solution and is used as an orienting measure for the ion concentration and strength. In
water chemistry, the measured value is converted to 25 °C. Due to the different
equivalent conductivities of the individual ions, there is no simple relationship between
the measured conductivity and the salinity of the solution.

3 Model Basics for Filter Reactors
3.1 Material balances
3.1.1 General balance equation for reactive mass transport

The filtration processes are described using the general balance equation, Eq.(3.1-1)
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Change in concentration = Convection element + Diffusion element + Reaction element (3.1-1)

or as a partial differential equation, Eq.(3.1-2).

c= (% cj = —div(:/ : c)+ div(D- grad(c))+r(c) (3.1-2)
L
mit
V= Velocity Vector
D = Diffusion coefficient (vector)
r = Sources, sinks and reactions

The convection element balances the material flows via the divergence of the current
vectors, in the three spatial dimensions and the concentration at the point (X, y, z) as a
scalar quantity, Eq.(3.1-3)

o) vl o)< 29 ) 2 ) a1

A positive divergence means a negative material balance, which is seen as a negative
sign in Eq.(3.1-2)

Diffusion takes place in the direction of the decreasing concentration gradient. In
multidimensional space, the concentration gradient represents a vector, Eq.(3.1-4)

grad(c)=| 2, % (3.1-4)

ox’ oy oz '
The gradient is the partial derivative of the concentration according to the spatial
coordinates. The diffusive material flow results from the product with the direction-
dependent diffusion coefficient. When balancing the diffusive material flows over the
divergence, two negative signs (concentration gradient points against the direction of
diffusion) cancel each other out, Eq.(3.1-2) Instead of diffusion, the term dispersion is
used when looking at flow sections, which combines diffusion and convective remixing
with the same formal description.

The source/sink term (X, y, z, ¢) contains reactions. The general balance equation
Eq.(3.1-2) belongs to the linear inhomogeneous partial differential equationsystems.
Under uniform flow and diffusion conditions, as in ideal filtration, it is reduced to a
system of equations with constant constants and the source/sink term r(x, y, z, )
describing the inhomogeneity ¢(KUNTZMANN 1970). Analytical solutions exist only for
highly simplified special cases. By returning to analytical solution approaches, the
application of numerical simulation methods is to be causality-related and the
interpretation of measured values is to be simplified.
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3.1.2 Multidimensional complex problems

With today's performance of computingtechnology, complex problems can be solved
numerically. The temporal changes of a multidimensionalconcentration distribution are
summarized in a partial differentialequationsystem in vector notation, Eq.(3.1-5).

[cj :(gcj :F(X,y,z,t,...) (3.1-5)

ot

The temporal change of the three-dimensional concentration field, Eq.(3.1-6).
c(x,y,z,t)=F(x,y,z,t)= j ﬂL » f(x,y,2,...)-0x -dy -0z - ot (3.1-6)
=0 o

The numerical solution methods discretize the space through grids and translate the
problem into difference equations that are integrated from an initial configuration in
discrete time steps.

Z(x,y,z,t) x y,zt ZZf X,V,Z,. AX ‘Ay-Az- At (3.1-7)

t=0 x,y,z

There are a large number of methods and computational implementations. The
disadvantage of complex simulation calculations is their large amount of data in the
solutions. Rows of scenarios with different boundary conditions and parameters can be
calculated. The number of degrees of freedom grows into the unmanageable, as does the
flood of data of the results. Individual scenarios differ only marginally. Ultimately,
simulation results are evaluated again as original data from measurement series and
causal relationships are even found. Examples of applications include the simulation of
weather and climate phenomena, processes in aquatic systems or reactions in fluidized
beds and combustion chambers.

3.1.3 An overview of the particulate solutions of the balance equation

For the consideration of reactions in the flowing pore solution in filters or aquifers,

useful simplifying analytical partial solutions, so-called particulate solutions, can be

found instead of sprawling numerics. Particulate solutions are usually contained in the

special solutions and can often be found in them, Tab. 3.11. For a one-dimensional flow

of flow length L, Eq.(3.1-2) to Eq.(3.1-8).

- v, 0Oc

—diV(V~C)=——f'— 1-
n, oL (3.1-8)

For a one-dimensional filter flow (L, vf) in a porous system with the distance velocity

va Eq.(2.2-7) the partial differential equation of the second order with the axial

diffusion coefficient Di, Eq.(3.1-9).

. 2
CZ(QCJL zﬁ.@+@(DL .@(c)jﬂ(e):VA 240, 22 axe) (3.1-9)
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Reactions with the solid matrix can be defined from the extension to a diffusive
interaction (Dy) perpendicular to the direction of flow with a source/sink.

If several substances reacting with each other are considered, the interaction of which is
contained in the reaction term (source/sink), an inhomogeneous partial differential
equation system is created, for which analytical solutions can only be found under
further restrictions.

» Analytical solution for the non-reactive mass transport of a concentrationjump as an
initialcondition at the inlet.

r=0 (3.1-10)

The solution is the dwell time spectrum, chapter 3.1.4. From this solution, or a
discretization of the flow section, the various reactor models used in process
engineering are derived, chapter 3.2.

For steady-state concentration profiles, Eq.(3.1-11) as a restriction, chapter 8.2.

* (0 oc o’c
— _O_ . D . -
c-( ch— =V, +D, 2+r(c) (3.1-11)

» If the mass transport takes place in chemical equilibrium with the stationary solid
phase, the migrating transition fronts form.

Complex reaction mechanisms can also often be numerically simulated as transition
fronts and their migration can be considered via the particulate solution of the residence
time behavior, chapter 3.2 and chapter 8.3.3.

For this purpose, a three-dimensional, temporally homogeneous flow field is reduced to
representative parallel current tubes, which individually describe mostly similar
concentration curves at different temporal processes. For the one-dimensional numerical
solution, the geochemical calculation program PHREEQC3 PARKHURST & APPELO
(2013) or a newer version is recommended, pt. 3.3.1. This includes extensive basic data
sets that simulate one-dimensional transport using a mixed cell approach (pt. 3.2.3) and
programmable reaction kinetics. Expansion to up to three room dimensions is possible.

Tab. 3.11: Particular solutions with reference to the explanations.

Residence Time and Reactor Models | Explanation

Residence time as a Non-Reactive Transport Problem
r(E) =0, chapter 3.1.4

1 Advection on the shear surface va [m/s] Chapter 3.2 und
Chapter 3.5

Diffusion by:

2 Prandl'sche boundary layer 6 [um] Chapter 3.6

3 Grain porosity, macro to micropores Chapter 4.1.3
4 Grain boundary diffusion chapter 3.7

5 Grain structures Chapter 4.2
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Residence Time and Reactor Models

Explanation

Zero Dimensional continuous reactor
Residence Time: r(E) =0, Chapter 3.2.1

54—.—..—b

—@——»

One-dimensional continuous flow tube
Residence Time: r(é) =0, Chapter 3.2.2

&= %

=‘é’

One-dimensional mixed cells
Residence Time: r(é) =0, Chapter 3.2.3

Numerical simulation of one-dimensional reactive mass transport

Transport-controlled mass transfer orthogonal to convective

transport, r_ (E) = % (o — c), Chapter 3.6

Continuous loop reactor with differential filter
r(¢)# 0, Chapter 3.3.2

Steady-Stateone-dimensional concentration profiles

Dy =0, 1(©)=0, EJZ[%CJ =0, Chapter 3.3.3

L

Retardation in chemical equilibrium,

D, —»0, (g
Migration of ideal jumps of concentration, Chapter 8.3
Loading fronts in adsorption filters, Chapter 8.3.2.2

Diffusively coupled dead spaces as a dual-porosity model
Dy #0 , Chapter Fehler! Verweisquelle konnte nicht g

efunden werden.

Penetration depth Ey (L,t) into diffusively coupled dead spaces

Dy # 0, Chapter 8.3.4
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Residence Time and Reactor Models | Explanation

Hydraulik

Hydraulics of laminar flow through pore channels, Chapter 3.5

Hydraulics for reactions in the pore system through which the
flow,
Chapter 5.2

Hydraulics of the surface filtration layer (Sieve effects),
Chapter 5.3

777?

A

Residence time spectra as a particulate solution to the non-
reactive transport problem, Chapter 3.1.4 and Chapter 9.7

3.14 Residence time spectra as tracer balances

The spacetime tr Eq.(2.2-2) is a fictitious quantity that is calculated from the pore
volume flowed through Vw and the volume flow Qr. Taking into account a uniform
pore volume, the mean residence time VWZ Eq.(2.2-8) as the expected value for the
flow time through the filter. Transport and mixing processes (dispersion) take place in
real filters and in the pore channel system, Eq.(3.1-2) The residence times of all
particles that pass through the reactor form the residence time spectrum.

The residence time density function p(t) gives the probability p(t)At as a solid element
in the range (t ... t+At), Eq.(3.1-12) The value of the (integral) residence time sum
function F(t) represents the proportion of the volume elements that have left the reactor
by time t after their addition at time zero, Eq.(3.1-12).

F()= [ pl0ot bow. pl) =2 (3.1-12)

Both representations can be converted into each other by differentiation or integration.
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Tracers are used to measure residence time functions, which are fed into the inlet
current of the reactor in a certain way (entry signal, input function) and whose
concentration is measured at the reactor outlet or another position of the reactor (exit
signal, output function, Fig. 2.25).

Without a reaction link, Eq.(3.1-9) into a homogeneous differential equation with
constant coefficients, which describes the residence time behavior, Eq.(3.1-13) By
appropriately formulating the input function boundary conditions, the residence time
behavior can be solved analytically, Fig. 3.11.

. oc o’c

CTVaaL TP e

(3.1-13)
» The jump function

At time t = to, the inlet current at L=0 with the concentration cy is replaced by an equal
current with constant concentration c¢i, which displaces the solution present in the
reactor as a jump function (RAUSCH et al. 2002), Eq.(3.1-14).

c (t)={°°ﬁj”<t° } (3.1-14)

c firt>t,

Alternatively, the tracer-containing current can be replaced by a tracer-free current.

» Impulse function

The momentum as a Dirac function o represents the differentiated jump function in
which the tracer is added in an infinitesimally short time, Eq.(3.1-15),

c(x,t:O):%ﬁ(x) (3.1-15)

with An = the amount of substance added in the input.

4 4 o A

G fo 3(1)

Ac; = Stoffmenge
An; = Stoffimenge

>

t[h] t[h]

v

Fig. 3.11: Jump function (left) and the Dirac function (right).
L=0,t=0) = t,=0 (3.1-16)

Under the boundary condition Eq.(3.1-16) on the flow path the input functions are
converted into Gaussian residence time distributions by tefr with the variance o2,
System-output Fig. 3.12.
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From the input of the jump function with the initial condition Eq.(3.1-16) is followed by
the integrated solution Eq.(3.1-17),

F(t)=c(L,t)= erfc(LzJVLtj (3.1-17)

with the Gaussian error integral Eq.(3.1-18).
erfe(x)=1-erf(x) l——J. et oL (3.1-18)

The particular solution of the balance equation Eq.(3.1-9) for the empty conduit
(va =vr) describes Eq.(3.1-19) The time is determined by the flowing water column H
Eq.(2.2-4) The residence time spectrum, considered according to the water column H
flowing through it, is independent of filtration velocity and mathematically reversible,

Eq.(3.1-19).

c(H,,H)= ?erfc —_— (3.1-19)

The one-dimensional solution for the Dirac function Eq.(3.1-15) at location L, also with
the initial condition Eq.(3.1-16), Eq.(3.1-20)).

p(t)=c(L,t)= e A\/nT {%J (3.1-20)

The integrated solution Eq.(3.1-20) is undefined for t = 0.

4
1,0 -1

F(H

0,577

0,0 >
Zeitt
Fig. 3.12: Ideal residence time function of a tubular reactor with backmixing and its first
discharge.

The two-dimensional case (x, y) of the propagation of a Dirac pulse in the x-direction is
composed of the product of the solutions for propagation in both spatial directions with
the longitudinal dispersions Dxx and Dyy (RAUSCH et al. 2002), Eq.(3.1-21).
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o(x,y,)=20. 1 exp| - Val) Y’ 3.1-21
Yy Fmp.p, A7 4, @, G120

For particulate solutions, Eq.(3.1-19) and Eq.(3.1-20) if the breakthrough and the
longitudinal dispersion coefficients deviate from the theoretical assumptions. In this

case, L is replaced by a measured or simulated breakthrough water column Hp, Eq.(3.1-
22).

H, = Z—f -t(Durchbruch ) # L (3.1-22)
P

Applications are used for the migration of response fronts, pt. 8.3 and their
interpretation from measurement data pt. 9.7 Featured.

3.2 Residence Time and Mass Transport Behavior of Simple
Reactor Models
3.2.1 Zero-dimensional stirred vessel

In process engineering, a distinction is made between two basic types of reactors
(HAGEN 1993):

» continuous stirring vessel and
» Flow tube with diffuse remixing.

These can be further combined to form a stirring stage cascade or tube bundles. In the
latter, the individual tubes can be described as both stirring stage cascades and flow-
tubes. The ideal continuous stirring tank is completely mixed, Fig. 3.21.

mixed cell

Cl ¢ C
Qs =) v e >4

immobile Phase
(optional)

Fig. 3.21: Continuous stirred tank (mixed cell) with the solution volume (water) VW, the flow rate
Qr and the concentrations in the inlet ¢; and in the stirred tank c or in the effluent (see
also Tab. 2.2-1 und Tab. 2.22).

The concentration is constant in time and place in the reactor and always corresponds to
the outlet concentration. When using the jump function as input, the mass balance
Eq.(3.2-1),

1%,
VW'§:QR'C1_QR'C (3.2-1)
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owhich is expressed over the space-time tr Eq.(3.2-2),
o (c,—c)
~ . 3.2-2
TR (3:2-2)
and integrated in the boundaries from t; to t, c(t), Eq.(3.2-3),
foc_ t(c,—c)
| =" | o (3.2-3)

t0 c0

with the initial concentration (to => c¢c =co, c1 =ci1), ¢, starting from co, approaches
exponentially to the inlet concentration ci, Eq.(3.2-4).
t

c=c,+I(c, —co)-eiE

(3.2-4)

3.2.2 One-dimensional flow tube

The ideal flow tube is characterized by plug flow, i.e. there is no mixing in the axial
direction, Fig. 3.22 with Dr = 0. In contrast, complete mixing is assumed in the radial
direction. The compositionof the reaction mixture, and consequently also the reaction
rate, change over the length of the tube. The residence time is equal to the mean
residence time for all particles (Dr = 0).

D

L Va
¥ @ |
— | —>
— & o |
Fig. 3.22: Flow tube with backmixing and the distance velocity va and the axial (turbulent)

diffusion coefficients Dr.

For real, i.e. aerodynamically non-ideal reactors, the simplifying assumptions
formulated for ideal reactor basic types do not apply. If there are concentration
gradients in the axial direction in a flow tube, diffuse material flows are formed, which
compensate for concentration differences, Fig. 3.22. As a relationship between
convective mass transport and axial mixing, the dimensionless Bodenstein number Bo
was introduced (HAGEN 1993), Eq.(3.2-5) These describe the degree of remixing in the
reactor. The peclet number Pe used for processes in the aquifer is defined analogously
to Eq.(3.2-6).
Konvektionsstrom

BO = = Pe _
axialer Diffusionsstrom (3.2-5)

_VA'L
DL

Bo

(3.2-6)
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The axial diffusion coefficient or effective mixing coefficient Dy is identical to
diffusion constants in the general balance equation, Eq.(3.1-9) L characterizes the
typical length scale of the transport phenomenon under consideration. A large number
of floor blocks corresponds to a small axial diffusion coefficient and thus narrow
residence time spectra.

On the boundary calculation
Bo— o, Dr — 0 Ideal flow tube (no axial mixing),
Bo— 0, D. — o Ideal stirring vessel (complete remixing)

a real reactor can be characterized by a floor stone number.

3.2.3 One- dimensional mixed cells

The mass transport can also be described as a mixed cell cascade by a chain of mixing
reactors, Fig. 3.21. PHREEQC solves the transport problem by a finite difference
method with a distance-time discretization, in which a one-dimensional column is
divided into ncell cells with the length Ax. The time steps result from the cell length and
the distance velocity with the dimensioning Eq.(3.2-8) to Eq.(3.2-12) in Tab. 3.21.

mixed cell

Ci C

C

Qr Vw Qz
immobile phase " pceit mixed cells with mobile
(optional) S phase
/} :
:t> Complete
replacement of the
a e 2 e e mobile phase
solid phase stationar |
A Dispersion as a mixture between
X
e two cells
Fig. 3.23: Mixed cell stirring stage model composed of mixed reactors .

The mixed cell model differs from the dispersion model in its physical fundamentals,
since according to the former, no mass transport against the convection current is
possible in principle. The more stirring stages are connected in series, the closer the
system comes to a tubular reactor with a plug flow character with the approximation
Eq.(3.2-7)
ol L

" (3.2-7)

cell
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Tab. 3.21: Sizing of mixd cells (see also Tab. 2.22).
Parameter Symbol Units Definition Eq.
Number of cells Deell 1 (3.2-8)
Flow Time tr S (3.2-9)
L
Cell Length AX=Len |m AX =— (3.2-10)
n
cell
Ax
Time Step (At)A =teen | S (At)A = (3.2-11)
Va
v
Number of transport steps Nshift 1 N = A_A -t (3.2-12)
X
A%
reactor volume (BV), Eq.(2.2-13) npy 1 Ny, = TA -t (3.2-13)

PHREEQC describes the dispersion via the mixtures between neighboring cells. If the
dispersion is low (Bo > 50), the equivalence Eq. exists between the model parameters of
the dispersion and cell models Eq.(3.2-14) (GIMBEL et al. 1996).

Bo
cell ~ 7 (32—14)

n

At lower cell counts ncell, this equivalence is only approximate. For ncen > 10 (i.e. Bo >
20) there is already a mostly satisfactory agreement (HAGEN 1993). The mixed cell
model should be preferred for the calculation of the reactor because of its easier
handling.

3.3 Numerical Particular solutions of the balance equation

3.3.1 Geochemical simulation models PHREEQCx

3.3.1.1 Software

The geochemical calculation programs PHREEQCX, WHICH ARE AVAILABLE AS
FREEWARE, enable the calculations of complex chemical equilibria and reaction systems
with the annotations and cations dissolved in water. The temperature- and ion-strength-
dependent equilibrium and kinetic parameters compiled in the associated (base) data
sets can be extended as required. The program's own syntax is described in the
respective manual .

The following were applied::
Version 2: PARKHURST & APPELO (1999),
Version 2: PARKHURST & APPELO (2006),
Version 3: PARKHURST & APPELO (2013).

Newer versions are no longer considered here.
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For beginners, the windows version of PHREEQCx is also suitable(e.g. described in
MERKEL & PLANER-FRIEDRICH 2002).

For routine use, spreadsheet programs were developed that control the corresponding
batch (DOS) versions via macros. In addition, the source code is also published in C++,
which eager programming freaks can integrate directly into their software.

3.3.1.2 Transport approach

The one-dimensional transport is represented by a stirring stage cascade (mixed cells)
taking into account longitudinal dispersion, pt. 3.2.3. Furthermore, dead spaces and
transport by diffusion can be included.

With each time step, the water of a cell is completely replaced, taking into account the
criterion for numerical stability, Eq.(3.3-1).
Ax)2
At), < (— 3.3-1
(A0 <375 (33-1)
If the time steps for the dispersive transport become smaller than those for the transport,
the calculation is carried out several times (mixrun) for a transport step, Eq.(3.3-2).

. . [30;
mixrun = int +1 (3.3-2)
Ax

The number of intermediate mixing steps allows only the use of discrete dispersives,
Eq.(3.3-3).

. A
o, = rmxrun-Tx (3.3-3)
3.3.2 Continuous loop reactor with differential filter

The system under consideration consists of a mixed reactor with the flow Qmr flow,
from which a partial flow Qr is (re)routed through a filter in the circuit and in which the
concentration changes only by the small amount Ac, Fig. 3.31. The filter represents a
differential filter layer under defined hydraulic conditions.

The material quantity balance n is composed of the individual sub-flows, Eq.(3.3-4).
0 .
anzn:QMR'co"'QR'(C+AC)_QR'C_QMR'C (3.3-4)

The temporal change of the amount of substance n is normalized to the water volume
Vw, Eq.(3.3-5).

2 n :é:QMR’Co+QR’AC_QMR'C:QMR -(CO—C)+&~AC

ot Vy, Vw Vi Vy

(3.3-5)
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Qr
Vw=VirtVp

1 Ac
Vp

Filter

mixed cell
c
0 o c
Vir QMR
Fig. 3.31: Flow-through reactor with filter as differential reactor. The mobile (water) volume Vw

is composed of the pore volume Vp and the remaining volume of the mixing reactor
VMg, according to the filter definitions chapter 0 together, Tab. 2.2-1 and Tab. 2.22.

The volume flow quotients are determined by the spacetimes of the system Eq.(3.3-6) or
the residence time VWZ Eq.(2.2-8) ,

VW
tyr = Q_R (3.3-6)
and inserted into the temporal change of concentration, Eq.(3.3-7).
. c,—¢) Ac
¢= QMR _( 0 )+ (3'3_7)

QR tMR tMR

In a differential filter circuit, the concentration difference Ac is approximately defined
by the reaction rate in the filter r«(c), Eq.(3.3-8),

Ac=1,(c)-VWZ (3.3-8)

from which follows Eq.(3.3-9).

6= QMR . (Co _C)_H,f(c). VWZ
QR tMR tMR

Two special cases are derived from this:

(3.3-9)

Special case Qur=0: Closed-loop reactor without flow

The change in concentration is delayed in time according to the residence time/space-
time ratio, Eq.(3.3-10) The reciprocal value indicates the time spread.

L YWZ )

¢ (3.3-10)

tMR

This makes it possible to investigate rapid reactions in the filter spread over time.
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Special case of stationary operation: Chemostat

In stationary operation, a constant concentration cswat is achieved, at which the mass
exchange through the flow is equal to the change in substance through the reaction,
Eq.(3.3-11).

Y = QR 'VWZ'rf(Cstat)+CO (33_11)

stat —
Quir

Conversely, the reaction rate can be determined from the stationary concentration
csatand the associated boundary conditions, Eq.(3.3-12).

C.i—C
rf(cstat)_ QMR . ( stat 0)

"o, vwz (3.3-12)

This corresponds to the chemostat principle, which is often used to determine the
turnover kinetics of microorganism suspensions.

333 Steady-State Concentration Profiles in Filters

Technical filtrations, such as flocculation, iron removal and manganese removal or
adsorption filtration, usually take place under stationary boundary conditions. During a
time-defined work phase, the concentration profile along the flow path is almost
constant, FigFig. 3.32 and Eq.(3.3-13).

vf = const

\ 4
Fig. 3.32: Vertically flowed reactor (filter) with temporally stationary concentration profile.
* (0 . [ .
c= ac =0 =—divlv-c)+div(D-grad(c))+r (3.3-13)
L
And for the one-dimensional case of Eq.(3.3-14),
oc o’c

VA-a—L+D-aLz +r(c)=0 (3.3-14)
or

2
0’ vy oo _ 1o (3.3-15)

o) D oL D

If the remixing (dispersion) is neglected, the diffusion element zero, Eq.(3.3-16):
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div(D-grad(c))=0 (3.3-16)
following
1
S __ 1o (3.3-17)
oL v,

Eq.(3.3-17) forms the basis for the numerous design equations of depth (space)
filtration.

3.34 The filtration parameter FP for dimensioning reactions on the grain
surface

During filter passage, the reactions take place in the homogeneous solution (bulk) and at
the phase interfaces. The reaction element r is therefore composed of the homogeneous
reaction velocity 1, and the heterogeneous reaction velocity ro at the phase interface
Oges. The heterogeneous reaction component is taken into account via the
interface/solution volume ratio, Eq.(3.3-18)).

0]

r=—2r (c)+r,(c) (3.3-18)
VW

Taking into account the porosity np, Eq.(3.3-17) in Eq.(3.3-19) about.

oc n, [ O

a_Lz‘V_f'(vi ro(c)ﬂh(c)j (33-19)

At a constant filtration velocity, the reaction time is substituted by the flow path,
Eq.(3.3-20),

vp-t = n,-L
ot _ n—P8L (3.3-20)
\

and the homogeneous reaction in the pore solution is neglected, Eq.(3.3-21).

On \ oor (3.3-21)
v

w

The specific integration of Eq.(3.3-19) without homogeneous reaction from the initial to
the effluent concentration, or their residence times, results in Eq.(3.3-22).

¢ oc (O, O
= S-at = ges- -
a5 -

0

The left term of Eq.(3.3-22) contains the course of the reaction, including stoichiometry.
The right term contains only the filtration dimensioning and is defined as filtration
parameter FP, Eq.(3.3-23).
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FP = t=
Vi Vi - V; & To

@) O, n,-L $oc | h
S —C[ } (3.3-23)

m

FP contains the geometric boundary conditions of the filter with the reaction time. With
the same filtration parameters, FP, different filter constructions and the same
hydrochemical boundary conditions, the same effluent properties are to be expected. FP
is suitable for comparing different filter geometries and operating modes. FP can be
applied to stationary concentration profiles of flowing media via transformation,
Eq.(3.3-24).

oc = r1,-0FP
_ Oc (3.3-24)
L, = —
OFP

The ideal ball pouring over Eq.(3.4-12) is included in the definition of the filtration
parameter, so that the calculation of FP can be done via the filter velocity vr as well as
via the space-time tr, Eq.(3.3-25).

FP:6-(1—nl,)_L:6-(1—n},)_tF
d, -v; d, -n,

w

(3.3-25)

The filtration parameter FP corresponds to the area under the function -1/ro as a
function of the concentration ¢ between the inlet concentration co and the effluent
concentration ci, Fig. 3.33. The function -1/ro runs continuously for the ideal flow tube
and represents a rectangle for a mixed cell and a rectangle function for mixed cell
cascades. This allows changes in the nature of differently constructed reactors (L, dw
bzw. dp, np, L, vf) to be compared with each other. Process engineering uses an analog
representation in which the reaction rate is balanced and the area indicates the space-
time tr.

mixed cells

ideales Stromungsrohr

Fig. 3.33: Graphical illustration of the filtration parameter FP as an area under the integral of
Eq.(3.3-22) or Eq.(3.3-23) for an ideal flow tube and a mixed cell cascade.
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3.3.5 Dimensionless numbers

Dimensionless numbers do not have a unit and usually represent relationships between
several values of a situation, whose units cancel each other out in the key figure
definition. Dimensionless quantities play a major role in the theory of similarity, which
is used in fluid mechanics and heat transfer, among other things. The theory of
similarity makes it possible to describe the form of physical equations of dimensional
quantities by means of dimensionless key figures. If A, B, C, and X are Dimensionless
numbers, then the experimentally determined exponents a., f3, y are valid for a problem,
which are determined via Eq.(3.3-26) give the dimensionless measure X.

X=A*-B.C"-. (3.3-26)

The individual key figures conceal causal relationships, e.g. between different
dimensions and/or material properties, and can also be understood as particulate
solutions to complex relationships. All quantities defined in the key figure X behave
similarly, i.e. a target variable can be roughly calculated from the remaining definition
variables. An extensive catalogue of process engineering key figures includes,
WETZLER (1985).

34 Idealized models for porous granular media
34.1 Geometry of the ideal sphere packing
34.1.1 Pore system and storage

Granular material can be described as a first approximation with bulkes of spheres of
the same diameter with the particle diameter dk, Tab. 3.4-1. The pore system of the
grain structure contains barely passable constrictions between the spheres (two-
dimensional) dpmin and cavities between the spatially arranged spheres (three-
dimensional). The pore diameters between three spheres, as well as the spheres that find
space in tetrahedral and octahedral gaps, represent the densest deposit, Fig. 3.41. From
geometric considerations, the spherical diameters that fit exactly into these gaps can be
specified, dtk for a tetrahedral gap Eq.(3.4-1) or dok for an octahedron gap Eq. (3.4-2).

dyy = %-(\/E ~2)-d, ~02254, (3.4-1)

dog =(vV2-1)d,~ 04144, (3.4-2)

The relative minimum of the pore channel diameter dpmin is defined as the diameter of
the circle that can be inscribed between three (densest support) or four (loosest bearing)
touching spheres in the central plane (BUSCH et al. 1993, Tab. 3.4-2). The gaps between
several balls are usually larger in loose storage configurations. If you look at a longer
flow path through the pore structure, you will most likely have to pass through a pore
narrowing of three spheres touching each other. Thus, their diameter corresponds to the
maximum size of a sphere dpmin for a continuous passage of the fill, Eq.(3.4-3) or for
three-grain mixtures Eq.(3.4-4).
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_ g
B (34043

The minimum pore channel diameters dpmin in a three-ball mixture were determined
(Muckentaler 1989 cited in BUSCH et al. 1993) by statistical consideration, Eq.(3.4-4).

d =0,1547-d (3.4-3)

1
dP,min =
111 I 1 I (3.4-4)
—t—+—+2: + +
dl dz d3 dl 'dz d1 'd3 dz 'd3
Tab. 3.4-1: Parameters of pore systems in ideal spherical fills. Locally used quantities are not listed
in the symbol directory chapter 11.1.
Parameter Symbol | Units Definition Eq.
Number (general) N 1 (Local use)
Ball diameter, grain diameter dk mm
effective grain diameter dw mm
Diameter of a cylinder pore dp mm (3.4-17)
Still passable pore narrowing dp min mm (3.4-3)
Diameter of the tetrahedral gap drx mm (Local use) (3.4-1)
Diameter of the octahedron gap dok mm (Local use) (3.4-2)
Form Factor fo 1 4.1-7)
Pore length Lp m 3.4-19)
Detour factor, Tortuosity fL 1 (3.4-19)
Pore Flow Rate vp m/h, m/s (3.4-20)
Porosity np 1, % (2.2-6)
Surface (general) 0] m? (Local use)
specific surface area of the fill Oy m*kg (3.4-10)
Surface/Reactor Volume Ratio Or m*m?, m’! (3.4-21)
Grain surface of a fill ORr m? Tab. 2.22
Grain (number) concentration CcK m> fmol/m? | ¢k = T\\I/K (3.4-13)
R
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Fig. 3.41: Homogeneous storage of a spherical mixture with normally distributed spherical radii
dpmin (top), minimum pore diameters dpmin between adjacent spheres of the same
diameter (middle), as well as spheres in microstructure gaps (bottom: tetrahedral gap on
the left, octahedron gap on the right).

The specification of the minimum pore channel diameter for polydisperse grain
mixtures becomes more and more complex with the increasing number of diameters to
be considered and also loses practical relevance. The one from Eq.(3.4-4) The
minimum pore channel diameter derived as a special form for monodisperse fills equals
Eq.(3.4-3)

The arrangement of the balls then also determines the porosity of the fill. This can be
estimated for defined configurations between the single cubic and the densest bearing.
At the same time, the pore diameter dpmin in the bulk changes with the porosity (Tab.
3.4-2).

Tab. 3.4-2: Porosities np and minimum pore diameters dpmin ideal ball fillings in different bearing
forms (BUSCH et al. 1993).

Bulk density for dk = dw np dp.min
Loosest packing | Simple cubic packing 0,476 | 0,414-dx
Close packing Hexagonal and Cubic close packing | 0,259 | 0,155-dk

Interpolate the transition area between the Close packing and Loosest packing Eq.(3.4-
5) and Eq.(3.4-6),

dp in
d’ ~-0,154+119-n, (3.4-5)

K

and approximation for 0,259 <np < 0,476.

n
dpin 0,45 —"—-dy (3.4-6)
’ l-n,
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34.1.2 Grain and pore surfaces

The grain surface is advantageously related to its particle volume. The diameter dw of
the ideal spherical fill, which is the same for all spheres, forms the same volume/surface
ratio as the one determined from the grain distribution. In process engineering, this
grain diameter dy, is also referred to as the Sauter diameter.

Fig. 3.42: Sphere and cube as elements of fills.

For an equal volume/surface ratio for spheres and cubes, there is the equivalence
relationship Eq.(3.4-7).

T
=43
Vo (I-n)Vy 6 K dy _dy (3.4-7)

O n,-0 nd 6d 6

For spherical and cube shapes, this is equal to the equivalent spherical diameter. The
total surface area of a spherical fill Or is calculated from the spherical surface and its
particle number N in the fill, Eq.(3.4-8) and Eq.(3.4-9).

Op =m,, -Og, =N-7-d}, (3.4-8)

my, =p -N-—-d; (3.4-9)

w

This results in the specific interface Osp, Eq.(3.4-10),

0. = 6 [m¥/kg] (3.4-10)

= m 4-
¥ d, - Pss s
and for the entire surface Or, Eq.(3.4-11).

l-n
Oy :6~%-VR (3.4-11)
or in relation to the reactor volume Eq.(3.4-12).
O, 6-(1-n,)
= -4 ?/m? 4-12
F v, d, [m?/m?3] (3 )

Geometrically, Eq.(3.4-10) Eq.(3.4-11) and Eq.(3.4-12) also for cubes with edge length
dw.
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3.4.13 Grain concentration cx
The grain concentration ckin dicates the number of spheres in relation to the reactor
volume, Eq.(3.4-13).
NK =6- (1 — nP)
Vi n-d

Cx =

[1/m?3, fmol/m?] (3.4-13)

A filter fill with dw = 1 mm and np = 0.4 thus contains ck = 7,6:10* m? or 1.27 fmol/m?
particles. The specifications as a number of particles or in moles are equally practical
here.

34.2 Models of ideal sphere packing and tube bundle

The ideal homodisperse spherical packing is completely determined by its grain
diameter dx, the porosity np resulting from the storage density and the length of the
layer, Fig. 3.43. The ratio of the spherical or pore surfaces (Or) to the pore volume (Vw)
corresponds to that of the real fill (equivalence criterion). Alternatively, the equivalence
criterion can also be used to transform a bundle of cylindrical pore channels with a
diameter of dp, Eq.(3.4-17)

Beide Modellvorstellungen sind bei gleicher Porositdt np im hydraulischen, wie im
reaktionstechnischen Sinne dquivalent:

» The ideal spherical packing consists of spheres of equal diameters dk.

» The tube bundle model consists of parallel flowing pipes (pore channels) of the
same diameter dp.

Fig. 3.43: Left: ideal sphere packing (left) with particle flow around and right: laminar flow-
through bundle of cylindrical pores (tube bundle).

The ratio between the phase boundary or surface of a spherical packing (dk) or a
cylindrical pore bundle (number of pores N, dp) is considered the equivalence criterion
Eq.(3.4-14).

O Nemdy'L 1 6:(-n,)-L
\Y n, - Vg n, -V d

Ay (3.4-14)

w

The number of pores N follows from the quotient of pore volume and the volume of
each individual pore, Eq.(3.4-15).
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n, -V,
N — P R
%'d?’ L (3.4-15)
After the onset of the pore number N, Eq.(3.4-16),
n, Vg n-d,-L 1 6-(1,--11],)-L.A
E-dlz,-L n,-Vp 0, Vi d, ' (3.4-16)

and the relationship between the equivalent spherical diameter dx and the diameter of
the cylinder pore dp Eq.(3.4-17).
2 n
d,==-—F—~-d 4-1
P (1_nP) w (3.4-17)
Alternatively, there is a relationship between the pore channel diameter and the phase-
ratio Eq.(2.2-10) and the specific surface area Eq.(3.4-10), Eq.(3.4-18).

4

O

sp

d, (3.4-18)

The pore channel (Lp) winds through the solid matrix and is therefore longer than the
filter layer L, by a factor of fi. Eq.(3.4-19).

L,=f L (3.4-19)

The detour factor fi, also known as tortuosity, also increases the flowvelocity in the
pore channel vp, Eq.(3.4-20).

ve =1 -V, (3.4-20)
For the surface-to-reactor volume ratio Or Eq.(3.4-12) the equivalences Eq.(3.4-21).
Oy 41, 6-(1-n,)
Vi d, dy

O; = [m?/m?] (3.4-21)

Filtration processes via granular media can be described either via an ideal sphere
packing or a tube bundle.

3.5 Hydraulics of pore channels flowing through

3.5.1 Pipe Flow and Flow Condition

If we consider a cylinder pore with a developed tube flow as a partial cylinder with a
radius of r (0.5 dp) and the length L can be used to calculate the laminar pressure loss
using the shear stresses and compressive forces (BOLLRICH 1989), Fig. 3.51.
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_BQ- O L . g A
Shear surface 21L
L
Fig. 3.51: Dimensioning of a cylindrical pore with laminar flow.

The pressure decreases linearly in the direction of flow, as the pressure drop caused by
friction must be overcome. The flow state is characterized by the dimensionless
Reynolds number Re, Eq.(3.5-1),

_d-vy

Re (3.5-1)

\Y
with the characteristic length d and the kinematic viscosity v. The definition of the
characteristic length d can be done in different ways. For cylindrical pore channels
(tubes), it corresponds to the pore channel diameter dp, Eq.(3.5-2) This definition
contradicts some differing definitions of other authors, but nevertheless allows the
assessment of the flow state between laminar and turbulent.

d, - vp

Re= (3.5-2)

v

For sphere packings, the mean diameter of the pores flowing through is indirectly used
as the characteristic length, analogous to the pore channel diameter Eq.(3.4-17) used,
Eq.(3.5-3).

dK ‘ Vf

Re = m (35-3)

The strictly laminar flow range extends to Re < 1-10 (DAVID 1998). This is followed by
the transition to turbulent flow conditions.

VAUCK & MULLER (2000) derive the Reynolds number from the pore diameter dp and
the pore channel flow vp and obtain Eq.(3.5-4).

2 dy,

R e S S
- 3 (l—np)-v

(3.5-4)

The transition to turbulent flow will take place there from Re > 20.

3.5.2 Laminar pore channel flow

3.5.2.1 Velocity Distribution in a Laminar Flow Pipe

In the case of stationary flow in a liquid cylinder, compressive force Ap Eq.(3.5-5) and
frictional forces Eq.(3.5-6) against each other (BOLLRICH 1989), Eq.(3.5-7).
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Ap-A,=Ap-m-1’ (3.5-5)

The frictional force is calculated by the shear stress t and the dynamic viscosity n of the
fluid over the tube radius, Eq.(3.5-6).

2-7't-r-L-T:2-7'c-r-L-1']-ﬁ (3.5-6)
or
By equating the two forces Eq.(3.5-7) the integrated differential equation Eq.(3.5-8) in

Fig. 3.51.

Ap-n-r2=2-n-r-L-n-@ (3.5-7)
or

0 dp/2 )

J‘a\,: J' Ap .1 lor = _Ap ) d_P_rZ (3.5-8)
o - \2-Ln 4.-L-m 4
The maximum velocity is reached in the middle of the pipe r = 0, Eq.(3.5-9).

Ap dp 2
= =20 -

V max [4'L'1‘lj [4 (3.5-9)
3522 Pressure Loss Height and Filter Resistance in Laminar Flow

The average tube velocity va is 0.5 Vmax, Eq.(3.5-10).

Ap 2
= -d -
L % (3.5-10)

f

The pressure loss height Ah is calculated from the pressure loss, the fluid density p and
the gravitational acceleration, Eq.(3.5-11) The prerequisite is that this is formed only by
internal friction of the mobile phase without turbulence (Darcy area).

32-L-m-v,
2

Ap=p-g-Ah = (3.5-11)

P

The pressure loss level (filter resistance) is given as Ah in natural systems and as filter
resistance hr in technical systems.(3.5-12).

_32:m-v, L,
prg-d;
The formulation of the filter resistance to filters flowing through is carried out taking

into account the pore geometry (Fig. 3.43) by replacing dp with Eq.(3.4-17) vp by
Eq.(3.4-20) and Lp by Eq.(3.4-19).

h, (3.5-12)

_ 32-9-n.(1—np). vi-L _ 72-11.(1—111,)2 v, L

h
" 4pg n, d, pg n, d

(3.5-13)

In geohydraulics, the filter velocity vr is linked to the potential gradient h¢/L via the
permeability coefficient k¢, Eq.(3.5-14).
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h;

V¢ Zkf'f

(3.5-14)

The filter resistance of sphere packing (sand filters) is indirectly proportional to the
permeability coefficient in the Darcy range, Eq.(3.5-15).

h, L:72.X.—f5(1‘3np)2 1 (3.5-15)
vi-L ki g n, d;,
or
h, = Vlfq'fL :(72§]~ff i _n?’ y 'chii.v L (3.5-16)
with
Temperature Temp °C
gravitational acceleration g 9,81 m/s?
Kinematic Viscosity % 1,310¢ m?*s at Temp=10°C
Tortuosity fL ~1,44 for ideal sphere packing

Eq. (3.5-16) is also known as the Karmann-Cozeny equation. Conversely, the
permeability coefficient kg, Eq.(3.5-17).

(3.5-17)

According to this, kf can be derived from sieve lines. Compared to the empirical
equations for kr estimation from sieve curves, Eq.(3.5-17) the influence of porosity np,
which plays a major role in determining permeability (e.g. through compaction during
shaking or mineral dissolution/precipitation processes). For Temp = 10 °C, the working
equation Eq.(3.5-18)).

1 oy & = 1 n,

—_— ._P.

f10 — w P

2 65.10° mm”-m) f(1-n,)’ 118.10° mm?-m) f; (3.5-18)
’ m-m/h ’ m-m/h

k

The calculation of the kr over the effective diameter in Eq.(3.5-18) taking into account
our own detour and tortuosities, the calculation listed in SZYMCZAK ET AL. (2009) in
chapter 4.3.1, Eq.(4.3-8) identical.

353 Filter resistance for the entire Reynolds range

For the loss of pressure head of the filter flow in the entire Reynolds number range,
GIMBEL & NAHRSTEDT (2004) give Eq.(3.5-19)).

2
ﬁ:kl_x_vf_(l—L}J,Lﬁ&,V?.(l—_ﬁ).L (3.5-19)
L g n, dw g np dw
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The term beginning with k; describes the laminar flow Eq. (3.5-15) The term beginning
with k> thus represents the turbulent part of the pressure loss height, Tab. 3.5-1.

Tab. 3.5-1: Constants of different filter resistance approaches according to Eq.(3.5-19), GIMBEL &
NAHRSTEDT (2004).
ki | ko Filter Flow fr zitiert
64 0 | Bundles of capillaries | laminary /| KOZENY
180 0 | Bulk layers laminary 1,58 | CARMANN
150 | 1,75 | Bulk layers laminar, turbulent flow | 1,44 | ERGUN
180 | 1,8 | Air-flowed bulk layers | gesamter Re-Bereich 1,58 | MACDONALD

The correspondence of the laminar term with Eq.(3.5-15) can be calculated via
tortuosity fi in Tab. 3.5-1.

f o= | (3.5-20)

For the calculation of the filter resistance, the constants of Ergun are relevant. The
tortuosity fi = 1.44 is only slightly lower than calculated for the flow around spheres
(fL = m/2=1.57) and is therefore geometrically plausible.

3.6 Mass transfer controlled by transport at phase interfaces

3.6.1 Boundary layer diffusion

The transport-controlled mass transfer assumes that a stationary boundary film (J)
forms at the phase interface, which is overcome by diffusion (boundary layer diffusion),
Fig. 3.61.

. Boundary
solid —>
phase layer &
bulk
& C
Cs
P C
%
0 X
Fig. 3.61: Boundary layer diffusion with the surface concentration cs (left) and double diffusion

problem at a microporous adsorbent grain (right). x - spatial coordinate.

APPELO & POSTMA (1993) calculate the material flow j in the solution/precipitation of a
mineral with the current mass m in the sample from a mass term (F) and concentration-
specific (g) term, which can contain both transport and surface reactions, Eq.(3.6-1)
This description can be extended to any surface reaction.

j=%=F(m)-g(c) (3.6-1)
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The concentration-specific term g(c) follows from the 1. FICK'S LAW (SONTHEIMER et al.
1985), which describes the surface-normalized material flow over the product of the
molecular diffusion coefficient Dr and the concentrationgradient in the boundary layer
5, Eq.(3.6-2).

Ccg—C
S

g(c)=D, (3.6-2)
The mass-specific term F(m) contains the relationship between mass and solid-phase
boundary, which corresponds to the product of the specific surface Osp and the mass
mpy, Eq.(3.6-3),

F(m)=0g, -m, (3.6-3)
and together Eq.(3.6-4) yields.
K = %(cs —¢) (3.6-4)

Used in Eq.(3.6-1) applies to the material flow j Eq.(3.6-5).
. D
J=04 -m,, '?f(cs_c) (3.6-5)

The molecular diffusion coefficient and the boundary thickness are summarized in the
mass transfer coefficient 3, Eq.(3.6-6).

Df
p=—" (3.6-6)

The one from Eq.(3.6-6) The following film thickness is fictitious and can even exceed
the pore diameter mathematically at slow flow velocity.

3.6.2 Calculation of the mass transfer coefficient  over dimensionless
quantities

The dimensionless mass transition is characterized by the Sherwood Sh number,
Eq.(3.6-7).

p-d_d
D, b

Sh = (3.6-7)

The boundary layer thickness 0 is determined by the flow state, which is determined by
the Reynolds number Eq.(3.5-3) A number of empirical approximations are available
for the calculation of the Sherwood number, Tab. 3.61. The quotient of kinematic
viscosity and the diffusion coefficient forms the Schmidt number Sc Eq.(3.6-8). In
dilute aqueous solutions, the Schmidt number is between 2000 (10°C) and 1400 (25°C).

v
Sc=— -
D, (3.6-8)

SONTHEIMER et al. (1985) cite relationships proposed by Williamson for low Reynolds
numbers, Eq.(3.6-10) and Eq.(3.6-11).
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WORCH (1993) compiles a series of empirical relationships for the calculation of the
Sherwood number for the calculation of activated carbon breakthrough curves. In the
field of technical filtration processes, which also includes grain carbon filtration,
Eq.(3.6-12) and Eq.(3.6-13) almost identical Sherwod numbers. Ohashi et al. quoted in
WORCH (1993) limit the mass transfer at very low flows to Sh > 2. The investigations by
PREUB (1999) showed lower values, Eq.(3.6-14).

VAUCK & MULLER (2000) give Eq.(3.6-15) and Eq.(3.6-16) for dissolving and
precipitation processes in stirred tanks. The diameter of the stirring circuit is used as the
characteristic length and the velocity of the stirring circumference as the flow velocity
in the calculation of the Reynolds number.

For the application to filter processes and flows in the aquifer, SCHOPKE (2007)
summarized the empirical relationships Eq.(3.6-10) to Eq.(3.6-14) to the effective
Sherwood number Shesr, Eq. (3.6-9) This compensates for discontinuitiesin calculations
in different flow ranges, even if the validity limits are not always exactly adhered to,
Fig. 3.62.

Sh off = Hlin(maX(Sh Ohashi 7Sh Preul )’ Sh Preufl ’Sh Preul (Re = 09005)) (3 6'9)

The lower limit was Shpreus,o (Re=0.005), only just below the flow range experimentally
investigated by PREUB (1999). It would be desirable to have a function of the effective
Sherwood number describing the entire Reynolds number range.

Tab. 3.61: Definitions of Sherwood Numbers for Different Processes in Aqueous Pore Solutions.
Definition Operation range Eq.
Sh(Williamsa)=0,442-n, - Re"®-Sc"* 125 <Re <5000 (3.6-10)
Sh(Williams b)=2,4-n, -Re"*-Sc** 0,08 <Re <125 (3.6-11)
Sh(Ohashi et al.a)=2+1,58-Re"*-Sc'” 0,001 <Re <5,8 (3.6-12)
Sh(Ohashi et al.b)=2+1,21-Re**-Sc'"? 5,8 <Re <500 (3.6-13)
Sh(PreuB)=2,01-n, -Re"*-S¢"* 0,008 < Re <0,05 (3.6-14)
Sh =2,0+0,95Re"*- Sc** countercurrent (3.6-15)
Sh=0,5Re"’- Sc" stirred tank (3.6-16)

From the Sherwood number, the mass transfer coefficient 3 is estimated, taking into
account the characteristic length dk in the grain structure, Eq.(3.6-17).

- (3.6-17)
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Fig. 3.62: Compilation of calculation approaches for the Sherwood number as a function of the
Reynolds number and selection of Sh(eff).
3.7 Grain diffusion
3.71 Spherical pore (grain) diffusion in adsorption processes

Within the solid particles, diffusion processes dominate, which are composed of the free
movement through the pore cavities (three-dimensional), the adsorbed substances on the
inner surface (two-dimensional) and the matrix solid, or gel. WORCH (2004) derives

pore diffusion from the molecular diffusion coefficient tortuosity of the pore system fiL,
Eq.(3.7-1).

_D;-n,

D
' fi

(3.7-1)

Mackie (1955 quoted in STETTER, D. 2004) gives for the ratio of pore (grain) to film
diffusion as a function of the internal grain porosity npp Eq.(3.7-2) .

2-n,,

Dpz( Tor ] D, (3.7-2)

For the diffusive material flow j on the inner surfaces of spherical (activated carbon)
particles with radius r, BAHR (2012) gives Eq.(3.7-3) .

oq [mz kg m’> mol _mol}

j:OF-pSS.DS._ —_— .

i~ (3.7-3)

The surface diffusion coefficient Ds summarizes different forms of diffusion. Taking
into account the spherical symmetry, the surface diffusion model Eq.(3.7-4).

2 2
N _p, .[5 ?+g.a_qj m m(’lz 4ol }_ mol (3.7-4)
ot o’ r or s (kg'm® m-kg-m) kg-s
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Assuming a linear isotherm Eq.(6.5-16) in chapter 6.5.3, the surface diffusion
coefficient Ds is approximately calculated from the pore diffusion coefficient, Eq.(3.7-
5).
D, c K
DS:_P. 0 :—d.DP (3.7_5)
Pss q(co) Pss

For surface diffusion, the coefficient ks is derived analogously to the mass transfer
coefficient 3 [m/s], Eq.(3.7-6).

0 0)
Aok F(s_q)

q (3.7-6)
oV,

GLUECKAUF (quoted in WORCH 2004) formulated the relationships between surface
diffusion and/or pore diffusion, Eq.(3.7-7).

0, 15-Dg _ 15-D,-c,

kg —= = (3.7-7)
i Vi I T - Pss 'q(Co)
For ideal sphere packings, the insertion of Eq.(3.4-10) Eq.(2.2-6) and Eq.(3.4-8).
10-Dg-n 10-D, ¢, n
kg = s 'p _ p Yo lp (3.7-8)

dw .(l_nP)_ dw .pS.q(CO)

Overall, there is a confusing number of descriptive approaches to describing grain
diffusion.

3.7.2 Differentiation of grain and film diffusion via the dimensionless Biot-
number

The Biot-number (assumption for pore diffusion model) is used to estimate the
dominance of inner particle and film diffusion on the breakthrough behavior of
adsorption filters. STETTER (2004) researched a biote number for the pore diffusion-
model in cation exchangers with the diffusion coefficient Dp; for the diffusing
component i, Eq.(3.7-9).

Bi.. = Bi'dw

e (3.7-9)

BAHR (2012) extended the definition with the loading state qo(co) of the adsorption
surface and the surface diffusion coefficient Ds, Eq.(3.7-10),

) (l—nP)~d ¢, P
Bi= w P 3.7-10
2'ps'q0(co) Dy ( )

or simplified with the material density pss, Eq.(3.7-11).

Bi: Bdw . C0
2-Dg - pgs q(co)

(3.7-11)
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The exact distinction between dominant boundary layer and grain kinetics is given
differently, Tab. 3.71.

Tab. 3.71: Dominant mass transfer mechanisms in adsorption filters via the Biot-number.
Zitat Eq. Filmdiffusion | ... | Korndiffusion
Hand et al. 1984, quoted in BAHR (2012) (3.7-11) | Bi<0,5 ... | Bi>30
Activated carbon filter (SONTHEIMER et al. (1985) | (3.7-11) | Bi<l1,5 ... | Bi>50-100
Cation exchanger STETTER (2004) (3.7-9) | Bi<5s ... | Bi>50

3.7.3 Empirical approaches to grain-reactions

Innerparticle diffusion usually limits the reaction kinetics in adsorption filters.
Numerous empirical descriptive approaches have been developed for this purpose
(HONG et al. 2018), whereby the influence of film kinetics was suppressed by intensive
stirring in the batch approach.

The pseudo-first order describes the linear relationship between the absorbed amount of
substance q [mg/g, mol/kg] and the adsorption rate with the first-order rate constant k
[1/s] and the maximum load q. [mg/g, mol/kg], Eq.(3.7-12).

0

aqzkl.(qe_q) (3.7-12)
Since the average load of the particle is included in Eq.(3.7-12) the maximum load qe is
only loosely related to the equilibrium load. Integrated this results in an exponential
approximation to ge, Eq.(3.7-13).

q=q,-[1-exp(-k,t)]
In(q, —q)=Inq, —kit

In some cases, a pseudo-second order with the second-order rate constant ko [g/(mgs)],
Eq.(3.7-14).

(3.7-13)

o
= =k -a) (3.7-14)

This kinetic describes the approximation of an equilibrium state via a Monod/Langmuir-
like term and can be linearized inversely, Eq.(3.7-15).

_ k2~q§t

C1+k.q.t

t lzqe t (3.7-15)
R > + —
q k,q;t q,

Further empirical models were compiled by HONG et al. 2018).
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3.8 Particle sedimentation

Sedimentation processes are usually of secondary importance in pore systems that flow
through. The sedimentation of particles in solutions can be described analogously to the
flow through the pore system. The gravity acting on the solid particles is compensated
for by the frictional resistance of the water and the buoyancy force, so that solids sink to
the ground at a constant velocity. For spherical particles that do not influence each
other, the sedimentation velocity is calculated according to Stokes, Eq.(3.8-1).

Vo =ﬁ(pp—pw)-df< (3.8-1)
mit
g Gravitational acceleration (9,81 m/s?)
n Dynamic viscosity

Pp> Pw Particle density (P), solution density (W)

dx Particle diameter or dyw
or Eq.(3.8-2).
(o —py) [ d )
Vo = 0,545 ~re Pe —Pu/, 2 (3.8-2)
Viep 1Kg/dm” \Imm ) s
For the sedimentation time of a sedimentation section L, this results in Eq.(3.8-3).
L
toy =L=1,83- S
Vied Vage (Pe—pw) [ d (3.8-3)
Vi 1kg/dm’ | 1mm

The temperature influence in the range of 4°C < temp < 30°C) can be approximated by
the viscosity, Eq.(2.3-41).

When the volume fraction of the sedimenting substances can no longer be neglected,

one speaks of hindered settling and the calculated sinking rate is calculated as a function

of the volume fraction, as the solution fraction np [1] and the Reynolds number Eq.(3.5-

1) Eq.(3.8-4).

v o\ ke
schw (np) (Re) (38_4)
Vsed

This Richardson-Zaki equation (DAVID et al. 2009) can be applied up to a particle

concentrationof about 30 vol%, i.e. np > 70%. The required densities pp of different

minerals are given in Tab. 5.2-2.
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a(Reo) = 4,65 fiir Rep <0,2

a(Reo) =4,35 * Reg fiir 0,2 <Rep <1

a(Reo) = 4,45 * Reg®'? fiir 1 <Reo <500

a(Reo) = 2,39 fiir Reo > 500
4 Flow through porous media
4.1 Structure and properties of the solid matrix
4.1.1 Compartments of a granular solid matrix

The saturated porous medium consists primarily of a scaffolding, stationary solid phase
(matrix) and the mobile and stationary phases filling the pore space. Matrix volume plus
cavity volume form the reactor volume Vr. BUSCH et al. (1993) distinguish between
single grain structures, honeycomb structures and flake structures. Pore aquifers and
water treatment filters usually represent single-grain structures, Fig. 4.11. In a two-
phase system of granular particles and the pore solution flowing through it, different
compartments can be distinguished, FigFig. 4.12.

Biofilms and/or inorganic materials are often superimposed on the particle interfaces,
which are assigned to the solid matrix as pore gel (f) in terms of flow technology. In
terms of reactions, this pore gel represents a complex phase mixture. At the interfaces to
the free pore space, water is solid in a layer around § = 0.5 pm (5107 m, BUSCH et al.
1993). The adhesive or adsorption water levels out all minor roughness of the surface
and can only be overcome by water constituents diffusively. The adsorption layer
thickness decreases with increasing electrolyte concentration. At this transition to the
flowing pore solution, known as the shear plane (g), the flow velocity is zero. The shear
plane is applied as a specific surface Osp [m*/kg] to the mass of the solid matrix (or filter
material) Eq.(3.4-10) or to the reactor volume Or [m?*m?3] Eq.(3.4-21) Tab. 2.22. The
surface area available for adsorption processes with its electrical double layer is much
larger by & =10 nm (10 m) as the standard for adsorption equilibria (PARKHURST &
APPELO 2006). The total intermediate grain or cavity volume np minus the volume of the
adhesive water layer indicates the flow-effective porosity, i.e. the porosity available for
hydraulic transport. The particles that build up the grain structure can have a complex
internal pore system (h) with grain porosity npp, such as activated carbons and various
adsorbents in water treatment, as well as coal, sandstone or pseudoparticles in aquifers,
Tab. 2.22. Fine grain aggregates with a diffusively coupled inner pore system form
pseudoparticles flowing around them.

In the case of grain sizes containing porous gas (unsaturated aquifer), a distinction is
made between hysteres, spontaneously drainable and refillable porosity. There, the
gravitationally influenced mass transport must also be taken into account. If there are
also mobile liquid phases with different densities and surface tensions in the grain
structure, one speaks of multiphase systems, which are not considered here.
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Pore solution in pore
volume np

Gas or liquid phases

Complex reactive
phase systems
Porengel

Interfaces to the grain
structure

Shear plane of Pore
channel flow

Z r - 1 20KV 26mm
BTU-Cb ZAL/HI ZEISS DSM 962

Fig. 4.11: Electron microscopic section through the pore system of an aquifer with different
compartments and interfaces.

Solidmatrix, framework
Intermediate grain volume
Embedded particles

pore solution flow
Particle surfaces

Porengel

Shear plane

Grain porosity

Fig. 4.12: Section through a saturated grain as a two-phase system. The main fraction of the solid
matrix (a) forms a grain structure. Smaller particles (c) may be embedded in the spaces
between the frameworks. The proportion of the intermediate grain volume (b) in the
total volume is given by the porosity nP of the grain size Eq.(2.2-6) The pore solution
flows through the free pore space (d).

Hydrogeology does not take into account the internal porosity of the solid matrix npp
when specifying the total porosity np, as well as the flow-effective porosity nr (effective
porosity). The dewaterable porosity n. indicates the hysteresis difference between
water-saturated and drained material. This storage-usable porosity is included in the
flow models of unstressed aquifers and is not considered here either.

For the quantitative determination of the different pore space fractions, laboratory
methods (immersion weighing, helium pycnometry, mercury porosimetry, X-ray
computed tomography) as well as field measurements (marking tests, borehole
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geophysical measurements) are used. Each of these methods determines a precisely
defined specific porosity percentage. The results are combined to form an overall
picture in a correspondingly differentiated manner.

4.1.2 Particle size distribution and quantities derived from them

4.1.2.1 Particle size distribution oder Siebkurve

The sieving or slurry (chapter 9.8.1) are plotted as a cumulative relative sieve passage
w(d) against the logarithm of the respective sieve width (sieve line, curve), Fig.4.1-3. In
hydrogeology, the material dx < 63 pum is often understood to be the undersize or fine-
grain fraction UT (purple grain distribution). Bilek 2004) and Szymczak et al. (2009)
refer to the fraction <20 um in dump aquifers as pellit.

From the particle size distribution curve, diameters d are read for specified sieve passes
w[%], the percentile diameters dxv. The median grain size indicates the sieve diameter
at the passage of 50%. From the arithmetic mean between 10% and 90% sieve passage,
the average grain diameter dm, Eq. (4.1-1) For narrowly classified bulks, this is assigned
to the effective grain diameter dy.

[
35 dio dep =
vl 7 . .
50 o
% Aquifer materials ; .
7 601 :
] ' |
40: : Filter material from

water treatment

204 Undersize content
{UT d<63

0 T ; - >
0,001 0,01 0,1 1 d [mm)]
Fig. 4.13: Particle size distribution curves of different granular media with particle size

distribution of the blown-offfine-grain fraction (UT63). The percentiles dio and deo for
calculating the uniformity coefficient U Eq.(4.1-2) are drawn for the light blue curve.

d = dip +dsy (4.1-1)
2

The width of the distribution indicates uniformity coefficient U, Eq.(4.1-2).
d

U=—% (4.1-2)
dy

SALEM (2001) use doo for the deviating uniformity coefficient definition Uc, Eq.(4.1-3).
d 5

U.=—2==.U (4.1-3)

d, 2
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Among the many other possible descriptions of the distribution width, the sorting S
Eq.(4.1-4) and the skewness Sk Eq.(4.1-5).

d
Sorting S S = d—” ~ U™ Eq.(4.1-20) (4.1-4)
25
d, +d
Skewness Sy Sy = 25d2 Z (4.1-5)
50

While the sorting of logarithmically normally distributed distributions depends only on
their uniformity coefficient, the skewness depends on the mean grain diameter dso, Fig.
4.14.

Only narrowly classified grain sizes (U < 1.5) should be used in water treatment. In the
aquifer, the fine-grained particles can be transported by the water flow, which triggers
suffosion, colmation or erosion phenomena. Soil scientists usually understand skeleton
to mean the grain size range d; > 2 mm, or their proportion w(d > 2 mm).

— Sorting
35T — Skewness do=0.5 mm
dsp=1 mm
dsp=2 mm
0----I--w-I-w--I----Iw---I\--w‘;----'---\-#
0 10 20 30 40 50 60 70 UL
Fig. 4.14: Sorting and skewness of lognormal distributions as a function of their uniformity

coefficient (example calculations according to chapter 4.1.2.3).

4.1.2.2 The surface equivalent sphere diameter dk of particle size distribution

The surface equivalent sphere diameter dx of an equivalent sphere packing is calculated
using the integral Eq.(4.1-6) Assuming the same particle density, the equivalence
criterion is met.

L:dmax Gw(d)

N . (4.1-6)

dmin
The discretized percentiles from the sieve and sludge analysis form support points for
various numerical integration mFethods, chapter 9.8.2. The effective grain diameter dyw
is then given taking into account the form factor fo, Eq.(4.1-7) The deviation of the
particles from the spherical or cube shape is described by the form factor fo, Eq.(4.1-7)
Tab. 3.4-1. Spheres and cubes with the diameter or edge length dk have the same
surface/volume ratios.

d, =f,-dy (4.1-7)
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4.1.23 Surface equivalent sphere diameters of different geometries

The relationship between particle volume and surface area results from the CAUCHY
THEOREM, which states that the averaged area of the parallel projection in the plane
(projection surface) of convex bodies always corresponds to a quarter of its surface.
These methods are used, among other things, by particle counting devices. The
sphericity (SPHT), represents the similarity of the particle shape to the sphere as a
factor, Eq.(4.1-8) If the ball diameter is related to the particle volume Eq.(4.1-19)the
sphericity is equal to the form factor fo, Eq.(4.1-7).

2
d
SPHT = (—VJ =, (4.1-8)

S

Different particle geometries can be reduced to an equivalence diameter or an
equivalent pore diameter using the equivalence criterion, Fig. 4.15.

N
dp
b
=N
/,__
- )L\ L

Fig. 4.15: Transformation of a cuboid fissure (column) into a current tube of equal length with a
circular cross-section (left) and a rod-shaped bacillus to a spherical diameter d, (right).

» Calculation of the equivalent (cylinder) pore diameter of a cuboid fracture, Eq.(4.1-
9) to Eq.(4.1-12).

O=L-(2a+2b)=L-n-d, (4.1-9)
VW=L-a-b=L-§-df, (4.1-10)

This results in the transformation Eq.(4.1-12).

T

L-~-d2
Vy _ Lab 4% d, (4.1-11)
O L-(2a+2b) L-n-d, 4
a-b .
d, _2-(a+b)~23 fira<<b (4.1-12)
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» Calculation of the equivalent spherical diameter of a bacillus, Eq.(4.1-13) to
Eq.(4.1-16).

The bacillus rods are compared with hemispherical cylinders at both ends, Fig. 4.15.
The volume and surface area are composed of those of the ball and the cylinder shell,
where the cylinder shell length Lzyl is calculated from the total length L minus the ball
diameter d,y1, Eq.(4.1-13).

Lzyl:L_dzyl (41-13)
About the volume/surface ratio,
3 2

X B g dzyl"‘z dzyl(L dzyl) 3 d_w (4.1_14)
O = diyl +7- dzyl-(L—dZyl) 6

2

= L d,,)|-d
[ttt} w113

(dzyl + (L dzyl)) d zyl 6
follows for the surface equivalent sphere diameter dw Eq.(4.1-16).
3 (. d,

d, == |1-—|-L -

s ( 3-L] (4.1-16)

In the process engineering publications, there are other surface equivalent sphere
diameter for geometric bodies.

In addition to the definition of an equal surface/particle volume ratio, the equivalent
diameter of a fill is sometimes defined differently, Tab. 4.1-1.

Tab. 4.1-1: Equivalent Diameter Definitions.
Agquivalentdurchmesser Definition Eq.
Diameter of a sphere with the same projection surface Apr 4.A (4.1-17)
d _ Pf
Pf —
T
Diameter of a sphere with the same cross-sectional area O 0O (4.1-18)
d, =.[—
T
Diameter of a sphere of equal volume V 6-V (4.1-19)
dV =3
T
4.1.24 The logarithmically normally particle size distribution function

Most grain distributions can be composed of one, sometimes several normal
distributions according to the logarithm of the diameter, Eq.(4.1-20),

w(d) = w(lg(d, ).1g(d)) = erfc (M) (4.1-20)

20

or formulated as an Excel function, Eq.(4.1-21) chapter 9.8.
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w(d)= NORM.VERT(lg(d, ;1g(d)0,651-1g(U); wahr) (4.1-21)

On the other hand, the adaptation to a sigmoid function with the parameter [] used by
NOMURA et al. (2018), among others, is uncommon as an approximation of the Gaussian
function, Eq.(4.1-22).

1 d) 1
w(d)= —tanh[a : —j += (4.1-22)
2 w) 2

An empirical relationship can be established between the variance ¢ and the uniformity
coefficient U by means of regression calculus, Eq.(4.1-23) and Fig. 4.16.
c = 02829:-In(U)

= 0,6514-1g(U) (4.1-23)

Conversely, the percentile d(w) for the cumulative sieve passage w is calculated from
the back transformation of Eq.(4.1-21) with the standard deviation ¢ calculated from the
uniformity coefficient U and reference to dso.

log(d(w))= NORM.INV(w;log(d,, );const_10-1g(U)) (4.1-24)

In broad logarithmic grain distributions, the dso differs from the arithmetically averaged
dm, Eq.(4.1-1) Hence derives the relation to uniformity coefficient, Eq.(4.1-25) and Tab.
4.12.

d — d50 . 0’5 . (1 0(const_10~lg(U)) + 10(c0nst_10~1g(U))) (4 1_25)

Mit breiterer Verteilung (Ungleichférmigkeit U) nehmen die Oberfliche und auch der
aus dem arithmetischen Mittel berechnete Korndurchmesser dm zu und die Aquivalent-
durchmessern dk und dw werden kleiner, Tab. 4.13.

1,0 )

—a(U)

G = 0,28291n(U) - 3E-16
R'=1

0.0 P -

000 01 1  1o%lmml, 10 u
dg [mm]

2,0

1,5

—de=0,]. mim

1,0
0.5
.0+—7—"m"+ -ttt
0.0 5,0 10,0 15,0 vl
Fig. 4.16: Top: Logarithmic-normally distributed grain distribution with the percentiles for the

determination of dx and U (left) and the calculated relationship between variance and
uniformity coefficient, Eq.(4.1-20) Below: Calculated average grain diameter dx
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according to Eq.(4.1-1) as a function of the uniformity coefficient U, starting from dso =
0.1 mm.

Tab. 4.12: Theoretical relationship between the uniformity coefficient U and the resulting ratio
between dso and the mean grain diameter dp,.

6 |U |dwds|logdm/dso)| |6 |[U | dm/dso | log(dm/dso)
1|1 1 1 1| 1 1 1

0,02/ 1,06] 1,00 0,0010| [0,72] 12,5] 12,8 1,1068
0,12]1,50| 1,14 0,0568 | [0.82] 17.8] 20 1,3031
022]2,14] 1,51 0,1803 | [0,92] 254| 32 1,4996
0,32]3,05] 221 0,3435| [ 1,02] 362] 50 1,6963
042434] 336 0,5260| |1,12] 51,5 78 1,8929
0,52]6,18] 521 0,7167| | 1.22] 73.4| 123 2,0896
0,62]8,.80| 815 09110 | 1,32]1045] 193 2,2863

Particle size distributions of granular filter media are determined by sieve and sludge
analyses, whereby the blowdown portion is usually referred to as fine grain, Fig. 4.17,
chapter 9.8. These fine-grained components are often attached to scaffold particles or
aggregated in pseudoparticles, whereby their adsorption water layer of 0.5 um is no
longer negligible. This hydraulically ineffective grain fraction is not taken into account
when determining the equivalent spherical diameter and its limit diameter UG = dmin
[mm] is used as the lower limit for the integration Eq.(4.1-6) Especially in the case of
wide grain distributions with a high fine-grain content, the choice of a suitable UG is
not without problems.

4.1.2.5 Characterization of grain distributions over fractional dimensions

The natural and technically used porous media have fractal properties. Therefore, fractal
theory can be used as a useful tool to describe its porosity and the apparent randomness
of its geometric properties, PAVON-DOMINGUEZ & DiAZ-JIMENEZ (2023).

The fractal dimension D as the main parameter of fractal analysis reflects the
complexity of the pore structure. This indicates scale-related relationships between
geometric quantities, such as particle surface O and particle volume V of a grain size
distribution, Eq.(4.1-26).

O ~const - V" (4.1-206)

From Eq.(3.4-7) the fractal dimension Do/v can be derived for spheres in terms of their
volume V or their equivalent diameter dx, Eq.(4.1-27).

2
_medg

For three-dimensional solids, Dov=?%3 in terms of volume. With regard to a
characteristic length dK, the exponent DO/V+3 = /3 applies, PAVON-DOMINGUEZ &
Diaz-JIMENEZ (2023). For the consideration of size distributions of geometrically
identical (similar) figures, Eq.(4.1-27) differentiated according to the dimension dk,
Eq.(4.1-28).

O

2
V=642 V=62 Z.& =n-d(§+3j=n-d(D°’V+3)
K K6 K K K (4.1-27)
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8 Ozn_@+3}d§ﬁ)1

4.1-28
S (4.1-28)

Integrated via the size distribution of dk, the fractal dimension becomes a function that
often forms a constant in certain regions, which is then referred to as the fractional
dimension of the distribution Doy, Eq.(4.1-29).

In(0)=In(r)+ (D, +3)-(dy )-In(d, )

The fractional dimension corresponds to the rise of a logarithmic regression line
according to the grain diameter dk, Eq.(4.1-30),

(4.1-29)

1g(0) = const + (D, +3)-Ig(d, ) (4.1-30)
or Eq.(4.1-31).
oIn(0)  2lg(0)
Sinld ):alg(d )=(D0/v+3) 4.1-31)
n\dg gldyg
100 Durchgang [%)]
I T EEE] & [ AP A
801
703
e /SRS
S I 5=1, U=1,00
403 =1, U=125
=1, U=3,00
307 =1, U=6,00
20 UG [mm]
- X I e ————
0.001 0,01 —-"{ 0 + ‘ >
0,01 0.1 1 1o dmml e
{: w [%] 1/d [mmt
:' 1000
807! T2 d [mm)]
“
\ T 100
404 1 1 — dsp=1, U=1,00
v — ds=1, U=1,00 — dwo=1. U=1.25
— di=1, U=1225 — dy=1,1U=3,00
AN — dy=1,U=3,00 1 — 4y, U=600
N — dsy=1, U=6,00 UG [mm]
\ '
R R e - - 0,001 001 — 156 frm] '
0 10 15 20 30 1/d [mm-*

Top left: Cumulative logarithmically normally distributed grain distributions. Top right:
Representation according to 1/d (dashed) and up to the respective 1/d calculated as the
lower limit UG surface equivalent sphere diameter. The surfaces under the passage
curves U = 1.25 and U = 6 are highlighted in the same colour. Bottom left: Dependence
of the surface equivalent sphere diameter on the lower limit UG. Bottom Right:
Relationship between diameter and surface of the sieve passage. The regression line for
determining the fractal dimension Do Eq.(4.1-30) are pale on the distribution curves,

Tab. 4.13.
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Tab. 4.13: Evaluation of according to Eq.(4.1-21) and Eq.(4.1-23) for dso = 1.0 mm and various
uniformity coefficients U calculated grain distributions with the corresponding mean
grain diameters dm, the equivalent diameters dx, and the fractal dimension Doy
determined for the specified grain range.

U UG |dn dx | from|to Dov o |R?
1 mm | mm | mm mm 1 1
1,100,354 |1,00]0,999|0,949 1,290 (19,12 1,580,995
1,2510,354|1,02]0,987]0,949|1,832| 7,86 1,10|0,970
1,50]0,354|1,06]0,964 0,579 | 3,536 | 1,87 0,370,945
2,0010,35411,1710,922 (1,118 4,168 | 1,54 0,140,994
3,000,354(1,45|0,932|1,118|6,828 | 0,06 0,060,996
5,00(0,095(2,05{0,644 | 1,118 (9,487 | -0,79 0,040,997
6,00]0,095|2,34|0,616|0,683]9,487 | -1,11 0,04 |0,994
8,000,058 12,930,507 |0,805(9,487| -1,31 0,020,997
10,000,035 (3,49|0,417(0,805|9,487| -1,45 0,02]0,998

The fractional dimensions Doy apply only to limited grain size ranges and decrease
from the narrowly classified to the non-uniform ones. The dk calculated from the
surface function also indicates a fractional dimension, FigFig. 4.17. In the case of large
screen diameters, this can take on high fictitious sizes due to the sharply falling surface-
to-volume ratio with small residues. If the calculated dk (d) becomes almost constant in
the lower grain range, the UK subsize limit can be advantageously chosen in this range.
The use of broken dimensions has not yet brought any practical advantages to filter
technology.

4.1.3 The grain structure and texture

4.1.3.1 Texture

The storage of the particles that build up the grain structure and the resulting pore
system are geometrically very complex. The arrangement or structure of the particles,
crystal lattice, honeycomb or flake, is called the texture. Fillings of granular media that
come close to ideal spherical fillings are usually compared to crystal lattices, and their
pore geometries are derived from the hexagonal or cubic arrangement, chapter 3.4. In
the case of high uniformity coefficient, small particles can occupy the pore spaces of the
grain structure (Fig. 4.18 left) and thereby reduce the porosity nP. Stratified supports
ensure anisotropy of the fills at horizontal flow (Fig. 4.18 right).
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Fig. 4.18: Homogeneous storage (left) and anisotropically layered storage (right) of a mixture of
normally distributed spherical radii, according to ENZMANN (2000). A position-
dependent velocity profile is formed horizontally (right). Both fills are flowed through
vertically homogeneously.

Stratified deposits form during filter flushing or sedimentation in the formation process
of aquifers. Almost homogeneous deposits are created, for example, after intensive
air/water flushing of filters or tipping of overburden. In addition to vertical anisometry,
two-dimensional anisotropy is also important, especially in natural spaces.

4.13.2 Semi-empirical relationships for porosity and minimum pore channel
diameter of unconsolidated rock

SALEM (2001) limited the porosity of logarithmically distributed particle size as a
function of the grain diameter dso [mm] and the uniformity coefficient by two
relationships, Eq.(4.1-32).

log(n,..) = 162563 -0,08653-log(d,) —0,03636-log(2,5-U )

log(np,mm) = 1,53902 —0,18968-log(d,,) —0,082()1.10g(2’5,U) (4.1-32)

The one from Eq.(4.1-32) the following porosity range is unsuitable for hydraulic
calculations, Fig. 4.19.

np [%6]

50

o M
-, I I[1T

20
10

s+ttt T+t
dw [mm]
0,00 050 1,00 1,50 2,00 250 3,00 3,50

Fig. 4.19: Sample calculations by Eq.(4.1-32) for the relationship np (dw) and three uniformity
coefficient. dso follows after Eq.(4.1-25) from DW.
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The DVGW-Arbeitsblatt W 210 (quoted in ENZMANN 2000) links porosity with a fuzzy
depositional density and the uniformity coefficient U with the constants Tab. 4.11,
Eq.(4.1-33).

n,=a+b-U° (4.1-33)
Tab. 4.11: Constants of the Eq. (4.1-33)

Storage density a b c

loosely 0,300 0,146 -0,6636

medium 0,260 0,160| -0,6941

close 0,224 0,165 -0,5890

and the fuzzy information for the storage density:
o 0,40 for backflushable quick filters
o 0,30 for slow filters
o 0,2..0,35 for aquifers

These guideline values are in the range of geometric calculations (BUSCH et al. 1993) or
statistically generated spherical packings (ENZMANN 2000). The  third-degree
polynomial of Ig(U) proposed by Fuchs et al. (2017) gives almost identical results to
Eq.(4.1-33)).

By evaluating ideal grain distributions with different irregularities, BUSCH et al. (1993)
indicate the minimum pore channel diameter as a function of the equivalent spherical
diameter dw, Eq.(4.1-34) and Fig. 4.110.

n
- P
dp i = 0,44- -d,, (4.1-34)
l-n,
woA A 4 in/ds
0,45 == locker ™ mittel] ™ dicht 0,35

0,30
0,25

U=1,5

0,30 0,201 u=1,5
0’25‘ kubisch dichtest 0,15 kubisch dichtest
0,20 ‘ » 0,10 >
1 10 U 1 10 U
Fig. 4.110: Theoretical relationship between uniformity coefficient U and porosity np, as well as the

minimum pore channel diameter dpmin. The red vertical line marks filter fills with U =
1.5. The most densely dense bearing is shown as a red circle.

4.1.4 The Porengel as a small-scale complex mixing phase

Depending on the material, there are functional groups at the phase interface of the solid
matrix that interact with the liquid phase, e.g. as adsorptionsites. These different phases
with their interfaces, which are aggregated in the narrowest pore space via the solution
phase and interact with each other, are combined into the Porengel as a separate phase.
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This includes adsorbed phases and coatings made of biofilms, hydroxides, carbonates,
sulphides, clay minerals and various organic substances (humic substances, EPS).
Within the Porengel, chemical equilibrium constants can (apparently) deviate from their
thermodynamically defined values. The cause can usually not be clearly clarified, so
that these deviations must be measured and taken into account.

Primarily, the materials building up the pore structure in connection with the mobile
media determine the developing Porengels. The solid framework with their surfaces
primarily form the support, Fig. 4.111. Via very different mechanisms, the Porengel
interacts with the pore solution, chapter 6.5, Fig. 6.51. Its description is therefore
limited to special cases, chapter 10.4.
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Fig. 4.111: Scheme of the complex composition and its interactions between Porengel and pore

solution (SCHOPKE et al. 2020) with addition of organic components (below:
KOSOBUCKI & BUSZEWSKI 2014).
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4.2 Real grain sizes
4.2.1 Evaluation standards
42.1.1 Fractal size distribution of surface area and porosity

In fills made of granular material, pore diameter, porosity and pore surface are
important variables. All filtration-relevant processes have a scale-specific effect. The
fractal distributions of porosity and surface area can be illustrated by determining the
accessible volume or surface area for a sphere with varying diameter d.

For the diameter interval from the macroscopic to the molecular range, orienting
distribution functions are postulated as a function of the diameter d via inscribed
spheres/circles (SCHOPKE & BALKE 2015), Fig. 4.21. These orienting distribution
functions of the porosity np Eq.(4.2-2) or the surface Or Eq.(4.2-1) are linked to flow
and reaction processes, FigFig. 4.22.

dmax
nP(d) = FPV(d) = Inpx (d)~5d d,p <<© (4.2-1)
0

d

0,(d)=Fye(d)= [0, (d)-ad (4.22)

0

Differentiated for the frequency distribution functions of the porosity npx(d) Eq.(4.2-3)
and the Orx(d) Eq.(4.2-4).

0

npx(d)=%Fw(d) (4.2-3)
0
Opx(d)—%FOF(d) (4.2-4)

As long as no suitable measurement methods with specific software are used, these
representations are mainly used to detect dominant scales in the pore system.

The flow sections in natural areas are usually heterogeneous in structure and contain
areas that do not flow through or have little flow through - the dead spaces ntor. On a
scale of meters to kilometers, these narrow the pore space through which they flow and
are contained in the macroporosity neft, Fig. 4.22. No boundaries can be assigned to the
dead spaces. The effective or usable porosity defined in the decimetre to metre range
determined by pumping tests, together with smaller dead spaces and grain distributions,
determines the flow behaviour around the well and is wusually transferred to
representative, larger areas of aquifers. This also explains the mostly lower effective
porosities in the result of pumping tests compared to the np, chapter 9.8. The shear
surface that determines the flow resistance is also in this range. In the case of fine-
grained materials, the adsorption or adhesive water layer limits the flow-effective
porosity. The model sizes of the equivalent spherical diameter dw and the cylinder pore
diameter are even larger than the still passable pore narrowing dpmin, which estimates
the theoretical sieve diameter of the fill, Eq.(3.4-3) chapter 3.4.1.

Diffusion through the flow-dependent resting boundary layer & of the shear plane
determines the diffusion to the stationary solid-phase particles with their internal grain



80
Ralph Schopke

porosity, e.g. of activated carbon, macroporous ion exchangers or fine-grainaggregates.
The pore radius distribution, and thus that of the inner pore volume and surface, is
determined, among other things, by mercury intrusion porosimetry. The diameters of
macro-, meso- and micropores also determine the accessibility of molecules of different
sizes to the adsorption surface. The BET surface indicates the maximum surface area
available for adsorption and is determined by the monomolecular nitrogen occupancy.
At the grain boundary, the diameter and pore volume are reduced abruptly, which is
associated with a jump to large surfaces in the case of porous particles.

Fig. 4.21: Schematic filling of the pore system with circles/spheres of different diameters. Left:
Section Fig. 4.11. Right: Ferrosorp® grain structure (SCHOPKE & BALKE 2015).
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Fig. 4.22: Integral distributions of the accessible pore volume np (left) and the associated surface

Ok (right) as a function of the diameter of the fitted sphere. The distribution function for
the porosity npx(d) Eq.(4.2-3) is drawn as a gray area not to scale. In it, the definition
ranges of characteristic quantities are marked in color. Below this are the areas of action
of diffusion and advection and the size range for the pore gel. The dead spaces of
macroporosity are dotted.
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4.2.1.2 Representative compartments

Operations on a scale level can only be carried out experimentally on volume and time
scales that also represent these scales. The lower bound of the spatial and temporal
resolution is represented by the representative elementary volume REV and the
representative elementary time RET. The REV must be large compared to the
characteristic dimensions of the heterogeneities, and small to the range to which the
results are to be extrapolated. The REV of a one-dimensional flow through a porous
granular medium comprises a bundle of streamlines (streams) that define a
representative flow tube. Its flow path L lies above the scale plane of the pore structure,
Eq.(4.2-5). In the RET, the adjustment time for local equilibria must be taken into
account (BUSCH et al. 1993).

d2

>

les]

Vv

\Y%
Q.7 N\
5|CL

< =
N—
[\S]

Q

(4.2-5)

Under these minimum conditions for a representative elementary volume, the processes
in the pore system can be described as a continuum. The property c(L) then becomes an
integral quantity over the flow cross-section at the flow path L.

4213 Processes in technology and the environment

In the diagram Fig. 4.22, the relevant effects of water treatment processes in technology
and the environment can be classified, Fig. 4.23. The groundwater flow fields
determined by hydrogeological models reach up to the kilometre scale. The areas and
heterogeneities that constrict the flow cross-section are included as macroporosity npm.
The electrical tubes are guided around these areas. Filtration in technical water
treatment, on the other hand, only reaches up to the metre scale. Dead spaces are
minimized technologically, which is why macroporosity plays practically no role. The
geometry of the pore system determines, among other things, the particle separation.
The pore solution corresponds diffusively to the grain pore system via film kinetics. The
pore gel is part of the grain structure. A number of chemical processes, such as
adsorption, take place inside the grain. Diffusion dominates in the molecular to the pore
area, and from the adhesive water area onwards, transport via the pore solution
(advection), Fig. 4.22.
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Fig. 4.23: Classification of filtration applications in the size ranges of porosity np left and right

with respect to the surfaces Or. A distinction is made between reactions inside the grain,
the current tube (particle filtration) and the dead spaces that influence the flow field.
The pore gel that is not marked is to be assigned to the stationary scaffolding grain as a
peripheral area.

4.2.2 Porous aquifers

Pleistocene sediments are usually present in strata packages with fine-grained
components stratification of well-sorted grains, as well as silt or clay lenses
(stevedores). Larger stones and possibly lignite particles are also embedded in it. In the
structure, smaller particles fill free pore space in relation to homogeneous fills, Fig.
4.24. The grain size distributions are determined from mixed samples of the fine
structure recognizable on drill cores and thus show a greater uniformity coefficient than
the fine structure layers Fig. 4.25.

In open-cast lignite mining, the overburden is mixed, tipped (crumbled) from materials
from different geological formations. The fine-grain aggregates formed from cohesive
layers (here boulder clay in stevedores) contain a narrow micropore system with a large
adsorption water content and is only diffusively coupled with the mobile pore solution,
Fig. 4.26. These pseudoparticles consist of the almost impermeable grain structure of
the till, which is filled with platelet-shaped (clay) minerals, Fig. 4.28.

No BET surface can be determined for coarse particulate material, Fig. 4.27. The
adsorption surfaces can be provisionally estimated by their cation exchange capacity at
an adsorption site density of approx. 1.2 nm' (quartz) and compared with that
determined from the grain size distribution.
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Scatter sample (left) and microstructure section (right) through sample PO 154
(SCHOPKE et al. 2020) of the pleistocene aquifer at the Ruhlmiihle.
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Fig. 4.25:

Fig. 4.26:

Composition of the grain size distributions of the aquifer PO_15.4 (SCHOPKE et al. 2020)
from the undersize (< 63 um) of the three logarithmically normally distributed grain
sizes A, B, C. (According to chapter 9.1.2.2 calculated distributions dashed, measured
solid). The porosity np was determined by pixel counting.

Feinkornaggregat aus Quarz,
Feldspat und Tonmineral-
partikeln

GrofBenmalstab

== 37 um

63 um UT63

100 pm

250 ym

77200 pm

Grinding of a dump aquifer sample from the Skadodam (SB2 17.5m, SCHOPKE et al.
2011) in which Pleistocene sands were mixed with till. The marl forms the marked fine-
grained aggregates (pseudoparticles, dotted outlined). The grain-forming particles are in
the size range above 63 pm.
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Fig. 4.28:

4.2.3
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Constructed distributions of pore surface and volume for the Pleistocene PO_15.4 (left)
and the dump aquifer SB2 17.5 (right). Below the shear surface, no surfaces can be
specified according to SCHOPKE et al. (2011).

1 mm 200 nm

Structural section of tipped boulder chunks (SB1_19.5m) with filled pore system of
aluminosilicates and some heavy mineral particles (white dots).

Sandstone quarry flowing through

SCHOPKE & KocCH" (2007) used sandstone quarry from a former uranium mine, which
represented debris fields of leach mining, in filter tests. In these mining-influenced
sandstone formations, the fissured pore systems extend over several scales. The
particles of the white sandstone are composed of sintered fine sand with a continuous
inner pore system and are diffusively coupled with the flowing pore solution, Fig. 4.29.
The time-dependent penetration depth of substances from the pore solution was
modelled, chapter 8.3.4.2. Fig. 8.39. The horizontal filter operated horizontally with this
rock fracture could be described by two current tubes flowing through at different
filtration velocities, FigFig. 4.210.
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Fig. 4.29: Rock fracture made of sandstone (left), particle section (top center) with pore system
(top right) and distribution of the fine sand forming the sandstone (bottom), Schopke &
Koch” (2007).
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Fig. 4.210:

4.2.4

Left: Constructed distribution of pore surface and volume for a flow section from rock
fracture (SCHOPKE & KOCH" 2007). Right: Distribution of the current tube volume into
the immobile solid matrix, the diffusively accessible dead spaces (particle porosity) and
the part through which the mobile pore solution flows (SCHOPKE & THURMER" 201 1a).

Granular Iron Hydroxide Sorbent (Ferrosorp®)

The granular filter material from mine water treatment, consisting mainly of iron
hydroxide gel, is used for the adsorption of undesirable water constituents, such as
phosphate, arsenate and heavy metals in wastewater treatment and aquaristics, Fig.
4.211. This microporous gel has a high adsorptive inner surface area, Tab. 4.21. Flow-
through porosity and adsorptive grain porosity are separated by the stationary
adsorption water layer on the grain surface.
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*

Fig. 4.211: Granulated iron hydroxide sorbent (ferrosorp®) and grain cuttings (BALKE & SCHOPKE
2009). The dark grain edge in the cut on the right is unrelated to the adsorption
properties of the material, and is attributed to the drying process.

Tab. 4.21: Mercury intrusion porosimetry determined pore radius distribution (left) of the material
FerroSorp® Plus with the resulting parameters (right) (BALKE & SCHOPKE" 2009).
PORE SIZE DISTRIBUTION - 12-094-2-FerroSorp-Plus o Bulk del’lSity 3’0 g/cm3
750- . 0
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= { Pore volume 643 | mm®/g
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€ o [ 3
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Fig. 4.212: Constructed distribution of pore surface and volume for the granular iron hydroxide gel

(BALKE & SCHOPKE" 2009).
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4.2.5 Porenge on inert grain surfaces

4251 Structure-forming minerals

Porengel can have different structures. Solid amorphous and crystalline phases form a
basic structure in which microorganisms, organic and inorganic phases are embedded.
The frequently structure-forming materials of pore gels include:

o Iron and manganeseohydroxides,
o Carbonates of calcium, magnesium and iron,
o Aluminosilicates, including clay minerals,

o organic structures that are difficult to degrade, such as lignite, peat or plant
residues, and

0 Microorganisms and Biofilms.

Microorganisms and humic substances are embedded in it and react with the pore
solution flowing past. The basic structure made of solid materials is usually resistant to
small environmental fluctuations (pH, ion composition, redox). Structures consisting of
loose compounds of fine particles (clay minerals) with limited soluble humic substances
and biofilms, on the other hand, can become unstable with smaller changes in the
environment, chapter 10.4. The solid basic structure of these pore gels can be examined
by electron microscopy, while the structure elucidation of biofilms and organic coatings
requires specific methods.

4252 Hydroxide structure

During iron removal and manganese removal of groundwater, the filter material grains
are coated by autocatalytic reaction products, FigFig. 4.213. If biological iron removal
is preferred, occlusive dendritic structures are formed. The inorganic composition of the
chemical and biological precipitates does not differ from each other. In the filling
bodies of a mine water treatment plant of Wismut GmbH examined by Koch &
Schopke* (2008), arsenic and traces of uranium were also embedded in the coating, FIG.
Fig. 4.214 and Fig. 4.215. Similar coatings can also be found in iron removal filters.

a Grundmaterial ,
‘ Quarz

Fig. 4.213: Structural cuts with grain coatings (Porengel). Left: Quartz grain with iron hydroxide
coating and sand (quartz)/dolomite mixture after flow of acid acid mine drainage (right),
(SCHOPKE" 2002).

¢ mikropordser
Kornbelag
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Fig. 4.214: Layering of the Porengel attached to a trickle filler body. (Breaking line with enlarged
details, green bacterial deposits, brown autocatalytic reaction products, KOCH &
SCHOPKE" 2008).

Fig. 4.215: Products of iron oxidizers (Thiobacillus ferrooxidans, KOCH & SCHOPKE" 2008).

4253 Carbonate structures

Carbonates form more compact structures than iron and manganese oxide hydrates.
Laboratory experiments on the neutralization of mining-acidified acid water (acid mine
drainages) in mixtures of dump sand and dolomite or calcite resulted in the formation of
carbonate deposits, SCHOPKE" (2002) and SCHOPKE (2024). After pH increase by
dissolving the material, iron hydroxide precipitated in the aerobic environment and
formed the outer light crust around the dolomite grains and covered the quartz particles
of the sand in a thinner layer, Fig. 4.216. The calcium released in the process
precipitated with the sulphate of the open-cast lake water as gypsum. The material
surfaces were passivated by the reaction products iron hydroxide and gypsum. Between
the passivating layer and the dolomite/calcite grain, a gap of dissolved material was
formed.

4254 Biofilms

The extrapolymer substances (EPS) produced by the microorganisms accumulate
together with organic water constituents (including humic substances) in the Porengel,
Fig. 4.217 below. Their influence on the hydrochemical properties of the material is
largely unknown. Estimates assume 60 mg/kg biomass with approx. 20 % organic
carbon, chapter 7.5.
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Fig. 4.216: Top: Grain surface with coating burst open during preparation (litter specimen left) and
heavily eroded edge of a calcite grain from a reactive wall simulated in the experiment
(section on the right) SCHOPKE" (2002). Bottom: Phase interface (section) formed on a
calcite grain during the neutralization of open-pit lake water (SCHOPKE & THURMER*
2012).

Fig. 4.217: Fluorescence microscopic images of aged biofilm with predominantly dead biomass
(top left) and of fresh coating (top right) with living microorganisms, SCHOPKE et al.
(2013). Bottom: Cell-mineral associations (cells false-color orange) according to
PERCAK-DENNETT et al. (2017).

4.2.6 Reactive Mixed Grains with Metallic Iron Fe°

This case study comes from the evaluation of laboratory filter experiments for the
removal of As, Cd, Ni from a groundwater contaminated site of a nickel smelter,
SCHOPKE & THURMER® (2012) via a reactive wall consisting of Fe®/CaCOs/gravel. In the
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process, metallic iron and calcite were dissolved and metal carbonates were separated.
The coating on the carbonate grain consisted mainly of varying proportions of arsenic-
containing iron hydroxide and clay minerals, Fig. 4.218. The precipitation products
formed diffusion-inhibiting layers on the grain surfaces and also accumulated in pore
coils, Fig. 4.219. On the steel particles used, the pavement layer reached thicknesses of
between 0.6 um and 20 um.

4 Durchgang

1 [%] Partikel dw | U
801 Steal ~ Carbonat um | 1

tee .
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201

0 + »
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Fig. 4.218: Fe%/limestone granules from an experimental filter for the simulation of a reactive wall

(scatter sample top left) and detail section of the occupied surface (top right), as well as
the grain distributions of the separated particles (bottom), (SCHOPKE & THURMER

2012).
Stahl
50 um
50um 0.6 pm
Fig. 4.219: Enlargement of a grain gusset with the boundary layer on the iron grain by 0.6 um
("Stahl" = steel).
4.2.7 Closure of grain porosity

Bei der Behandlung von bergbauversauertem Sandstein durch Neutralisation der
mobilen Porenlosung beobachteten SCHOPKE & THURMER" (2010) den Verschluss der
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Kornporositit durch Neubildung von Tonmineralen, Fig. 4.220. Die im Korninneren
noch enthaltene saure Losung wurde dabei konserviert, SCHOPKE (2024).

Surface coverings made
of iron hydroxides and

clay minerals
30um
Fig. 4.220: Sections through a grain structure of sandstone particles by mineral formation
(SCHOPKE (2024).
4.3 Filter media flowed through
4.3.1 Calculation methods for the permeability coefficients (ki) of aquifers

In hydrogeology, a whole series of empirical calculation algorithms are used to
determine the permeability coefficients k¢ of aquifers over grain size distributions.
These calculations are made more precise by evaluating pumping tests and adapting the
measured groundwater levels to flow models. The determined permeability coefficients
kr and porosities npm represent the part of the aquifer under consideration, including all
dead spaces and heterogenities, and thus balance the large-scale groundwater mass
transport. The porosities npm used are therefore below the values determined from
individual drill cores by electron microscopy and/or in cut-out flow cells, chapter
4.2.1.1.

The well-known methods for determining the permeability coefficients kr [m/s] from
grain distributions are described in BUSCH et al. (1993) or SZzymMCzAK et al. (2009). The

permeability coefficients is determined from a percentile of the grain diameter dx [mm)]
and the uniformity coefficient U [1], Eq.(4.3-1) to Eq.(4.3-6).

Hazen's method is applicable to sands 0,1 <djo < 0,6 mm, Eq.(4.3-1).
k, =0,0116-d;, 1<U<5 (4.3-1)
Beyer's method is used:

2:10° m/s <kf<410-° m/s, Eq.(4.3-2)
k, =C(U)-dj, (4.3-2)
with the boundary conditions for the uniformity coefficient U, Eq.(4.3-3) to Eq.(4.3-5).

C(U)=0,01~(

C(U)=0,01-(0,722+0,0092(12-U)) 12<U <20 (4.3-4)

1,452405-0,321185U +0,07894U">

) . .| 1<u<12 (4.3-3)
~0,01089U° +0,00075U* —0,00002U
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C(U)=0,000648 U>20 (4.3-5)
SzyMczAK et al. (2009) give a useful approximation for till soils, Eq.(4.3-6).

23 10® < kf < 10°m/ s
k. =0,0036-d5; (4.3-6)
dio < 0,02 mm; dao > 0,002 mm
Kaubisch's method (in BILEK 2004) takes into account the strong correlation between
the undersize fraction UT < 0.063 mm and the permeability coefficient krf in dump
sediments, Eq.(4.3-7).

k, = 1000005 UT*~0.12UT-3,59 10%<UT<60% (4.3-7)

BILEK (2004) uses UT < 63um for the undersize fraction and SZyMCzAK et al. (2009)
refers to the fraction UT < 20 um as pellit. This can also be determined from the gamma
intensity in borehole physicsinvestigations. HOUBEN & BLUMEL (2017) also offer other
methods suitable for the automation of permeability and porosity determination from
grain distribution curves.

Methods based on the Kozeny-Carmann equation are also increasingly being used, as
well as fractal properties of the pore system (ZHU 2023, PAVON-DOMINGUEZ & DiAz-
JIMENEZ 2023), as well as Eq.(3.5-16) and Eq.(3.5-18) in chapter 3.5.

The effective grain diameter dyw in the WITTMANN-method corresponds to the surface
equivalent sphere diameter. For the determination, the sieve fractions are evaluated
according to a discretized form of Eq.(4.1-14) or Eq.(9.8-1) in chapter 9.8.2.

3
np

k, = 0,0416-W -d3, Temp = 10°C, k¢> 10* m/s  (4.3-8)

Eq.(4.3-8) is identical to Eq.(3.5-18) with the tortuosity fi = 1.59 instead of fi = 1.44
(chapter 3.5.3). By considering the fine-grain fraction as pore space filling, its effect on
permeability can also be calculated, chapter 5.2.1.3. SCHOPKE et al. (2011) determined
considerable differences between the different methods by means of comparative
calculations.

4.3.2 Dispersivity of filters and flow lines

43.2.1 Definition of dispersivity o

The remixing in a flow tube (chapter 3.2.2), characterized by the effective axial mixing
coefficient (dispersion coefficient) Di, for groundwater flows, APPELO & POSTMA (1993)
derive from the Peclet number, Eq. (4.3-9) This is formally similar to the Bodenstein
number Bo in chemical process engineering, Eq.(3.2-5) or Eq.(3.2-6) RAUSCH et al.
(2002) and HAGEN (1993) also formulate Dy for pore channels in the aquifer via the
Peclet number, Eq.(4.3-9).

d,  feveed,

Pe — VPore w
D, n,-Dy

(4.3-9)
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The pore channel velocity veore is related to the filter velocity via the tortuosity fi and
the porosity np. The effective axial mixing coefficient Dr is composed of molecular
diffusion and macrodispersion o, Eq.(4.3-10).

D
D, =—+a,v (4.3-10)
fL

In relation to the dispersivity, the molecular diffusion Dr can be neglected. Only from
Pe < 0.5 does molecular diffusion control axial dispersion. At high peclet numbers,
dispersion is independent of the flow time or filtration velocity for a given path and is a
characteristic property of porous media, Eq.(4.3-11).
n,-Dg
o, =—————— -
LT (4.3-11)

The macrodispersivity of aquifers, on the other hand, is scale-dependent.

4322 Scale dependence of dispersivity

Heterogeneities in the grain structure and on the flow section lead to different flow
velocities of parallel flow paths and cause macrodispersion on groundwater flow lines.
The dispersion processes in the scale range between the pore system and extended
aquifers are divided into:

al) Grain structure-related dispersion
» Velocity profile within a pore.
» Diffusive exchange with the non-flowing Porengel and grain porosity.

» Different spacing velocities due to the pore diameter distribution but with
intercoupled current threads.

a2) Small-scale macrodispersion

» Deflection of the flow by small-scale inhomogeneous grain structures, €.g. stones or
lenticular stratifications.

» The different current filaments still correspond via transverse dispersion.

a3) Macrodispersion

» Geologically structured flow paths, whereby current tubes with different distance
velocities and properties of the solid matrix can be delineated.

» Electrical tubes that are separated from each other can no longer communicate via
transverse dispersion.

» The dispersion in demarcated current tubes is lower than the dispersion for the entire
flow cross-section, which is averaged via filter wells, for example.

From small-scale dispersion (a2) onwards, the anisotropy of the flow processes plays an
increasingly important role. Orthogonal to the direction of flow, transverse dispersivity
influences Dr increase, (Fig. 4.31).
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4323 Empirical guidelines for dispersivity

For hydrodynamic axial dispersion coefficients in water treatment filters, GIMBEL
(1984) Eq.(4.3-12).

d
D, ~18..2,2-v, S 4.3-12)
n,

These are mainly attributed to the grain structure-related dispersion (al).

Other estimation methods for macro dispersivity are based on the dispersion of the
permeability coefficient k¢, Tab. 4.31.

ENZMANN  (2000) estimates the longitudinal macrodispersivity from the statistical
distribution of the permeability, Eq. (4.3-13) The dispersion of the individual values
around the mean values determines the growth of the dispersivity.

o, = mln(kf) -const (4.3-13)
= | mittel (In(k, )) '

where const [m] specifies the correlation length for the permeability coefficient
distribution. The correlation length, which is certainly meant horizontally, can only be
determined from selective exploratory boreholes with great effort.

SCHOPKE et al. (2020) estimated the longitudinal dispersivity o of a pleistocene aquifer
over the vertical permeability coefficient distribution, chapter 9.8.5. They determined
the following different dispersivities:

» Tracer breakthrough: oL =0,2 bis 0,6 m
» Kkestatistics: oL=0,21m
» Flow line simulations or=1to2m

N ol o2 <3 [

Fig. 4.31: Scale jumps from grain-structure-related dispersion from small-scale to
macrodispersion.
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Tab. 4.31: Compilation of various dispersivity claims.
Definitionsbereich, Quelle Definition Eq.s
Mikrodispersivity (APPELO & POSTMA 1993) o, =3,5-d,, (4.3-14)
Mikrodispersivity (KOBUS 1992) o, ~dg, (4.3-15)

Axial dispersion in water treatment filters according | &t; ~1,8...2,2-d, | (4.3-12)
Makrodispersivity (APPELO & POSTMA 1993) o, #0,1-L (4.3-16)

DAVID et al. (1998) suggest the use of a transverse dispersivity o acting transversely to
the direction of flow when transitioning to several spatial dimensions, Eq.(4.3-17).

1
o~ —0 4.3-17
TR ( )
The transverse dispersion is horizontally about 1-2 orders of magnitude smaller than the
longitudinal dispersion and is said to lie vertically in the range of molecular diffusion.
These estimates must be checked on a case-by-case basis.

5 Reactions in flow-through Filters

5.1 Model approach for particle retention in the pore system

The description of depth filtration GIMBEL (1984) defined boundary conditions for a
differential filter layer OL:

» amass or volume balance,

» akinetic approach that describes the transfer of matter from the flowing phase to the
stationary matrix and a

» hydraulic approach to describe the pressure loss.

The separation of particles in pore systems (filters) is based on at least three
mechanisms, GIMBEL (1984).

1) Deposition of particles due to the constriction of streamlines and/or finite partial
dimensions.

Assuming that a spherical particle moves with its center on a streamline, contact
between the particle and the filter grain surface occurs when the distance between the
streamline and the grain surface becomes smaller than the particle radius. This
mechanism, which is actually only a boundary condition, is usually referred to as the
blocking effect or interception.

If a particle is to leave the streamline on which it is located, corresponding forces acting
on the particle are required. In particular, the following are taken into account:.
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2) The weight force:

The suspended particles can leave the streamline due to their sedimentation capacity.
This mechanism is important for particles with a relatively large density difference to
the liquid with a diameter of more than 1 pm.

3) The stochastic force due to thermal motion:

With decreasing size, the particles are increasingly subject to Brownian motion. This
mechanism is important for particle sizes below approx. 1 um.

In addition, there are various interactions of the particles with the Porengel (adsorption,
adhesion, ...) and their detachment by shear forces in the pore system.

Assuming that there is no mutual influence of the various dispersed particles, a
separation efficiency vy is postulated for each elementary filter layer of length AL = d,.
This describes the probability with which a particle is retained in the elementary filter
layer, Eq.(5.1-1) Strictly speaking, the porosity would have to be included in the
distance AL = dv/(1-np).

Y .
I fir vy <<1 -
q Y (5.1-1)

w

This results in the filter coefficient A for the exponential decrease in the particle
concentration cPi, Eq.(5.1-2).

acy,

=—\-Cp. 5.1-2
8L CPl ( )

All other influences, summarized in the parameter vector Y, form functions for A and vy,
Eq.(5.1-3).

h= (V)£ (cy.0y.Y)

Y= Yo(Y)'fy (CV’GV’Y)

Ao and yo indicate the filter effectiveness in the initial phase, as long as the filter load c;
does not yet exert any influence on the particle separation. The correction functions
Eq.(5.1-4) are initially equal to 1.

f, CV,GV,?
fy cV,GV,S?

(5.1-3)

=1

_, Oov=0 (5.1-4)

Through integration, GIMBEL (1984) obtain the initial profile for the profile distribution,
Eq.(5.1-5),
L L
Cy =Cyo € =Cyy 'exp(_% d_J (5.1-5)

with the dimensionless approach for yo Eq.(5.1-6),
Yo =Ko Np - Ny’ -Ng - Ny* (5.1-6)
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and the dimensionless key figures Eq.(5.1-6) to Eq.(5.1-10) which are linked to the
empirical constants ko to ka.

d
Particle diffusion, Peclet Number Pe =N, =v; Fw (5.1-7)

i

With the particle diffusion coefficients D;, for the particle diameters d;.

d.
Blocking effect number Ny = d—‘ (5.1-8)
d?
Sedimentation number Ng = (Pss1 —Pw ) g — (5.1-9)
18-my v
2
Inertia number N, = (pggi —Pw ) \7% : (5.1-10)
nW ’ dw

The definition of the peclet number Eq.(5.2-3) differs from Eq.(4.3-9) by using the filter
velocity instead of the pore channel velocity. For the description of the blocking effect
Eq.(5.1-8) the use of the pore channel diameter dp Eq.(3.4-17) or the minimum pore
narrowing diameter dpmin Eq.(3.4-3) instead of the grain diameter dw. This theoretical
approach to particle retention in depth filtration can only be applied to practical
problems to an extremely limited extent (special cases).

5.2 Hydraulic effect of particle retention and mineral
transformations in the pore system

5.2.1 Porosity and shear plane changes in the pore system due to reactions

5.2.1.1 Description Approach

The retention of suspended particles, new mineral formations or their dissolutions
change both the shear plane and the porosity of the filter section. A distinction is made
between the scaffolding-forming sphericalfill and the reactive mineral particles, Fig.
5.21. Individual quantities are defined for the inert scaffold-forming ideal sphere
packing (index G) and the 1 reactive phases, Tab. 5.2-1.
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The spherical diameter of the reactive phase d; is a fictitious quantity that indicates the
surface-to-volume ratio of the pore space occupancyt:

d,>>d; means that the inner surface remains virtually constant, and in the case of

d,<<d; very small particles are embedded, or the hydrodynamic roughness of the

scaffolding-forming spheres increases, which corresponds to an increase in surface
area.

d,<0 applies to a decrease in the inner surface, e.g. by filling in gussets.

The change in the flow hydraulics is described via two approximation stages:

1. Change in flowable porosity due to product separation while neglecting shear plane
changes.

2. Consideration of shear surface plane as emplacement of particles with defined
surface-to-volume ratio, described by di.

The initial state is the empty pore structure mpyo = mg. The precipitated mineral phases
are related to the pore water volume [mol/L], e.g. from model calculations. The space
requirement of mineral phases follows from their molar volume Vs (Tab. 5.2-2), which
is formed from the quotient of the molar mass Ms by the particle density pss, Eq.(5.2-1).

Vy=—> 5.2-1
° Pss ( )

The relative volume fraction ¢ of all separations corresponds to the sum of all separated
particle volumes per solution volume ci, Eq.(5.2-2).

= Vg -c; [L/L] (5.2-2)

Scaffold-forming
grain size

Mineral Formation

-Storage

ineral Dissolution

O Sheathing

Fig. 5.21: Flow through a sphere packing with new mineral formations and dissolutions, which
occur as particle deposits or sheathing in the scaffolding-forming grain.
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Tab. 5.2-1: Characteristics of an ideal sphere packing with particle incorporation.

Parameter Symbol | Unit Definition Eq.
Scaffold-forming grain size G Index

Mass mg kg

Grain density Dss L/kg (2.2-9)
Flowable porosity of the framework npG 1

Dry bulk density of the scaffolding Ds L/kg Ps = (1 —Npg )‘ Pss (5.2-3)
Reactive phases i Index

fictitious spherical diameter of the particle

deposits i di mm

Molar volume of mineral i Vi L/mol

Molar mass of the mineral i M; g/mol

Density of mineral i pi L/kg

Proportion of i in the sample dry matter (mp ) i mol/kg

Pore space concentration of i Ci mol/L

mobile mineral concentration Cpi mol/L

hydraulic sphere diameter dyw mm (5.2-15)
Mineral volume deposits related to pore

solution i i 0 1 ¢= Z Vs -¢ (5.2-2)

The mineral deposits are related to the current porosity np(¢) taking into account the
framework porosity npg (zero state), Eq.(5.2-4) with

0<0 = ¢<0 Resolution,

>0 = ¢>0 Particle storage or sheathing.

nP((P):nPG '(1_(P)

» Mass and porosity balance

(5.2-4)

For the total sample, the mass balances with respect to the scaffold mass w; with respect
to the pore solution c;, Eq.(5.2-5) or Eq.(5.2-6).

m, =mg, -(1+ZMi -wi)

my, =mG£1+n"G ~2Mi .Cij

Ps

For the porosity balances, Eq.(5.2-7) and Eq.(5.2-8).

m
— G V — V
Np =Npe = 'E, i'Wi—nPG_ps'E, i Wi
R i i

n, =N -(I—Z:Vi -ci]

(5.2-5)

(5.2-6)

(5.2-7)

(5.2-8)
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From this, the Kozeny-Carmann equation at a constant shear plane (1st approximation)
results in the development of the filter resistance Eq.(5.2-9).

\% (l—n +n -(p)2 v, -L
h, =| 72— |-} —2 P . 5.2-9
f ( g] Come(-e) )

PARBS (2006) derived an analogous relationship for the permeability decrease of Fe®
walls.

» Shear plane balance

The shear surface of the fill Eq.(3.4-10) is added by the deposited particles surface,
Eq.(5.2-10) to Eq.(5.2-12) Their surface/volume ratio describes their fictitious spherical
diameter d;.

1 W,
O, =6-m, ( +2V, —‘j (5.2-10)
G "Pss i d;
1 n C.
O, =6-mg- + PG Vi—') (5.2-11)
* ¢ (dG ‘Pss  Ps 21: d,
m 1 n V. -c
o,=6—"5|—+—FL9—. : ‘J (5.2-12)
* Pss (dG l=ng, Z d,

This changes the equivalent, hydraulic sphere diameter dw of the sphere packing,
Eq.(5.2-13) to Eq.(5.2-15).

dw (5.2-13)
1 1 n C.

B (T (CHEA N Vi | 2-14
dg (dG 1—n, Z ] diJ © )
1 1 W.

— e — 4D - YV 2-1

d, (de P2 dJ (5:215)

Used in Eq.(5.2-9) the 2nd approximation Eq. follows for laminar flow conditions and
constant particle diameters of the emplacements, Eq.(5.2-16).

(1 P Ve )
hf=(72XJ-fL2~Vf-L~ —Tro T lre @ .(—+ = i'CiJ (5.2-16)
g Dpg '(1_(P) dg I-n, 5 d

Extended to turbulent conditions Eq.(3.5-19) follows Eq.(5.2-17).
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h; v (l_nPG + Ny '(P)Z 1 Npg
<+ = %k -—- . O —4 .
L ‘g Vf e -(1-¢) dg  1-mp Z i
k (I-npg +1,5-0) (1 n V. -c,
+_2_ 2 PG PG J—4 PG . i Vi
g B nfx;'(l_(P)3 dg 1-n4 Z d, J

(5.2-17)

The tortuosity fL = 1.44 is already contained in ki = 150, or ko = 1.75 (Tab. 3.5-1).

Tab. 5.2-2: Mole volumes of mineral deposits. The molar volumes of amorphous ironhydroxides
are not exactly known and therefore 5 water molecules are attributed to their molar
volume.

Stoff Formel Mg [g/mol] | pg [kg/L] | Vg [L/mol]
Water H,O 18 1 0,018
Aragonite CaCOs; 100,09 2,95 0,0339
Brucite Mg(OH), 58,32 2,39 0,0244
Brushite CaHPO42(H,0) kristallin | 172,09 2,328 0,0739
Calcite CaCOs kristallin | 100,09 2,71 0,0369
CO3-Green-Rust (I1I) Fes(OH)12CO;3 599,17 3,5 0,1712
Iron Fel 55,85 7,0 0,00798
Ferroushydroxide Fe(OH), kristallin | 90
Ferroushydroxide (a) Fe(OH),(a) * 5 H,O amorphous ~0,15
Ferrichydroxide Fe(OH); kristallin | 107 3,1(7) 0,035
Eisen(IIl)hydroxid (a) Fe(OH)s(a) * 5 H,O amorphous | 206 ~0,15
Fe(II)-Carbonat-Hydroxid | Fe;(OH)>COs 205,72 3,65 0,0564
Fe(I)-Hydroxide Fe(OH)» 89,86 3.4 0,0264
Ferrihydrite Fe(OH); 106,87 3,1 0,0345
Gypsum CaS04-2H,0 kristallin 172 22-24 10,075
Goethite FeOOH 88,85 4,37 0,0203
Hannebachite Cax(803)2-H,0 258,30 2,52 0,1025
Hannebachite-Freakdef. | CaSO3:0.5H,0O 129,15 2,52 0,05125
Hydroxyapatite Cas(PO4)3(OH) kristallin | 502,31 32 0,157
lanthinite (U0O2)-5(U03)-10(H20) 304,04 5,16 0,059
Mackinawite FeS 87,91 4.1 0,0214
Maghemite Fe 03 159,69 5,26 0,0304
Magnetite Fe304 231,54 5,18 0,0447
Pyrolusite MnQO, kristallin | 86,94 5,03 0,0173
Metaschoepite UO;-n(H,0)(n<2) 313,05 4,69 0,067
Paraschoepite UO3-2(H20) (7)) 322,06
Portlandite Ca(OH), kristallin | 74 2,23 0,033
Portlandite (a) Ca(OH), * x H,0 amorphous | 74 2,23 ~0,15
Pyrite FeS, 119,98 5,02 0,0239
Quartz SiO; kristallin | 60,1 2,65 0,044
SChOCpite (UOz)gOz(OH)]z' 12(H20) 2612,49 4,8 0,544
Siderite FeCOs3 kristallin | 116 3,5-3,9 10,031
115,86 3,96 0,0293
SO4-GR Fes(OH)12S04 635,23 3,5 0,1815
U,04 U;0s Estimation | 842 7 0,12
Uraninit U0, 270,03 10,8 0,025
DOC hydratisierte Organik Estimation ~ 0,100
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52.1.2 Filter resistance behavior of water treatment filters

In many water treatments, the filter resistance increases almost linearly with the filter
running time (chapter 10.2.2.3). Particle filtrations often show an exponential increase
in filter resistance, which is partly due to surface filtration effects (sieves chapter 5.3).
The particle separation can be shifted into deeper filter layers, so that room filter effects
also have an effect and e.g. Eq.(5.2-16) describe both the linear and the exponential
increase in filter resistance. For the sake of simplification, only the laminar flow range
will be considered below.

For a grain-independent explanation of these effects, Eq.(5.2-16) with Eq.(3.5-14) to
Eq.(5.2-18) reworded.

d? 1-n,)
_G=(72§J.ff (i=n,)* 1:P) (5.2-18)
f

np

Taking into account the embedded particles, this results in Eq.(5.2-19) with the physical
constants summarized in const and the filter-specific term F(o, di/dg, npc).

d? v (1-npg +0pg - @) n d ’
-5 = | 72= £ - PG __ PG J1+ =28 . "G .o

k, g ny -(1-o) 1-n,; d, (5.2-19)
% = const ‘Fl @,——,n |
Kk, (p’dc e

To exclude the scaffold porosity, the function F(¢, di/dg, npg) is normalized to the initial
scaffold porosity npg as a dimensionless function hgn, Eq.(5.2-20).

d.
F((Padlanp(}j
hFN=——°—2¢ (5.2-20)

F[O,(li,nPGJ
dG

hFN is only used to illustrate characteristic filter resistance curves. During the phase of
stable filtrate quality, the blocking pore volume fraction ¢ develops proportionally to
the filter running time. The function F(o, di/dc, npg) can be appoximated by a 3rd or 4th
degree polynomial depending on ¢ and given di/dg and npg, which nevertheless does not
dispense with numerical integration over the layer length L, Fig. 5.22.

The influence of the embedded fictitious particle diameters is given in relation to the
framework grain diameter di/dg. The coating of the framework grain size with reaction
products (di/dg > 1) manifests itself in the well-known linear filter resistance behavior
up to @ < 0.35, whereas ultrafine particle deposits ((di/dc < 1) soon turn into an
exponential increase in filter resistance. Both effects, known from practice, can be
described with the same model.
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hFN =—0,01 =—=0,05 — (.3 di/dg
45 exponentiell

=10

5 = = = [inear
0! —tt
0 0,1 0.2 0,3 0.4 0,5 0.6 ¢

Fig. 5.22: Development of the specific pressure loss as a function hFN as a function of volume
deposits @ by particles with different surface ratios di/dg and for npg=0.3.

52.1.3 Hydraulic consideration of fine-grain fractions in sediments (aquifers)

An undersize fraction wyr [mass %] embedded in the pore system of the grain structure
occupies the pore space Vur, Eq.(5.2-21).

m
Vir =—" Wy (5.2-21)

uT

From Eq.(5.2-2) taking into account the adsorption water layer dags with regard to the
framework porosity, Eq.(5.2-22).

m, Wur
_Vur _ Pur _ Wur Ps _ My Wy [ 1 +d. .0 (UT) (5.2-22)
Pur = V2 - V. - - V. - ads sp
pG  Dpg " Vi Dpg Pur R "pg  \ Pur

Assuming that the fine grain is present in units that change little in the shear surface, the
hydraulic behaviour is estimated using the 1st approximation, Eq.(5.2-9) There is no
empirical evidence yet for its validity.

5.2.2 Reaction-related changes in the stationary solids phase

5221 Description Approaches for homogeneous sphere packing

The particulate stationary solid phase changes during the reaction with the pore solution
by dissolution or coating with reaction products (Porengel formation) or the penetration
of reaction fronts into their grain porosity.

Reaction engineering distinguishes between the
» PCM progressive conversion model

and the
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» SCM shrinking core model
(FARAII et al. 2020).

In PCM, negligible grain diffusion allows the reaction over the entire volume of solid
particles. The discharge is determined by film diffusion with decreasing internal
concentration.

In the SCM approaches, the reaction shifts inwards, whereby an increasing mantle layer
controls the reaction rate by diffusion as the reaction surface shrinks. The mantle to be
diffused through can also consist of reaction products. In dissolution processes, this
diffusion obstacle is eliminated except for the aqueous solution film & (film kinetics),
Fig. 5.23.

An idealized spherical reactive material grain with a diameter dw is considered, into
which a definable reaction front & > 0 penetrates to the center of the grain or which is
coated by reaction products by 6 <0, Fig. 5.24.

It is agreed:

» The reaction is idealized at the front 0.5.dy - 3. This describes both the penetration
into the grain interior and the formation of the mantle to the outside.

» Starting materials and/or reaction products are in diffusive exchange with the
external solution. Depending on the layer/diameter ratio, a spherical diffusion
approach applies or an approximate linear approach is sufficient.

e Separate diffusion coefficients can be attributed to the bulk solution, jacket,
reaction layer, and grain.

e In the special case of dissolution, the reaction layer takes on the properties of the
external solution.

» When a reaction front penetrates, the remaining volume decreases and the interface
of the penetrating front to the original material becomes spherically symmetrically
smaller.

The grain concentration ck in the reaction space remains constant during the reaction,
Eq.(3.4-13) The reactive surface Or depends only on the position of the reaction front,
Eq.(5.2-23).

O, 6-(1-n,)

0,=—R=23"")_¢ .p.q 2m -
TV 0 g medy [m¥m’] (5.2-23)
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Fig. 5.23: Model approaches for mass discharge from particles, or their solution according to

FARAII et al. (2020).

y-— Coat

| Initial grain
..
" _-Interfaces for d £ 0

a———

—— Reaction layer

remaining original material

Fig. 5.24: Section through a reactive particle idealized as a sphere with an initial diameter of 2r,
the penetrating reaction layer as &> 0 and the sheathing as 6 < 0, as well as the

associated varying interfaces.

The grain concentration determines the initial grain structure volume npg, Eq.(5.2-24),

(1 _nPG): gdia "Cx (5.2-24)
and the grain concentration ckw, Eq.(5.2-25).
Cow = (l — nPG) ) 1
KW T (5.2-25)
g Yo

Reaction spaces can be dimensioned with the volume fraction ¢ and the porosity np,
Eq.(5.2-2).
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Bei der Schichtbildung oder Auflosung éndert sich die durchstromte Porositét, wahrend
beim Eindringen der Reaktion in das Kornporensystem die Stromungshydraulik
unbeeinflusst bleibt.

The following applies, according to Fig. 5.24:
3<0 => ¢<0 Penetrating reaction front or resolution
>0 => ¢>0 Sheathing

For the constant grain concentration, the following applies, taking into account the
amount of 2-:0 Changing grain diameter Eq.(5.2-26) and
c :(l_nPG)_ 1 :(l_nPG'(l_(P))_ 1
KW
Mo T mecl-0) T Lo ) (5.2-26)
6 " 6 "

for the change in diameter as a function of ¢ Eq.(5.2-27),

(de+2'8) :i/(l_nPG'(l_(P))

5.2-27
e V(np)-(-9) (5227

or for the layer thickness 5(¢) as a function of the volume difference Eq.(5.2-28).

dyg (l_nPG '(1_ ))
8((P): 2 '[i/(l_nm)'(l_q;)_l] (5.2-28)

From the grain surface Eq.(3.4-8) follows for the reactive interface Eq.(5.2-29),

m, -O

Op === = o-(dy +2:5) (52-29)
R

or as a function Or(d) of the layer thickness 6 Eq.(5.2-30).

OF(S):6-(1—nP)-M (5.2-30)

The proportion of the reactive surface with respect to the initial surface is then
described by Eq.(5.2-31),

2
OF—(S):(Hz-iJ | d+2:8>0 (5.2-31)

FG d wG

with the option that original material is still present when reaction fronts penetrate or
dissolve. The ratio of the current reactive surface Op(8) to the initial (framework)
surface indicates the surface function Fo(d), Eq.(5.2-32).

F, :OF_@):(H[;\/(I‘“PG '(l‘@))lj]z\ d +2:8>0 (5.2-32)

(1=np)-(1-9)
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5222 Transition to discretized grain distributions

In grain distributions, the reaction layer in the fine grain first reaches the center and thus
becomes ineffective. The reaction surface/volume ratio is influenced by the grain
distribution curve. Thus, the reactivity as a function of the reaction progress is also
determined by the grain distribution, Fig. 5.25.

Ol

Fig. 5.25: Material grains with different diameters dw and the same reaction layer thicknesses
5. From left to right: Three grain sizes to the center and coated grain.

Under the boundary condition Eq.(5.2-33)
(dwi—z-es)zo‘oi V,

Ki
(d,, -2-8)<0

5.2-33
0,=0 V=0 (5.2-33)

the corresponding grain diameter dwi geometrically averaged from the geometrically
averaged sieve boundaries d; and di+1, Eq.(5.2-34)

d,; =+d;-d, (5.2-34)

and above that the number of grains N;j of each fraction is determined, Eq.(5.2-35).

6 W, 6 m W, d'ad'+
N8y o 1:(_._ﬁ].VK0m.M (5.2-35)

i Korn 3 3
n dy; T Pss dy;

If the grain density of the particle collective is the same, its proportion is normalized to
its particle volume, Eq.(5.2-36).

N Ps 6 wildidi,)
1 mp T divi

T

[L'] based on particle volume (5.2-36)

By integration via the grain diameter (or from the sum of the screen residues), the
surface function Fo(cko, cks) is obtained for real grain distributions. Regression
calculations with logarithmically normally distributed grain sizes can be used to
establish a causal relationship between the initial grain concentration cko and the
remaining grain concentration cks after removal of the layer o, Eq.(5.2-37).

2

C C

log(F0 (CK’O »Cx.s )) =A- log£ﬁ] +B- log(L’SJ (5.2-37)
Cx.0 Cx.0

The regression coefficients A and B are functions of uniformity coefficient U, Tab.
5.23. As the uniformity coefficient increases, so does the initial surface area, which is
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proportional to the dso/dw quotient. Around U = 3 there is even a linear relationship
between the reactive surface and the remaining grain volume.

Tab. 5.23: Parameters of the function Fo(ck s, ck.0) for various uniformity coefficients U, Eq.(5.2-37).

U |dso/dw| A B Remarks

1 | mm | 1 1 L0 4 Ey(5)

1,0 1,00 0,67 0 | ideal spaeres gfg uniformity coefficient U

1,05 1,00]0,67|-0,006 0.7 = 1,05

1,5 | 1,04]0,74(-0,046 | Fitted to gf

2,0 1,11]0,85[-0,088 | logarithmically | g4

3,0 | 1,28]1,23] 0,015 | normally 0.3

40 | 1.47]149] 0,071 ] distributed | 7

6,0 1,79 11,91 | 0,199 | grain sizes 0 PP

8,0 | 1,92/221] 0310 0 0.2 04 0.6 0.8 1
5223 Example calculation for reaction layers of a real grain distribution

For demonstration, two sands distributed to different widths and a granular adsorbent
(chapter 4.2), Tab. 4.13. The shear surface Or was calculated for np = 0.4 according to
Eq.(3.4-21) Fig. 5.26.

Tab. 5.2-4: Comparative grains.
Grains dso |U |dk |dmEq.(4.1-1)|Og
mm |1 mm mm | m*m’
Filter sand example 1,00 1,25 (1,00 1,02 | 3646
Normal sand example | 1,00 | 6,00 | 0,52 2,34 6900
Ferrrosorp 0,15-2 mm | 0,54 | 4,19 | 0,68 1,14| 5300

In the case of narrowly classified material (U = 1.25), the reaction front ideally
penetrates evenly. With a wide distribution, the fine-grained materials react completely
first. The reactive surface area and the relative residual volume decrease more slowly
with the narrowly classified filter material than with the widely distributed filter
material. If the reactive surface determines the reaction rate, then widely distributed
grains have a high initial effect, which then quickly decreases.

w[l]4

1,004 R = Interface =—ds;=1 mm, U=1,25
*+= Residual volume =—ds=1 mm, U=6,00
080T % W —Ferrrosorp 0.15-2 mm

- )
0.80+ Ferrrosorp 0.15-2 mm

0,60+
8 =-0,056 0,607

0,40+

5=-0,111 0.407
0,20{ |
5=-025 0.201
0.00 mm ]

g y T 0,00 t t t + »

0.01 0.1 1 g 0 0,05 0,1 0.15 0 O [mm]

Fig. 5.26: Left: Grain distributions depending on the penetration depth of the reaction front 6 into

the compound grain Ferrosorp®. The reaction layer formation is considered up to & = -
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0.25 mm. Right: Surfaces of the reaction layer and the remaining grain volumes of the
grains in Tab. 5.2-4, based on their initial values as a function of penetration depth 5.

5.3 Hydraulics of surface filtration

5.3.1 Surface filtration layer - Schmutzdecke

Particle separation in surface filtration is mainly carried out by screening, i.e. by
mechanical effects when passing through the screen surface. The sieve effect is
understood to be the mechanical adhesion of a particle in a pore constriction due to the
particle size. For the key figure of the blocking effect Eq.(5.1-8) Nr > 0.15 applies. The
minimum continuous pore channel diameter dpmin Eq.(3.4-3) Sieve effects also occur in
membrane filtration and the surface filtration of sand filters, Fig. 5.32.

The prerequisite for the description of the filter/screen resistance and the membrane
scaling hf is:

» The pressure loss due to particle retention is due to steric effects on the screen
surface, Fig. 5.32.

» Physical and chemical binding forces, as well as changes in the shape of the filter
cake (compressibility) due to shear forces are not taken into account.

The flow cross-section is blocked by particles and these, together with precipitated
products, form a secondary filter, Fig. 5.32. This partial blockage of the flowcross-
section is a two-dimensional process that is determined by the filter/screensurface and
the degree of coverage.

The filter cake, which grows from sieved particles, is considered like porous granular
media, taking into account its compressibility. The hydraulic effects of screening are
relatively large compared to the influence of other particle retentionmechanisms as well
as biological effects.
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Fig. 5.31: Top: Screens with rectangular and round holes. Bottom: Screen mesh covered with
detritus (green, black and algae (red) (left) and microstructure cut by Pleistocene sand,
which could also be used for artificial groundwater recharge).

) ','0'.—-. Do, !
-;-;i. CE s
50um
Fig. 5.32: Sieve effects (left) in membrane filtration (middle) and surface filtration on sand filters
(right).
5.3.2 Semi-empirical description of the filter (screen) resistance development
53.2.1 Exponential approach and two-phase description

From the descriptive approaches of LOFFLER (1969), VOIGT" et al. (1988) and VOIGT" et
al. (1985), SCHOPKE (2007) developed a description of filtration processes based on
sieve effects and filtration processes based on screen effects, which made scale transfers
possible. This allows technical design problems to be carried out with sufficient
accuracy by means of experiments and analogy considerations:

» Screening and membrane plants,

» Groundwater recharge and slow sand filtration of particulately contaminated unpre-
treated surface waters.

» Rapid filtration without the addition of flocculation chemicals.

LOFFLER (1969) coined two phases for the screening processes in artificial groundwater
recharge :
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» The invasion phase, in which the flow cross-section is reduced by sieved
substances, while residual permeability is retained.

» The colmation phase, in which the growing secondary filter of sieved materials
(Schmutzdecke) determines the hydraulic resistance.

Invasion and colmation phases together as a function of the running time of a filter
resulted in an exponential increase in filter resistance, Eq.(5.3-1).

h, =h,-€*" fiir v, = const (5.3-1)

The screening tests and evaluation procedures according to THIELKE® (1972), VOIGT" et
al. (1988) and VOIGT" et al. (1985) are based on this model concept. Since the screening
effects only take place in the top layer, the filter resistance of the rest of the filter layer
remains constant and irrelevant to the process. However, the layer length determines the
initial filter resistance Eq.(3.5-16) and influences the exponent A. Under standardised
boundary conditions, design aids could be developed from this. However, since the
screening processes are only quantified in general, this model was not very suitable for
scale transfers.

An exotic alternative to this approach was described by TANG & MAYS (1998), who
used a genetic algorithm to optimize the infiltration of water with strongly fluctuating
screening behavior.

5322 The invasion phase

Under laminar flow conditions and constant pressure loss (filter resistance), a filter
velocity is determined by the flowcross-section that can be flowed through. During
sieving, the pores are clogged in proportion to the water column flowing through them,
1.e. the filter velocity increases proportionally to the water column flowing through it H
Eq.(2.2-4) with a constant filter resistance, Fig. 5.33. The influence of the filter
resistance is compensated by the use of the ratio v¢hr in the laminar flow range. The
closure of the flow cross-section, which increases with the water column H flowing
through, is described by the quotient v¢/hr independent of filter velocity, Eq. (5.3-2) This
behavior is identical to the invasion phase of LOFFLER (1969) and applies to different
filter layer lengths L.

Vi _ Vio (HK H) Voo |- H
=10, =10 (5.3-2)
hy  hy, Hy hg, Hy
vorhe | va'he vilhe
[1/B] | S .
HK\ H [m] 0,5 H/Hx 1,0
Fig. 5.33: Decrease of the ratio vf/hf during the invasion phase as a function of the suspension

water column H until the complete pore closure Hk. Left: The hydraulic closure only
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takes effect under laminar flow conditions. Right: After normalizing the water column
H to Hk, the linear relationship is shown up to a residual permeability before H/ Hx =
1.0.

Theoretically, the flow ends with the complete closure of all pore openings. Under real
conditions, Eq.(5.3-2) from the straight line even before complete occultation is
reached at Hx. From the consideration that at H = Hk the entire flow cross-section is
theoretically covered with sieved substances, a concentration of sievable particles can
be derived, Eq.(5.3-3) The quantity cp(ds) indicates the concentration of clogging cross-
sectional surfaces in the suspension for the sieve diameter dp, Eq.(5.3-4).

n, - Ap=Hy -Ag 'CP(dS) (5.3-3)
n m2 _
Cp(ds)ZH—P {Ezm 1} (5.3-4)
K

The concentration cp is a function of the sieve diameter ds, analogous to a grain size
distribution. This relationship, developed from observations, applies approximately to:

> laminar flow,

» seeving zone < Filter layer,

> to H/Hk < 0,8 and

» constant temperature, or corresponding correction.

The concentration of cross-sectional surfaces is comparable to the projection surface,
Eq.(4.1-17) If one assumes the shape of a cube for the screened particles, the coverage
of the screen surface can be estimated as a function of the screened particle volume ¢
and its assigned cube edge length ds, Eq.(5.3-5).

(P(ds): cp(ds)-dg (5.3-5)

This can also be used to estimate scaling by mineral precipitation on membranes or,
conversely, their colmation point Hx, Eq.(5.3-6).

Hy =n,-

(P(ds) (5.3-6)

5323 The colmation phase

When a pore opening is closed, a residual permeability remains that is lower than the
permeability of the sieve or filter system. As the pore openings are covered, the
permeability approaches the residual permeability. The sieved particles then build up a
secondary filter. The properties of this secondary filter are determined by the sieved
substances, the hydraulic conditions and the suspension properties. According to the
composition of the water and the grain structure, this secondary filter has a lower
permeability than the screen/filter material. In the case of an incompressible filter cake,
its layer length and thus the specific filter resistance h¢/vr increases proportionally to the
treated water column H, Fig. 5.34.
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L

hffr ij
[h]

Fig. 5.34: Increase of the filter resistivity hyvr as a function of the water column H flowing
through it during the colmation phase. The linear increase of the filter cake resistance y
starts from the colmation point Hk. Before that, the resistivity of the filter rises only
marginally above the initial value close to yo.

This phase corresponds to the colmation phase according to LOFFLER (1969), Eq.(5.3-
7).

h. h
—L=—10 4y (H-Hy) (5.3-7)
Ve Vi
with
H>1,2 Hk

The quantities describing the colmation cannot be derived from the concentration of the
filterable substances or the turbidity. The object-specific relationships between the
nature of the water to be infiltrated and the development of colmation can only be
determined empirically. Since the colmation coefficient y is composed of the
concentration of colmatating substances and the permeability of the secondary filter
formed, the measured values vary greatly. Many technical applications are limited by
the onset of the colmation phase. In this process, filter resistances that are no longer
acceptable are quickly reached, so that the colmation point Hk is also the dimension
relevant for the design.

533 Summary description of both phases

The measurements in the transition area to both phases are practically impossible to
evaluate, but often represent a considerable part of the empirical data material.
Therefore, a mathematical common description of both phases was sought and found in
a hyperbolic equation with given asymptotes, Fig. 5.35.
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hf/Vf“

(h] hyperbola
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\ H [m]
K//

'y

4

Fig. 5.35: Description of strainer/filter resistance rise by a hyperbola branch.

The asymptote running parallel to the abscissa describes the initial filter resistance,
Eq.(5.3-8).

H=0
b _hy 539
Vi Vi

The filter resistance development approaches the linearly increasing asymptote of the
colmation phase, Eq.(5.3-9).

ey 1-my) (5.3-9)
Vi

The intersection of both asymptotes has the coordinates Hk and hg/v. The approach to
the asymptot intersection is formally determined by the parameter €, which otherwise
has no practical significance. In the first approximation, the positive solution of the
hyperbolic equation satisfies these conditions Eq.(5.3-10).

ﬁ:yo_Y'(HK—H)i\/(Y'(H;HK)j fy-g (5.3-10)

Vi 2

The parameters of the Eq.(5.3-10) are obtained by adjusting experimental data
consisting of pairs of values (H, h¢/vr).

About the coordinate transformation Eq.(5.3-11)
h

f
LR
=V (53-11)
x=—H

follows via the asymptotes Eq.(5.3-12)
y=0
x:xo—z (5.3-12)

i
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the linearized hyperbolic equation Eq.(5.3-13),

y €
X=Xy——+— (5.3-13)
Yy

and converted the quadratic equation Eq.(5.3-14).
v +y-(x—x,) y-y-e=0 (5.3-14)

By solving them and transforming them back, a linear multiple regression approach is
obtained, from whose regression coefficients B1, B2 and B3 the quantities Hk, y and
€ can be determined, Eq.(5.3-15).

-1
€ h h
H:HK+Vf % :B0+Bl-(—f—y0J+Bz-(—f—yoJ (5.3-15)
f

Ve Ve

However, the size yo is not known. By iteratively minimizing the sum of the error
squares of the regression by varying yo (chapter 9.1.3) and taking into account a
sensible solution, the parameters of the filter resistance increase can be determined,
Eq.(5.3-16).

H, = B,
1
Y= B, (5.3-16)
e = -B,

The confidence intervals of the regression calculations can be used for significance tests
if necessary.

534 Bemessung von Oberflichenfiltern

Screening processes that limit the running time of water treatment plants can be
measured using laboratory or small-scale determined screening parameters, dhapter 9.2.
With these tests, statistics of screening parameters or screening curves are determined
with relatively little effort. Comparisons with some filter tests carried out in parallel
could be approximately described by a power function between grain and screen
diameter, Eq.(5.3-17).

d B
Hy =A-( 2 ) (5.3-17)
Imm

For the design, representative, including critical raw water situations are selected to
calculate the filter resistance development, Fig. 5.36. The transit time t. for a constant
filter velocity vr is calculated from the colmation point Hx and the reaching of the limit
resistance hsg during the colmation phase, Eq.(5.3-18) The higher the filtration velocity
and the colmationcoefficient y, the smaller the influence of the colmation phase on the
totalrunning time. Since the greatest uncertainty lies in the colmation coefficients v,
their shares in the maturity should be regarded as collateral as far as possible.
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H, (hg—h,)
_ 1K G fo
t, =—%+ . (5.3-18)
\L: YV
hf{ A
v
[hl ' ,'Membran- . Langsamsandfilter
hee/ve 7 < Filter Gmndwasseranrei_(l:herung
- ' ________ g ,_/‘:_ ............................. : .....
__________ i S I
k [m] H [m]
Fig. 5.36: Different curves of sieve/filter resistance in surface filtration.

In membrane processes, the colmation phase is usually very steep, so that the time until
the limit resistance is reached can be neglected. In the case of slow sand filters and
groundwater recharge plants, the colmation phase largely determines the filter running
time, Eq.(5.3-18).

6 Reactions in the pore system
6.1 Reaction Kinetics

6.1.1 Reaction mechanisms

6.1.1.1 Simple reactions

The reaction order determines the potency in which the concentration of a starting
substance determines the reaction rate, Eq.(6.1-1).

L = kq -¢” =const Reaktion nullter Ordnung
= ky-c Reaktion erster Ordnung
r, = kp-c? Reaktion zweiter Ordnung
(6.1-1)
o = k- c¢? = const Zero — order reaction
rn = ki - ct First — order reaction
rn, = kigy - e’ Second — order reaction

Broken reaction orders are also possible. The most common reactions are first- and
zero-order.

6.1.1.2 Reaction Systems - Follow-on Reactions

In a reaction sequence, the product of a reaction forms a starting component for the next
reactions. There may also be equilibria in the reaction chain, Fig. 6.11.
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ook L I3
() </ ¢ > c, >
r; k, k, k,
Fig. 6.11: Sequence of reactions, possibly also with equilibria.

The reaction rate may be limited by a rate-determining step, Eq.(6.1-2) in vector
notation.

kl
k.. =min<k, (6.1-2)

&

For simple systems, analytically controllable solutions can be specified. If an overall
reaction takes place in two consecutive subreactions of the first order, the result is again
a reaction rate of the first order, the rate constant of which is the harmonic mean of the
reaction constant ki Eq.(6.1-1) provided that both rate constants are of the same order of
magnitude. Otherwise, Eq.(6.1-3) in Eq.(6.1-2) about.

1 k, -k,
r= cCc= -c=k s °C
1.1 k, +k, = (6.1-3)
ki k2
6.1.1.3 Parallel reactions

In the case of parallel reactions, the total reaction rate is the sum of the individual
reaction rates. If these are first-order reactions, the addition of the rate constants is
sufficient. However, if it is a heterogeneous multi-compartment system, the total
reaction rate is formed from the sum of the individual velocities, the concentrations of
which must be taken into account in the compartments.

r2 r2
_—
o1 %
k, k,
1'2 I,
_— ¢y — >
Co Cl 02 ¢
k, k,
r3 1‘3
; c(]3 %
k3 k3
Homogenes System Mehrkompartimentensystem
Fig. 6.12: Parallel reactions in a homogeneous and a multicompartment system.

If the solution concentration c; is kept close to zero, the compartments can be
considered individually and their decrease in concentration can be calculated by
separate integration, or their sum, Eq.(6.1-4).
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Toes = Z(Cm Koppi - eXP(_ Kopp.i t)) (6.1-4)

1

The constants kapp,i contain the respective constant boundary conditions, such as volume
and phase interfaces of the compartments, as well as hydraulically determined
parameters. This corresponds to a superposition (linear combination) of approach
functionsas a function of co. The sales can be summarized in vector notation via a
stoichiometry matrix, chapter 2.3.2.

6.1.2 Empirical Temperature Functions of Reaction Rate

The reaction rate of simple reactions is described by overcoming the energy barrier Ea,
Fig. 2.31. The temperature influence in Eq.(2.3-12) is separated as a temperature term
Cremp, Eq.(6.1-5) Fig. 6.13.

EA
CTemp —e RT (6.1-5)
In practice, many of the thermodynamic definitions Eq.(6.1-5) divergent empirical
temperature functions are applied, Eq.(6.1-6), Eq.(6.1-9) Eq.(6.1-11) and Eq. (6.1-15)
These can be compared with each other via approximations via the implicit activation
energies. Temp indicates the Celsius temperature [°C]. The temperature function
Eq.(6.1-5) is related to a standard temperature Tempo and calculated for Tempi, Eq.(6.1-
6).

A
S b
6
e
5 b
D i i i i =-.—
0 20 40 60 80 E5 [kJ/mol]
Temp — 13 25 35°C .
Fig. 6.13: Temperature Functions Cremp With respect to TempO = 10°C as a function of the
activation energy Ea.
Ea Eﬂ
_ . R(Templ+273,15) _ R(Temp0+273,15) 6.1-6
CTemp() (Templ) =¢ "€ ( )

Subsequently, an approximate equation for the environment of T=To [K] is formulated
via Taylor series development (BARTSCH 1972) and the relationship with Eq.(6.1-5)
Eq.(6.1.7).

aCTemp (TO) X AT + azCTemp (TO) X ATZ +

6.1.7
oT oT? 2! ( )

C.!Temp (TO + AT) ~ C.)Temp (TO )+
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The series development can be aborted in the applied temperature interval (273K-303K)
after the linear term, Eq.(6.1-8).

E
0 R, E,.
Lo (Ty +AT)me 0 -(1+ ~ATJ (6.1-8)
or = RT;
» linear approach Eq.(6.1-9):
& remp (T — T, ) =1+ const - (T —T,) (6.1-9)

Using constant comparison, const is a quantity for the activation energy, Eq.(6.1-10).

E, ~const-R-T; (6.1-10)

» Potency Approach Eq.(6.1-11).

C remp (T = T, ) = (Temp )™ mit Temp =T - 273,15 (6.1-11)

The approximation is derived from Temp = 10°C = To = 283.15 K,

&(Temp )~ (Temp,, )" +a - (Temp , )™~ - (Temp — Temp,,) (6.1-12)

or

¢(Temp )~ (Temp, )™ -(1 4O (Temp — Temp, )} (6.1-13)
(Temp,)

And after comparing coefficients with Eq.(6.1-8) follows Eq.(6.1-14).

const-RT; (Temp —Temp,) const-RT,
E, = o = - 6.1-14
S Gemp,) (T (Temp,) (¢4

» Exponential approach Eq.(6.1-15):

Cpemp (T =Ty ) = ™o (6.1-15)
The approximation is derived from To =273.15 K,

&(Temp ) = e - (1 + const - Temp,, ) (6.1-16)
and the activation energy determined, Eq.(6.1-17).

E, ~const - RT; (6.1-17)

With these functional relationships, the corresponding activation energies can be
determined from most of the temperature functions described in the literature, Tab.
6.11.
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Tab. 6.11: Transfer of Activation Energy from Empirical Temperature Functions.
Empirical function Calculation of activation energy Ea Eq
1+const-(T—T,) E, =const-R-T; (6.1-10)
(Temp )™ g const: RT; (Temp —Temp,) const-RT; (6.1-14)
AT ’ =
(Temp 0 ) (T -1y ) (Temp 0 )
econspTemp EA — COIlSt 'RT02 (6.1'17)
6.1.3 Enzyme Kinetics

6.1.3.1 Kinetic approach to growth

Under optimal conditions (i.e. in the exponential growth phase), cell growth is
determined only by internal factors, such as enzyme concentrations within the cell or
their activities, EINSELE et al. (1985). As long as the specific rate of growth p is
constant, the cell concentration ccenn increases exponentially, which follows from the
first-order law of time, Eq.(6.1-18).

= % = u(Milieu)-c, (6.1-18)

r
The enzyme kinetics according to Michaelis-Menten describes the substrate dependence
of  attributed to the milieu via a velocity-determining equilibrium of the substrate S
with the enzyme X to the complex SX, which then rapidly decays into the product P and
the enzyme X, Eq.(6.1-19) The enzyme concentration represents the cell concentration
Ccell-

S+ Xk 59—k spyX (6.1-19)

This kinetic description of heterogeneous reactions according to LANGMUIR-
HINSHELWOOD is based on the idea that the reactants react with each other in an
adsorbed phase, Eq.(6.1-20).

C, c

r=k,c S —=q- : -
2% cell KS+CS u KS+CS (61 20)

with the Michaelis constant (Monod constant) Ks, Eq.(6.1-21),
K =(k_, +k,)/k, (6.1-21)

where the enzyme concentration is proportional to the biomass or cell concentration ¢
ceell O is optionally related to it. Ks also indicates the substrate concentration for half
the maximum growth rate. In the case of carrier-fixed enzymes, phenomena of internal
and external mass transport as well as the electrical charge in the microenvironment, as
well as the pH gradient in the carrier, may have to be taken into account.

When calculating bacterial growth, the first-order mortality rate with regard to the
bacterial concentration must be taken into account, Eq.(6.1-22).

I.cells = (l“t - b) : Ccells (6 1-22)
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The growth constant p contains all growth-determining and inhibiting parameters X; in
the milieu, such as temperature, concentrations of substrates, inhibitors, and other
factors, approximately as functions fi(xi), Eq.(6.1-23).

n(Milieu ) = Hfi(xi) (6.1-23)
For substrate and nutrient terms fsu, Eq.(6.1-24)).

CSu
fs. (CSu ) K 4o o Substratterm (6.1-24)
Su Su

The nutrients incorporated into the biomass also influence the growth constant via
analogous terms of the Eq.(6.1-24) SCHOPKE (2024) searched {CsH7O.N} or
{Ce,625H164302,65NPo 0625} for the composition of biomass, which are included in the
gross reaction equation with the associated stoichiometry coefficients v. The substrate
turnover stoichiometry v results in the substrate turnover velocity rg Eq.(6.1-25).

I.S =—V: }'l : Ccells (6 1'25)

The substrate consumption rs is linked to biomass formation, Eq.(6.1-26) In
bioengineering, stoichiometry is defined by the yield factor Y.

acsu — __1 . acBiomasse (6 1-26)
& Y a |

or

acSu — VSu . aCBiomasse (6 1-27)

ot vy, ot

The yield factor commonly used among biotechnologists is not suitable for the
formulation of stoichiometry matrices and is therefore substituted.(6.1-28).

V.
Y =8 (6.1-28)
S;

U

6.1.3.2 Inhibition

In competitive inhibition (c), an inhibitor I usually competes with the substrate. As a
result, the constant Ks, seems to increase (EINSELE et al. 1985). The inhibiting effect is
formally obtained via the Langmuirisotherm in the notation with c; as inhibitor
concentration and the constant Kj, Eq.(6.1-24).

fs, (CSu’CI): =

U

¢, T Kq, -(1+Ic<l

I

j competitive inhibition by ci (6.1-29)

Product inhibition is mostly competitive.
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In non-competitive inhibition (nc), the inhibitor directly attacks the enzyme or enzyme-
substrate complex, Eq.(6.1-30).

K 1
f (c,)= L=
(1) Ki+e, [, G0 non-competitive inhibition by ci (6.1-30)

1

Special forms of substrate inhibition csy in anaerobic processes are also described
according to Haldane's approach, Eq.(6.1-33).
_ CSu _ CSu
fs, (CSu’Hl/ 2)— e Y - c. "1 Substrate
K, +cg +Cq ( KSu J Ky, +cg + % inhibition by csu

I I

(6.1-31)

The exponent n can take the values n = 1 and n = 2. Accordingly, a distinction is made
between Haldane 1 (H1) and Haldane 2 (H2).

6.1.3.3 Temperature dependence of different biochemical processes

In addition to the rate constant pmax, the monod constants are also temperature-
dependent. If one assumes that these implicitly contain an equilibrium constant, Eq.(6.1-
5) with the free binding enthalpy of the enzyme complex, Tab. 6.12. While with
increasing temperature pmax increases, the monod constants in the substrate function
Ksub usually decrease.

Tab. 6.12: Compilation of researched activation energies of different bacterial groups.
Temperature functions of the wastewater treatment of LoPP (2004) were evaluated with
Eq.(6.1-17) In addition to the rate constant m. the michaelis constant are also
temperature-dependent, see KOCH et al. (2006). FER Fermenters ACE Acetogens, MPB
Methanogens, SRB Sulfate Reducers.

Bakteriengruppe Ea Quelle
kJ/mol
Nitrosomonas/Nitratation in wastewater treatment 61 Zit. aus LOPP (2004)
Lyse 41

Chemical ferrous Oxidation 93 .
Biological ferrous Oxidation 59 MULLER (2003)
Dfeg'rada‘qon of organic wastewater constituents 24 HIDAKA & TSUNO (2004)
Nitrification 58

. ; - . 111
Endogenous resp¥rat%on wf[h NOy’, easily degradable substrate LoPP (2004)
Endogenous respiration with NOs", wastewater treatment 42
Anaerobes
FER and some ACE, MPB 50 -100
ACE, MPB, anaerobic sludge 30— 50 ,
SRB in marine sediment 23 AspE” etal. (1997)
E. coli, Anaerobes 14 - 20

6.1.3.4 pH-Influence

The pH value can already have an effect on the dissociation equilibria of inhibiting
components, such as in anaerobic processes, in which hydrogen sulfide and
undissociated substrate acids inhibit more strongly than their anions. Empirically
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determined pH terms more or less characterize the decrease in reactivity with increasing
distance from an optimal value.

For the pH dependence of autotrophic bacteria during the filtration of treated
wastewater, HIDAKA & TSUNO (2004) determined three pH ranges, Eq.(6.1-32).

0 pH<6
f,=11-0833-(7,2-pH) 6<pH<72 (6.1-32)
1 pH > 7,2

The pH dependence of anaerobic processes has been determined by various authors
only for pH > 6.8. The functions are not completely symmetrical, but are somewhat
steeper in acid. For the data of O'FLAHERTY et al. (1998), a quadratic function with
zeros was adapted to pH, and pHu. At these points, the influencing factor should be half
of the optimum for

pH = (pH,+pH,)/2 or

m
From these standardization requirements follows Eq.(6.1-33).

4(pH-pH, }{pH-pH, ) |

£ = 2[ (pH,-pH, (6.1-33)
p

SCHOPKE et al. (2020) separated pH dependence into an essential and an inhibiting term,
Eq.(6.1-34) and Eq.(6.1-35).

(e )= 0
fuley,)=—=—"" H+ essentiell (6.1-34)
PR K, +1070

(en)= 0
£y )=——-r Inhibition H+ (6.1-35)
PR, + 1077

Inhibition by hydrogen ions (pHu) can be shifted relatively independently of the
essential threshold. When the essential threshold (pHo) is shifted, the behavior changes
at low pH values. This means that both pH threshold values have an independent effect
on each other, which is advantageous when adjusting them.

The resulting pH function describes a variable optimum. Multiplied by a factor of
1.025, this is good with Eq.(6.1-33) Fig. 6.14. However, since no functional relationship
between pH and metabolic activity is known, the literature values can only be applied to
similar cases to some extent.
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f(pH) f(pH)
1.0 : 1.0
0.8 — In 0.8
0.6 Tl 0.6
0.4 — b foma 0.4
0 e £ 02
0,04 T s et ()0
2 3 f 5 6p 7 8 9 10 11PH 2 3 4p 5 6 7 Sp 9 10 llpH
Fig. 6.14: Postulated pH functions for modelling sulphate reduction in groundwater. Left to
Eq.(6.1-33) (SCHOPKE & KocH 2002) and right to Eq.(6.1-34) and Eq.(6.1-35)
(SCHOPKE et al. 2020).
6.1.3.5 Reaction mechanisms with multiple substrates

Microorganisms can also grow using different carbon sources. BRANDT et al. (2003)
developed models for the simultaneous degradation of several substrates. To do this,
they defined an enzyme unit SU (synthesizing unit), which forms and degrades
complexes with various substrates. A component substrate consisting of A and B that
react to C is explained. The enzyme unit can form reactive complexes with any
substrate as well as with both at the same time. In this case, four species of SU occur,
the proportions of which 0t indicates, Fig. 6.15.

substituierbar komplementir
VacA>C; vge B> C Vac A tvgeB—>C
e.. e
IS C c c
Q:-s) 6A 6B 6A
=3
2
OAB
y i .
] / \<
= C
£ 0a ¢ OB | 6A 98
a
A
/\ N
0AB N:]
Fig. 6.15: Transformation of two substrates A and B to biomass product C according to BRANDT et

al. (2003).
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Mining can be divided into four types:

» The substrates are considered substitutable if they can be converted independently
of each other to C and

» complementary when both react in a stoichiometric ratio.
These processes can be

» parallel or

» sequentially, Fig. 6.15.

According to the reaction mechanism, the system of differential equations for the
reaction rates is to be formulated.

6.1.3.6 Unsteady Growth Kinetics

In biotechnology, it has been observed that when growth conditions change, their
influence on the growth rate occurs with a time lag. The transient kinetic approach is
second-order (HEKMAT 2002), Eq.(6.1-36).

2 D
Zt—t‘+2T—:gt—”=tiz~(us—u) (6.1-36)
The current value of p(t) lags behind the steady-state value ps, where Tp is a
characteristic delay time constant and Dy is a damping constant. The parameters of the
Eq.(6.1-36) are adapted from experimental data. In industrial biotechnical reactors, Ty
was in the range of 2 to 6 days and Dy was less than 0.5. Several days could pass before
the new stationary state was adjusted.

IN THIS CONTEXT, HEKMAT (2002) points to the Deborah number, as a quotient of the
characteristic relaxation time and the time constant for the change in ambient
conditions, Eq.(6.1-37).

t
De = —relax_ (6.1-37)

tExtem

6.1.3.7 Summary aerobic degradation of different organic substances

SCHOENHEINZ & WORCH (2005) describe the first-order summary biochemical
degradation ct of (pseudo-)components (coi) as the sum of their kinetics, Eq.(6.1-38)
Only the biochemically non-degradable substances cwwr (Waterworks-relevant chapter
7.1.1.3).

cr(t)=cpe™ +cpe ™ +Cywn (6.1-38)

This assumes an excess of active biomass, which is why the growth or lag phase of
active biomass can be neglected in this approach. For the biochemical oxygen demand
BOD:x calculated from oxygen depletion, this results in Eq.(6.1-39).
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BSB(t)=BSB, ™ —1)+ BSB, (¢ ** —1)+... (6.1-39)

6.1.3.8 Die Gibbs-Energy-Dynamic-Yield-Methode (GEDYM)

The metabolism is divided into building metabolism (anabolism) and the breakdown of
substances (catabolism). In bioenergetic models, both are stoichiometrically linked by
the growth yield. This describes the proportion of the growth-limiting substrate
consumed that is converted into cellular biomass. Catabolism is used to obtain the
energy for all other metabolic processes in the form of ATP. Their formation from ADP
must be secured by the catabolic reactions. SMEATON & VAN CAPELLEN (2018) link
biochemical substrate turnover kinetics to ATP gain. This depends on the free reaction
enthalpies AGear of the (catabolic) substrate turnover and AGarp of ATP production,
Eq.(6.1-40).

ocg e AG_, +n-AG
—S =y - f(Milieu)-| 1-ex cat ATP 1 l.c 6.1-40
8‘[ MO ( ) ( p[ X . RT jJ Biomasse ( )

n = Number of ATP molecules required for the respective formula turnover.
¥ = Average stoichiometry of ATP formation.
With the condition for the sequence of the reaction r, Eq.(6.1-41).

AG, +n-AG,, < 0 r>0

6.1-41
AG, +n-AG,;, > 0 r=0 ( )

This Gibbs Energy Dynamic Yield (GEDYM) method can be applied to different
biochemical reactions and substrates, such as iron and sulfate reduction in an arsenic-
contaminated aquifer (JOHANNESSON et al. 2019). However, this requires many
parameters that are still insufficiently known. At present, targeted laboratory
experiments are still superior to this.

6.2 Acid-base and complex formation equilibria

6.2.1 Equilibrium definition

Protolysis equilibria of Breonstedt acids are described by the law of mass action (STUMM
& MORGAN 1996), Eq.(6.2-1) The activities are summarized as reaction activity
coefficients for R, which in turn depend on the ionic strength I [mol/L].(6.2-2).

HA=H"+ A" (6.2-1)
Ko =f, -8 i = fa (6.2-2)
Cha fia

With the concentrations of the acid anions ca and the undissociated acid cpa, as well as
their activity coefficients summarized in fr, the degree of dissociation a is related to
total acid concentration cges, Eq.(6.2-3) and Eq.(6.2-4).
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Cgcs = CHA + CA (62-3)
o=—" (6.2-4)

In the case of titration of an acid HA with the strong base, ¢.g. caustic soda NaOH (cp),

the electroneutrality condition for the degree of dissociation a, Eq.(6.2-5) and Eq.(6.2-
6),

CNa+ TCHs =Ca_ +Con- (6.2-5)
Cy =C, +Cqoy. —Cpy, =0L-C+Cqy —Cyy, (6.2-6)
and normalized to the total concentration of the acid, Eq.(6.2-7).

C C C —C C —C
B A- OH- H+ OH- H+
Cges Cgm Cges Cges

The titration curve is generally understood to be the dilution-corrected pH function as a
function of acid or base addition. Thus, the measured titration curve is divided into an
acid (cg < 0) and a baseast (cg > 0) based on the solution used. In the range of 3.5 < pH
< 10, the proton and hydroxylion concentrations can usually be neglected. In this
interval, the titration curve depends on the degree of dissociation of the corresponding
acid-base pair, Eq.(6.2-8).

pH = pH(a) = sz+lg(Lj
1+a 6.2-8
loprsz ( e )
a = ofpH) = 1+ 1077 7Ks

At pH = pKs, acid (HA) and corresponding anion (A’) are present in equal
concentrations. The stabilization of the pH value describes the first derivation of
Eq.(6.2-8)whose minimum (turning point of the titration curve) corresponds to a
maximum buffering, Eq.(6.2-9).

dpH(ar) _ 1n(10). o(In(a)—In(1—a)) (6.2-9)
oo oo
6.2.2 Interpretation of Titration Curves

If there are several acids ci with different acid constants pKs;, their individual inverse
titration curves cg(pH), Eq.(6.2-10).

cg(PH)=—cy, + oy + 6,0 (pH)+c,00, (pH) ...
=Cpy +Con- T Zciai(pH)

cg(pH) is formed from the sum of the a(pH) as a linear combination of the individual

(6.2-10)

inverse titration curves and their concentrations of the undissociated acids ci. In the
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measured titration curve, the initial pH defines the zero point cgo(pHo) from which the
measurement solutions are added.

In special cases, the overlapping reactions can be separated by adjustment calculation or
alternatively as pseudocomponents with characteristic pKs i, chapter 9.1.2.2.

> Acid-base systems with ApK . ~ 1 appear with widened buffer area.
> From ApKg >2 onwards, the individual acid components can also be recorded via
curve discussion.

Often cp is also related to the total acidity, as the relative titer Qror.

6.2.3 Titration curve of carbonic acid - hydrogen carbonate buffer

The dissolved inorganic carbon (DIC) is composed of the three types of dibasic
carbonic acid, apart from cation complexes, which are in two chemical equilibria with
each other and form the hydrogen carbonate buffer above them.

1. Dissociation equilibrium

CO, +H,0 < HCO; +H"

6.2-11
IgK, = lgaHCO3 -pH-1ga,,, 6,36 (20°C) ( )
2. Dissociation equilibrium
HCO; <> COY +H" 6215
IgK, =lgac, —pH-lga,q, ~-1033 (20°C) (6.2-12)
The relative titer Qror of carbonic acid H2COs is defined by Eq.(6.2-13),
Chcos T2 Ccos
= =0...2 6.2-13
Qror DIC ( )
which represents a fractional stoichiometry coefficient, Eq.(6.2-14).
K
_ Cueos 203 L Rsaa i O3 than carbonic acid (6.2-14)

T pIC DIC

The temperature- and ion-strength-dependent function pH(Qror) is also referred to as
the general titration curve of carbonic acid, Fig. 6.21. Starting from the dissolved carbon
dioxide, it is first converted into hydrogen carbonate and then into carbonate by adding
base, or vice versa when acid is added. Due to the difference in the acid constants of
four orders of magnitude, the two equilibria do not overlap and the pH jumps between
the buffer ranges can be used titrimetrically to determine the carbonic acid species. In
the absence of other buffer systems, these are detected by titration with acid and alkali
(DIN 38 409-H7-2). This takes advantage of the fact that there is practically no
hydrogen carbonate at pH < 4.3 and no dissolved carbon dioxide (carbonic acid) from
pH > 8.2 and defines the titration endpoints:
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Acid capacity topH=4,3:  Kg, 3~ Hydrogencarbonatkonzentration
Base capacity to pH = 8,2: K4, ~ Kohlensdurekonzentration

(Note the indices.)

The distance between the transshipment points pH = (4.3...8.2) corresponds to the
concentration of inorganic carbon DIC, Eq.(6.2-15).

DIC =Kg,; +Kgq, (6.2-15)
The addition of acid instead of base is defined as a sign reversal, Eq.(6.2-16).
Kspn = Kppu (6.2-16)

pH?

> 003 zu HOO3
34 : Ll
0.5 0.3 15
Titretion von Miners ks Ttration von HOO3 mit S relativer Titer
Fig. 6.21: General titration curve of carbonic acid, calculated for ionic strength I = 10 mmol/L at

10°C and 25°C with the proportions [%)] of the DIC species CO,, HCOs™ and COs>. The
carbonate buffer range around pH = 10.5 is incomplete.

6.2.4 Complex Equilibria

Mainly multi-charged ions form complexes with new properties with different
counterions present in the solution. This is demonstrated on the Ion Me*™ and the
compex former X", Eq. (6.2-17) Part of the measured total concentration cme T is masked
by the formation of the complex MeX?", which leads to a lower concentration of the
free ion cme.

Me*" + X" <& MeX*™ (6.2-17)
And the law of mass action Eq.(6.2-18).

C
Ky = —5— (6.2-18)

Cme2 " Cx
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with
Kmex Complex stability constant
cx,r  Total chelating agent concentration
cMme2,T Total metal concentration.

The total concentration of the complex-forming cation is composed of its free and
complex-bound portion, Eq.(6.2-19),

CMeT = CMex T Cme2 = (1 +Kyex - Cx)' Cme2 (6.2-19)

or Eq.(6.2-20).

c _ CX,T

MO (14K cCy)

Mex X 6.2-20

o (6.2-20)

h (1+KMeX 'CMe)
In the surplus of the chelating agent X, cx = cx.1, Eq.(6.2-21).

CMeT

Crrer = ’ -

Me2 (1 1K, 'CX,T) (6.2-21)
or as a quotient Eq.(6.2-22).
c 1 1

Mk = = (6.2-22)

Cher (1 + Ky - CX,T) (1 10+l CX)T))

The logarithmic stability constant log Kmex, supplemented by the chelating agent
concentration cx,t is related to the free cation concentration, Fig. 6.22. Since in many
cases several chelating agents influence each other, geochemical simulation models are
used here (e.g. PHREEQCX).

niedrig Komplexstabilitit hoch

Cne2 ® Cage T

-1,5 -0 -0,5 00 05 1.0 LS5

log(KmX "Cx T)

Fig. 6.22: Relationship between complex stability and the proportion of the free ion Me?" in its
total concentration Cmeo/Cume,T-
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6.3 Mineral Phase Equilibria and Reactions

6.3.1 Thermodynamic description

The thermodynamic principles, including numerous constants and possible side
reactions, are implemented in geochemical computational models (PARKHURST &
APPELO 2006 to CRAVOTTA 2021) and specified in SCHOPKE et al. (2020) for the
processes in mining-acidified waters (AMD). Mineral phase equilibriaare described by
the solubilityequilibrium, Eq.(6.3-1) and Eq.(6.3-2).

A,Bz;<Vv,A+v,;B (6.3-1)
K, =a ap (6.3-2)

The activity of pure solid phases is by definition equal to 1. The saturation index SI
describes the saturation state of a solution compared to a solid phase and corresponds to
the difference of the ion activity fraction IAP Eq.(2.3-17) and the logarithm of the
equilibrium constants, Eq.(6.3-3).

SI=1lg (aAK;aB] = lg[fR : CAK' ‘s J = IAP - log(K, ) (6.3-3)

L L

When transitioning to concentration quantities, the activity coefficients are summarized
in a reaction activity coefficient for fr.

6.3.2 Solid solutions

6.3.2.1 Ideal solid solutions

Mineral phases with variable composition, so-called solid solutions, each component is
assigned an activity depending on the composition of the mixing phase. In the simplest
case, they are proportional to their mole fractions. PARKHURST & APPELO (2013) offer
in PHREEQC not only non-ideal binary mixing phases but also the simple linear
description approach, Eq.(6.3-4) to Eq.(6.3-10).

It is postulated that the minerals AY and BY form a mixed phase with constant
composition, Eq.(6.3-4),

(AY),, :(BY),, <> A, BY|v, +v, =1 (6.3-4)
which is described by the solution equilibrium, Eq.(6.3-5),

A, BpsYo Vv, A+v,B+Y (6.3-5)
or rephrased, Eq.(6.3-6).

(AY),x :(BY )5 >V, A+vB+(v, +vy)Y (6.3-6)

In the case described, the activities of the components condensed in the solid solution
correspond to their mole fracture in the condensed phase.

Ay =fay " Va (6.3-7)
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For the law of mass action taking into account the activities of the solid phase
components, Eq.(6.3-8).

V. V. VA+V. V. vB

K. .. = ay -ap -y’ _ Ky | Ky 6.3-8

ABY T A vB - VA ( : )
A,y "apy (fAY 'VA) foy Vs

Logarithmized follows from this Eq.(6.3-9).

log(KABY ) =Va- log(KAY )"’ Vg log(KBY )_VA ) log(fAY "Va )_ V- log(fBY : VB) (6.3-9)

The same is formulated for the ion activity fraction IAP, Eq.(6.3-10).

IAP,,, =V, -log(s’*ﬁj +Vvg -log(Mj (6.3-10)

Ay "Va BY " VB

6.3.2.2 Other solid solutions

The description of non-ideal solubility equilibria with solidsolutions (PHREEQCX)
requires additional, mostly unknown substance parameters. In the simplest case, the
solubility constant KABY resulting from the phase composition differs by the constant
amount ASIsligsolutions. Inserted into the definition of the saturation index Eq.(6.3-3) the
saturation index of the solid solution is calculated from the saturation indices of the
individual mineral phases. In this case, the activity influences of the solid phases cancel
each other out, Eq.(6.3-11) and Eq.(6.3-12).

SIpy =V log(aA ‘ay )+ Vi log(aB ‘ay )—VA ~log(KAY )—VB -log(KBY ) (6.3-11)
SI gy =VaSLyy +VSIpy +ASIontion (6.3-12)

where ASlsolidsolutions 18 to be determined empirically, e.g. according to chapter 9.1.2.2
SCHOPKE et al. (2020) used this approach to hypothetically explain the tendency to
determine siderite supersaturation in groundwaters.

For non-ideal binary mixing phases, PARKHURST & APPELO (1999) include so-called

Guggenheim expressions for calculating the activity coefficients, Eq.(6.3-13) and
Eq.(6.3-14).

f, =expla, —a,(4x, - 1)-x}) (63-13)
f, = exp(a0 +a,(4x, —1)- Xf) (6.3-14)

The dimensionless Guggenheim parameters are calculated from so-called free excess
enthalpies.

6.3.2.3 Example of the mixed carbonate calcium/manganese carbonate

APPELO & POSTMA (1993) explain these relationships using the Calcite/Rhodochrosite
system, Eq.(6.3-15) and Eq.(6.3-16).

CaCO, = Ca?" + CO% Calcite (6.3-15)
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MnCO; =Mn?*"+CO% Rhodochrosite (6.3-16)
For both solubility equilibria the laws of mass action Eq.(6.3-17) and Eq.(6.3-18).

a. -a
K=" (6.3-17)
aCalcite
a,, -a
K o = (6.3-18)
Rhodochros ite
This means that for the activity break in the solution Eq.(6.3-19).
a a . K v
Mn _ “Rhodochroite _ LM (63-19)
a Ca a Calcite I<L,Ca

The activities of the phase components are calculated from their mole fraction x;,
Eq.(6.3-20)

a, =f -x, miti=Ca’", Mn?* (6.3-20)
with in =1

Inserted and rearranged follows Eq.(6.3-21).

KL,M“ . fCa : thodochrosite =K = Cn . X Calcite
< e =K, = (6.3-21)
L,Ca Mn * *Calcite cCa XRhodochros ite

IIn the simplest case, the constants and activity coefficients are summarized in the
distribution coefficient K ;. Multiphase systems can also be described in the same way.

6.3.3 Mineral solution/precipitation Kkinetics

6.3.3.1 Reaction mechanisms at phase interfaces

The formation and degradation of mineral phases is usually referred to as the dissolution
or precipitation process, which also includes weathering. VOIGT (1989) distinguishes
three mechanisms that determine reaction kinetics:

1. The surface reaction (reaction-controlled),

2. dhe diffusion of the reactants through a boundary layer to the phase interface
(transport-controlled, chapter 3.6) and

3. the diffusion of elements in the mineral phase (leaching, grain diffusion, chapter
3.7).

The diffusion-controlled mechanisms are first-order with regard to the concentration
gradient between the phase interface and the free solution (bulk) and first-order with
regard to the phase interface. The reaction-controlled mechanism (1) is based on the
respective chemical reaction.
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6.3.3.2 General reaction-controlled solution kinetics

The geochemical calculation model PHREEQC (from PARKHURST & APPELO 2006)
contains reaction-controlled solution kinetics for various inorganic mineral phases.
From the theory of the transition complex, it follows for the surface-related reaction rate
rK [mol/(m2.s)] in general for super- and undersaturated solutions, even far from
chemical equilibrium, Eq.(6.3-22).

k k

and with

k, empirical constant

6 Stoichiometry ratio for the activated complex. In most cases, 6 = 1.

Another approximation is described by Eq.(6.3-23).

rk=kk-c-10g(llép

k

j= k, -o-SI (6.3-23)

6.3.33 Solution kinetics of individual minerals

The solution reactions take place at the phase interface and are determined by its charge
and the various surface complexes (adsorbed phases).

> Calcite

From the sum of different reaction mechanisms, the PHREEQC programs contain a
time law for solution and precipitation, Eq.(6.3-24).

Teae =K 8y, TRy -2, +Ky a0 —K,-ag, ~aye0; (6.3-24)

with the temperature-dependent constants Eq.(6.3-25).

444
lgk, = 0198-——
2177
lgk, = 284-=— (6.3-25)
gk, = —5,86—3Tﬂ (bis 25°C)

In the base dataset wateq4f, the k4 term is replaced by the saturation, Eq.(6.3-26).

= 2
IAP )3 281
Tegare = (Ky -8y, +15 120y T Ky -ay0)- 1_(K j =1 '[1 _10(3 )J (6.3-26)
Calcite

STUMM & MORGAN (1996) give an order of magnitude lower solution rate for the
solution of dolomite and a 3 orders of magnesite solution as a guideline.
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» Calcium hydroxide

JOHANNSEN & RADEMACHER (1999) investigated the dissolving kinetics of calcium
hydroxide.

Ca(OH), (s)¢———>Ca™ +20H" (6.3-27)

Backward and backward reactions must be taken into account. The reverse reaction
depends on the activities of the hydroxyl and calcium ions.

1 oc. )
oo =———+=k,—k,-a.,-a 6.3-28
CaO O at f b Ca OH ( )

with

ke = 22105+ 1,3-10° mmol/(Ls:cm?)

ky, = 2,1-10° L2/(mmol?s-cm?)
at 25°C.
6.3.3.4 Nucleation from supersaturated solutions as an initial or induction phase

The spontaneous equilibrium adjustment of metastable supersaturated solutions by
mineral phase formation takes place via several intermediate steps that delay
precipitation. First, crystal nuclei in chemical equilibrium form in the solution, which
only irreversibly grow into crystals once they reach a critical size, FigFig. 6.31. The
induction time tind indicates the time interval after which nucleation begins and marks
the start time of the nucleation rate Eq.(6.3-29).

1

Int,, =A ——5-
n T -SI°

B | SI>0 (6.3-29)
In this process, the molar volume and the surface energy of the critical nucleus are
incorporated into A. B contains the diffusion coefficient of the solution and the diameter
of the critical germ. From a supersaturation SI > 0.6, for example, in supersaturated
gypsum solutions, homogeneous nucleation begins parallel to crystal growth, in which
many finely crystalline crystal nuclei spontaneously form (NIEMANN 2004). Conversely,
low supersaturation tends to produce coarse crystalline precipitation. Mineral phases
(seed crystals) already present in the solution circumvent the slower nucleation that
takes place via nucleation.

(a)g o _ (b) (c) 89 ()
° ’. ° © O .'
(]
R
dheo, d<2 N ‘2'};.." d>>2" gy
- Keimbildung Kristallwachstum
Losung —— kritischer Keim ———— Kristall
nach t, , mit R(S)
Fig. 6.31: Individual steps up to the formation of a critical nucleus from a supersaturated solution.

a: Agglomeration of specific species in solution; b: Structural disorder, formation and
dissolution of clusters in chemical equilibrium c: Formation of stable nuclei after the
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induction time ting; d: Structural order, crystal nucleus grows as a function of
supersaturation and forms crystal surfaces (gypsum precipitation according to NIEMANN

2004).
6.4 Redox equilibria
6.4.1 Thermodynamic basics

Redox equilibria are electron exchange processes as a result of which the oxidation state
of elements changes. The redox reaction is described as the transfer of z electrons,
Eq.(6.4-1).

Ox+ze <> Red (6.4-1)
or generally Eq.(6.4-2).
z-e +Y v,-X; =0 (6.4-2)

Electron release is defined as oxidation and electron uptake as reduction. The free molar
standard reaction enthalpy ARG Eq.(2.3-13) is defined as a standard for the reduction of
hydrogen ions to hydrogen gas, Eq.(6.4-3),

H' +e” < 0,5H,(g) (6.4-3)

with the free molar reaction enthalpy Eq.(6.4-4).

A,G=A,G’ +RT-ln(a‘g§j (6.4-4)
P

On the free molar standard reaction enthalpy ArG® of the hydrogen electrode, all redox
reactions are performed as a voltage difference with ion activitiesProduct IAP Eq.(2.3-
17) Eq.(6.4-5).
AG -A,G A,G —RT-In(IAP) [ J mol VAs _V}
- z-F - z-F mol As  As

(6.4-5)

H

This corresponds to Nernst's equation, Eq.(6.4-6) in Tab. 6.41. To measure the RedOx
environment, the redox potential and with regard to the standard hydrogenelectrode EH
[mV] are measured (KUMMEL & PAPP 1990). The measured value is pH-dependent,
Eq.(6.4-8) Based on the definition of the pH value, the negative decadal logarithm of
electron activity is given as a pe or pE value, Eq.(6.4-9) or Eq.(6.4-10).
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Tab. 6.41: Definitions of redox parameters.
Parameter Symbol | Units Definition Eq.
. RT a
U, =U, +——In —= (6.4-6)
. z-F \a
Redox potential Un v
. RT N
Uy =Uy——In] Jay (64-7)
zF ;
Standard potential related to 0 o _ . E
the standard hydrogen electrode Ut v U =-2303 F lg(K) (6.4-8)
pE pE =pe= —lg(aef) (6.4-9)
Negative decadal logarithm or | pe=-— lg(ae_ ) = ln(l OP)‘. RT Uy
of electron activity (6.4-
U ) 10)
pe ® —— bei 25°C
pe 0,059V
Ideal gas constant R J/(molK) | 8,314
Faraday constant F As/mol | 96490
Temperature T K -273,15°C
6.4.2 The electrochemical voltage series

In the electrochemical voltage series, redox half-reactions are listed as a reduction
according to their standard electrode potential against the standard hydrogen electrode.
The more electropositive half-reaction is reduced and the more electronegative is
oxidized. In the usual tabulating, the half-reactions from the top are listed with
decreasing standard potential downwards. The equilibria possible from the potential
differences can only be achieved under the condition of undisturbed kinetics. The redox
reactions compiled by PARKHURST & APPELO (2013) can be converted into pH-
dependent standard potentials UH and compared with biochemical redox potentials
KUMMEL & PAPP (1990), Tab. 6.42 and Fig. 6.41.

For the oxidizing agent oxygen, the dataset wateq4f contains two slightly different
values. The potential of hydrogen refers to dissolved hydrogen at the given pH values,
whereas the zero potential of the hydrogen electrode for hydrogen gas is defined at pH =
7.0. Manganese in groundwater can only be reductively dissolved from mineral phases,
analogous to pyrolusite, manganite or hausmannite. Ferric iron is a strong oxidizing
agent that i1s pH-independent, but only sufficiently available in acids. Amorphous ferric
hydroxide is reductively highly soluble. The reduction of nitrate, sulphate and methane
formation are only catalyzed by microbiology.
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Tab. 6.42: Redox potentials for different pH values and in comparison with the data of KUMMEL &
PAPP (1990) for biochemical reactions in the Bio column. The half-reactions are sorted
by descending EH for pH = 7.0. In this process, the more electropositive half-reaction is
reduced as an oxidizing agent, for which an underlying electronegative reaction
provides the electrons, whereby it is oxidized as a reducing agent. The potential
difference is proportional to the standard free enthalpy of reaction, Eq.(6.4-7) with
Eq.(6.4-5).
Reaktion Description | 1gK En [mV] Bio
> in Fig. 6.41 fiir pH
< 25| 43160 7,0 | 75 | =7
MnO2 + 4H+ + 2e- = Mn+2 + 2H20 Birnessite 43,6 1142]1035]| 935| 876 846
02 + 4H+ + 4e- = 2H20 02-0Ox 86,1 1125]1019| 918 | 859| 829 810
MnQO2 + 4H+ + 2e- = Mn+2 + 2H20 Nsutite 42,6 [1111]1005]| 904 | 845| 815]| 460
0,2502 + H+ + e- = 0,5H20 02-Ox 20,8[1081| 975| 874| 815| 786 | 810
Agt+e-=Ag Ag 13,51 799| 799( 799| 799| 799
Fet+3 + e- = Fet2 Fe(2)/Fe(3) 13,0 770| 770| 770| 770| 770
2NO3- +12 H+ + 10e- = N2 + 6H20 | NO3/N2 207,1|1048 | 920| 799 | 728| 693 | 750
Cut+e-=Cu Cu 88| 518| 518 | 518| 518 518
MnQO2 + 4H+ + 2e- = Mn+2 + 2H20 Pyrolusite 41,4 928 715| 514| 396 337 460
NO3- + 10H+ + 8e- = NH4++ 3H20 | NO3/NH4 119,1] 696| 563 | 437| 363 326
MnOOH + 3H+ + e- = Mn+2 + 2H20 | Manganite 25,3|1055| 736| 434| 257 168 | 460
Mn304 + 8H+ + 2e- = 3Mn+2 + 4H20 | Hausmannite | 61,0 | 1214 | 788 | 385| 149| 30| 460
Fe(OH)3 + 3H+ + e- =Fe+2 + 3H20 | Fe(OH)3(a) 17,9] 616] 296| -5| -183]-271|-100
CO3-2 + 10 H+ + 8e-=CH4 + 3 H20 | CO3/CH4 41,1 119]| -14]-140| -214|-251|-240
SO4-2 + 10H+ + 8e- = H2S + 4H20 SO4/H2S 40,6 116| -17|-143| -217|-254|-240
S+2e-=8-2 Sulfur -15,0 | -444 | -444 | -444 | -444 | -444
Fet+2 + 2e- =Fe Fe -15,3| -453 | -453 | -453 | -453|-453
2H++2e-=H2 H2aq -3,2| -241| -348 | -448 | -507|-537|-430
FeOOH + 3H+ + e- = Fe+2 + 2H20 Goethite 12,0 267| -52[-354| -531-620|-100
Zn+2 +2e-=Z7Zn Zn -25,8|-762| -762 | -762 | -762|-762
FeS2 + 2H+ + 2e- = Fe+2 + 2HS- Pyrit/Fe(2) | -18,5| -694 | -801 | -902 | -961 |-990
CO2+4H+ +4e- =1/6 {C6H1206}+H20 | org -670
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Ex [mV]
100047 | = 2
02 a | .
500 - = ~ L E Cu
i _
-500 % : [ ’ E =
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Fig. 6.41: Standard redox potentials Ex of TabTab. 6.42 for pH = 7.0 (pH = 4.3 black bars and pH

= 2.5 red bars). The gray lines indicate associated biochemical Ex (bio). Oxygen,
hydrogen and biomass are highlighted in yellow as glucose, as well as metals in blue
(voltage series).

6.4.3 Biochemical redox series

Metabolism is usually divided into building metabolism (anabolism) and the breakdown
of substances (catabolism). In bioenergetic models, both are stoichiometrically linked
by the growth yield. This describes the proportion of the growth-limiting substrate
consumed that is converted into cellular biomass. Catabolism provides the energy for all
other metabolic processes in the form of ATP. Their formation from ADP must be
secured by the catabolic reaction. In heterotrophic energy production, an organic
substrate (C source) is usually oxidized to carbon dioxide and water. The highest energy
gain is achieved by oxygen as an oxidizing agent (electron acceptor). With decreasing
energy gain, this is followed by nitrate, brownstone (MnQO3), iron oxide hydrates and
finally sulphate, Tab. 6.42. The standard energy gain per exchanged electron follows
from the standard voltage difference between the two partial reactions. Hydrogen can
also be formed biochemically, e.g. from acetate. The (very low) hydrogen partial
pressure then characterizes the redox potential. To characterize the redox conditions of a
habitat of microorganisms, KOHLER & VOLSGEN (1998) proposed the pH-independent
parameter rH» value, Eq.(6.4-11) and Tab. 6.43.

E
H,=—" 4 2pH = 2pE + 2pH ]
2 = 0020y T 2PH =20E +2p (6.4-11)
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Tab. 6.43: rH, areas of anaerobic processes according to KOHLER & VOLSGEN (1998). Biochemical
redox reactions usually take place within these ranges.
tHy
351 2 ° N d a  Denitrifikation
Pseudomonas
30
25 b  Fe-/Mn-Reduction
50 Pseudomonas, Alteromonas
15 ¢ Desulfurication
10 Desulfovibrio
5 .
d  Methanogenesis
0
Other applications:

» Experimental investigation of the iron(II) oxidation kinetics of groundwater after
aeration in chapter 9.3.

» Homogeneous and heterogeneous ferrous iron oxidation in water treatment via
filtration, chapter 10.1.

6.5 Phase and distribution equilibria

6.5.1 Differentiation of distributional equilibria

A distribution equilibrium describes the concentrations between two different phases,
e.g. between the pore solution and the pore gel in the filter or gases (chapter 6.5.2.3),
Fig. 6.51. Classically, a distinction is made between absorption (homogeneous in phase)
and adsorption on a surface. Extraction and gas-phase equilibria are classical absorption
processes, including solid solutions, chapter 6.3.2. Adsorption is the accumulation of
substances at a phase interface via the interaction of active centers with atoms,
molecules and/or ions of the neighboring phase (KUMMEL & WORCH 1990). In the case
of non-specific interactions (van der Waals), several adsorbate layers can form
(multilayer adsorption).

The transition between adsorption and absorption is fluid. The atoms, molecules and
ions that interact in complex complexities at the interface to the pore solution are
defined as a separate surface phase, in which forms of absorption can also occur, Fig.
6.51.

Models of surface complexation with and without electrical potential specify different
bonding sites under competing solution components. The electrical potential at the
surface, which has a retroactive effect on the equilibrium position, can be planar,
spherical or stratified. Macromolecules can condense into gels (Donnan phases, chapter
6.5.6) with external surfaces and internal mixing phases. In the complex mixing phases
(Porengels), classical absorption and adsorption processes are superimposed.




141

Filtration processes in nature and technology

Porenldsung
Absorption ! Neutra ! Surface complexation ! Condensationto !
solid ! exchange " - - 1 heterogeneous 1
solutions 1 Me2 Mel ----?lttl-e-l-e _c?rt]g:_gc_»t_entla.l | phases, gels
I R R B = e = i i
%24 200083 ; ;
B B b pmeec BoE o2 OBECE h
p4
Porengel  #4
424222323
Adsorption bulk

! Complex formation .
.. equilibria with .
i surface groups .
| | inner- and
|

.I outersphere ‘

elektrostatische ? 3
Aufladung w ’_Q @
@ Spherical @ @ Q I%

& Colloid effects

Bhase interface:

Fig. 6.51: Forms of phase equilibria between pore gel with a textured surface and the pore solution
(top) and transition forms between adsorption and absorption (bottom).

6.5.2 Absorption Equilibria

6.5.2.1 Thermodynamics of extraction equilibria

A binary system is considered, consisting of the phases W (e.g. water) and O (e.g.
organics), which cannot be mixed with each other. The system is in phase equilibrium if
the chemical potentials pi of a substance i1 are the same in both phases, Eq.(6.5-1) or
Eq.(6.5-2).

Moy = Moy +RT-In(f X, )= 10 = 1o +RT In(f, 5 %, ) (6.5-1)
mit

] = Phase W or O,

Xij = Mole fracture of the substance i in the phase j,

fij = Activity coefficient of the substance 1 in the phase j

wijt = Standard potential of the substance i in the phase j
RT-In(f, %, )~ RT-In(f,y, Xy )= iy ~ R (6.5-2)

The difference between the standard potentials determines the equilibrium constant
Kiow, Eq.(6.5-3).
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£ -x. A.G;
ln K — ln 1,0 1,0 — _ R™~i,0/W 65-3
Korw) (f’w ~xi’WJ RT (6:5-3)

Under ideal (diluted, fi = 1) conditions, a constant concentration ratio of the substance i
in the phases is derived, the distribution coefficient Kq Eq.(6.5-4).

o c;
K,(i,0/i,W)=—"2 (6.5-4)

Ciw

6.5.2.2 Distribution Equilibria Water/Organics log Ko/w

n-octanol has similar absorption properties to biological cell wall structures. Therefore,
the distribution coefficient log Ko/w indicates the possible accumulation of a substance i
in the biomass, Eq.(6.5-5).

C i,Octanol

logKy =

(6.5-5)
i, Wasser

Due to different standard chemical potentials p* of substances in the phases, a linear

relationship between the distribution coefficients of phase O2 and phase O1 with the

constants a and b can be defined as a first approximation, (GEORGI 1998), Eq.(6.5-6).

logK,, w =a-logKg,,y +b (6.5-6)

The soil organic substances, which consist mainly of humic substances, contain
hydrophobic and aromatic structures with similar binding properties as organic solvents.
If the dissolved natural organic substances (DOM) are also considered as humic colloid
phases, Eq.(6.5-6) can also be applied to these (seechapter 7.3.2.1).

Tab. 6.5-1: Constants of the Eq.(6.5-6) with OC = organic carbon. (GEORGI 1998).

{C} a b case under consideration

oC 10,3..0,8]0,3...1,9 | range

oC 0,903 0,094 | General

oC 0,81 0,1 chlorinated hydrocarbons

DOC 1 -0,18 | PAK of humic substances

DOC| 0,67 1,85 | PAK and DDT at humic substances
DOC| 0,93 -0,35 | PAK and PCB at humic substances
DOC| 0,97 -0,75 | PAK and PCB at pore water colloids
DOC| 1,44 -2 PAK at pore water colloids

DOC| 0,24 2,78 | PAK, DDT, HCB and PCB at DOM

6.5.2.3 Thermodynamics of gas-phase equilibria

Gas-phase equilibria describe the absorption of a gas component with the partial
pressure p; in a solution. In ideal gases, the partial pressure is calculated from the
product of the molar fraction of the gaseous substance x; and the total pressure pges,
Eq.(6.5-7).

pi = Xi .pges (65'7)



143

Filtration processes in nature and technology

The activity of gas components is related to the pressure of 1 atm and the activity
coefficient is called fugacity fjg, Eq.(6.5-8).

. P, . P
Ag)=n,, +RT-In| —— |=p, +RT-In| f _ -x,- 6.5-8
n (g) Hig (1 atm] Hig ( 2 lath ( )

By equating the chemical potentials pg and pw, the temperature-dependent Henry
constant Ky, follows for the gas phase equilibrium Eq.(6.5-9),

c | _ (lvlf - Hiw)
h{%J =In(K,,)= gR—T —logfy,, (6.5-9)

also known as HENRY's Law, Eq.(6.5-10) and Eq.(6.5-11).
¢; =Ky -p; (6.5-10)
The Henry constant Hg/w is the concentration ratio between the phases.

H,, oy =

LW = - (6.5-11)
In the partial pressure calculation of aqueous media from the mole fracture (x = volume
fraction of ideal gases) and the total gas pressure pees, the vapor pressure of the water
must be subtracted, Eq.(6.5-12).

bi = X; '(pges _szo) (6.5-12)

If the sum of the partial pressures in the aqueous phase exceeds the total pressure in the
gas phase pges, the aqueous phase is supersaturated with gases. The equilibrium can be
restored by the formation of new gas phases, the composition of which is derived from
the partial pressures (beading).

» Downstream equilibria in the solution increase its overall concentration. For
example, in the solution of carbon dioxide, hydrogen sulfide, ammonia ... Consider
acid-base equilibria and dissolved ion complexes.

» SCHOPKE (2024) describes the limitation of hydrogen carbonate buffering by high
calcium concentrations.

» For the experimental determination of gas-phase equilibria, the following
information is given in pt. 9.3 a methodology is presented.

6.5.2.4 Constants for calculating gas phase equilibria
The Henry or equilibrium constants given in the references differ slightly, Tab. 6.5-2.
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Tab. 6.5-2: Compilation of Henry coefficients and equilibrium constants. ®MERKEL & PLANER-
FRIEDRICH (200), YPARKHURST & APPELO (2006), “HANCKE (1991), ¢ wikipedia
30.09.2010.
Species i Kos log K
Reference | a a b c d
mol/(kgkPa)
N2 6,40E-06 -3,188 -3,260 -3,192 -3,215
02 1,26E-05 -2,894 -2,898 -2,896 -2,886
CcOo2 3,39E-04 -1,464 -1,468 -1,471 -1,469
CcoO -3,022
CH4 1,29E-05 -2,884 -2,86 -2,873
NH3 5,70E-01 1,761 1,770 1,756
N20 2,54E-04 -1,590
NO 1,90E-05 -2,716
NO2 1,00E-04 -1,994
H2S -0,997 -0,997
SO2 1,25E-02 0,103 0,097
H2 -3,15 -3,108
03 9,40E-05 -2,021
He 3,76E-06 -3,419 -3,469
Ne 4,49E-06 -3,342 -3,347
Ar 1,37E-05 -2,858 -2,854
H20 1,510
Tab. 6.5-3: Compilation of Henry coefficients of organic components.
Species log Kng AH Reference
1,1-Dichlorethen | -1,173 http://www.fachdokumente.lubw.
Chlormethan -1,504 baden-wuerttemberg.de/
Benzol 20,744 servlet/is/10039/gwr0023.html
Toluol -0,773
Xylol -0,724
Naphthalin 0,315
Phenol 1,892
MTBE -0,140 | 37,8 kJ/mol | SCHIRMER et al. (2008)

SCHWARDT et al. (2021) supplemented the available database with volatile organic

compounds typical of contaminated sites in a wide temperature range, Eq.(6.5-13) with
Tab. 6.54.

1n(KH)=A—$+C~1n(T) (6.5-13)


http://www.fachdokumente.lubw.baden-wuerttemberg.de/
http://www.fachdokumente.lubw.baden-wuerttemberg.de/
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Tab. 6.54: Logarihmian Henry constants and the distribution coefficient octanol/water 1g Kow for
25°C and constants of the Eq.(6.5-13) for the specified temperature range and molar
mass M.

Species log K |lgKow| Temp |A B C M

°C g/mol
Chloromethane 0-93 164,514 9538,1 | -23,426
Dichloromethane -0,99 1,50 5-93 137,31 8923,3 | -19,246 | 84,9
Trichloromethane -0,82 1,52 2-93 164,981 10720 -22,979 [ 119,4
Tetrachloromethane 0,08 2,80 2-93 373,715 19941,3 | -53,821 |153,8
Chloroethane 8-93 212,454 | 11752,3 | -30,493
1,1-Dichloroethane 2-93 232,792 13489,4 | -33,172
1,2-Dichloroethane 1,83 2-93 367,459 | 19937,2 | -53,27 | 99,0
1,1,1-Trichloroethane -0,17 2,40 2-93 459,803 | 23465,6 | -66,958 | 133,4
1,1,2-Trichloroethane -1,42 1,90 2-50 196,111 12330 -27,737 | 1334
1,1,2-Trichloroethane -1,43 1,90 2-90 111,318 8598,1 | -15,053 | 1334
1,1,1,2-Tetrachloroethane | -1,02 2,70 | 20-40 -627,459 | -24549,8 | 95,262 | 1679
1,1,1,2-Tetrachloroethane | -1,10 2,701 10-90 643,414 | 34195,7 | -93,24 |167,9
1,1,2,2-Tetrachloroethane 2,40 10-40 |-1526,119 | -64857,6 | 228,96 |167,9
Vinylchloride 0,00 1,50 8-91 -17,713 1196,2 3,813 | 62,5
Vinylchloride 0,00 1,50 8-91 -16,658 1145,5 3,597 | 62,5
1,1-Dichloroethylene 0,05 1,94 2-40 357,062 18641,4 | -51,677 | 96,9
1,1-Dichloroethylene 0,03 1,94 2-90 272,503 14818,7 | -39,091 | 96,9
1,2-cis-Dichloroethylene -0,76 1,90 1,8-91 39,763 4457 4 -4,664 | 96,9
1,2-trans-Dichloroethylene | -0,40 1,90 1.8-70 49,275 5027,6 -5,85 96,9
1,2-trans-Dichloroethylene | -0,39 1,90 1,8-90 177,76 10748,7 | -25,03 | 96,9
Trichloroethylene -0,43 2,60 1,8-95 88,308 7242 -11,411 | 131,4
Trichloroethylene -0,43 2,60 1,8-95 110,411 8218 -14,715 | 131,4
Tetrachloroethylene -0,15 340 1,8-91 269,309 15787,9 | -38,035 | 165,8
Tetrachloroethylene -0,15 340 1,8-91 306,515 17408,7 | -43,611 | 165,8
1,2-Dichloropropane -0,96 1,80 2-70 177,116 11180,7 | -24,893 | 113,0
Benzene -0,65 1,99 0-89 246,963 14043 -35,34 | 78,1
Ethylbenzene -0,51 3,03] 2-70 571,229 | 29076,8 | -83,347 | 106,2
Ethylbenzene -0,53 3,03] 2-90 220,665 134543 | -31,024 | 106,2
Propylbenzene -0,35 3,70 10-30 -103,29 -1594,1 17,05 |120,2
Chlorobenzene -0,78 290 2-70 322,326 | 17338,1 | -46,683 | 112,6
Chlorobenzene 2,90 2-90 190,288 11451,5 | -45,382 | 112,6
1,2-Dichlorobenzene (o) 10-30 | -2848,646 | -123827,5| 426,617
1,3-Dichlorobenzene (m) 10-30 [-1.475.902 | -62683,5 | 221,782
1,4-Dichlorobenzene (p) 10-30 | -1396,419 | -59065,8 | 209,956
1,2,4-Trichlorobenzene 2-30 -691,61 -28320,2 | 104,319
Pentachlorobenzene -1,54 5,20 (14,8 -50,5| 192,339 | 13042,3 | -26,701 |250,3
Toluene -0,60 2,54 0-89 322,281 17633,4 | -46,425 | 92,1
2,4-Dichlorotoluene -0,84 420 7,8-50 51,72 6354,8 -5,677 |161,0
p-Xylene -0,55 3,09 0-50 690,635 | 34608,8 |-101,065]106,2
p-Xylene -0,57 3,091 0-90 325,315 18501,7 | -46,436 | 106,2
0-Xylene -0,70 3,09 0-70 565,741 | 28883,6 | -82,576 | 106,2
m-Xylene -0,53 3,09 0-70 4329 22590,2 | -62,896 | 106,2
Anthracene 435| 4,1-353 | -203,722 | -4966,5 | 31,759 |178,2
Phenanthrene 435 4,1-34,7 | 447,075 237242 | -65,603 | 178,2
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Species log Kn|lgKow| Temp |A B C M

°C g/mol
Pyrene -3,16 493| 4,1-31 7,922 5078,8 0,321 2023
Naphthalene 3,17| 2-355 -551,765 | -20877.,5 83,86 | 1282
Acenaphthene -2,13 433| 4,1-31 30,841 6909 -2,205 | 1542
Fluoranthene 5,20 4,1-50,5 38,789 6855,4 -4,047 1202,3
2,4,5-Trichlorobiphenyl 4-31 -1723,949 | -71259,7 | 259,866
MTBE 3-70 258,241 15697,9 | -36,674
Phenol 1,51 4-29 1069,045 | 50360,9 |-159,859| 93,1

The data of TabTab. 6.54 can be converted to the notation in PHREEQCx, Eq.(6.5-14),

A A
1gK,) = A, +A, T +22 +A, T+ +A T
T T (6.5-14)
lgK,) = A Lo -3 PN +% +0-T?
In(10) In(10)- T In(10) T
bzw. Eq.(6.5-15).
A = A
In(10)
A, =0
B
A, = _ln(IO) (6.5-15)
A, = C
Ay, =0
A, =0
6.5.3 Adsorption isotherms and Kkinetics of individual substances

If a sorptive solution is brought into contact with a defined amount of an adsorbent in a
closed system, a stable state will be established after a sufficiently long time if only
adsorption processes are taking place. This is characterized by a residual concentration
of sorptive in the solution and an associated loading of the adsorbent. This steady state
is commonly referred to as adsorption equilibrium, although it is not always a true
equilibrium in the sense of the strict definition of thermodynamics, since in some cases
the final state that occurs can also depend on the path by which it is reached and on
changes in the sorbent structure that occur in the process. This stable state is generally
described by adsorption isotherms for a single substance. According to its name, each
isotherm is only valid for a constant temperature (SONTHEIMER et al. 1985).

The single-substance isotherms developed on various theoretical and empirical
foundations were first characterized according to their progression from linear to
sigmoid (LIMOUSIN et al. 2007). Single-substance isotherms describe the loading of the
adsorbent gi [mol/kg] in equilibrium with the solution concentration c; [mol/L] over one
or more constants.
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The linear isotherm follows from Eq.(6.5-4) by reference to the mass of the adsorbent,
Eq.(6.5-16) This K4 concept is applied to migration processes of trace substances,
Eq.(6.5-4).

qi 4

Freundlich Langmuir  q,_ -

>
Ci

Fig. 6.52: Single-material isotherms: linear, without loading limit according to Freundlich and
with limited loading gmax,i according to Langmuir (Sigmoid not shown).

On an empirical basis, the Freundlich isotherm was derived from the linear relationship
for low loads, Eq.(6.5-19) The friendly isotherm is related to a logarithmically
decreasing affinity of the binding sites with increasing loading. Therefore, there is no
maximum load. For many technical applications within limited concentration ranges,
this description has proven itself (SONTHEIMER et al. 1985).

From the definition of a chemical equilibrium at the surface, the isothermal equation
according to Langmuir is derived via the law of mass action Eq.(6.5-17) An ideal
homogeneous surface with binding sites of the same affinity is required, which is rarely
the case.

For better adaptation to empirical processes, numerous isothermal equations, some of
which are based on theoretical concepts, have been developed.(6.5-21) Eq.(6.5-22) to
Eq.(6.5-25) Simple cases of competing adsorption are also quantified, Eq.(6.5-18)
Eq.(6.5-20) (SONTHEIMER et al. 1985 and LIMOUSIN et al. 2007), as well as for the
neutral exchange Eq.(6.5-26).

Tab. 6.5-5: Compilation of frequently used single-substance isotherms qi(ci) (SONTHEIMER et al.
1985 and LIMOUSIN et al. 2007).
Isothermenbezeichnung Definition qj(ci) Eq.
lineare Isotherme q; =Ky ¢ (6.5-16)
Langmuir K. -c.

i = A T 6.5-17
14K, ¢ ( )

Langmuir, extended for competing adsorption q. K -c.

1 — 1 1
Qe 1+ Z K- c, (6.5-18)

L]

Freundlich q; =Kg;-c" (6.5-19)
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Isothermenbezeichnung Definition gi(ci) Eq.
Freundlich for competing adsorption n;—1
q =K, ¢ (Z a;;- CJJ (6.5-20)
J
Langmuir-Freundlich q K-c"
= (6.5-21)
Qe 1+(K-C)
Generalized Langmuir q K.c \"
= (6.5-22)
Qe U+ K-cC
Sigmoidal Langmuir q K-c
- S 6.5-23
Qoax 14K .c+= (6.5:23)
C
Toth q K-c
= i (6.5-24)
inax (1 + (K . C)HT
Temkin q, =K, -In(c)+K, (6.5-25)
Exchange equilibrium according to Rothmund—Kornfeld q c
—=K_ | — (6.5-26)
4; <
Isotherms via Neural Networks and Al MORSE et al. (2011)

Competing adsorption based on changes in surfacetension (IAS theory, SONTHEIMER et
al. 1985) is described by, among other things: BURWIG et al. (1995) and (KUMMEL &
WORCH 1990). The IAS theory is applied to adsorption analysis, in which an adsorption
isotherm determined from a multi-substance mixture is decomposed into several
competing Freundlich isotherms as pseudocomponents with predetermined Freundlich
parameters.

Adsorption kinetics is often described according to empirical models, Tab. 6.5-6, from
which the respective proportions of grain and film diffusion (chapter Fehler!
Verweisquelle konnte nicht gefunden werden.) should not be disclosed.

Tab. 6.5-6: Compilation of frequently used adsorption kinetics for individual substances (LIMOUSIN
et al. 2007).

Isothermenbezeichnung Definition qi(ci) Eq.
First-order kinetics oq

5 k,-c=k ,-q (6.5-27)
n-th order kinetics aq

e k,-c"=k,-q (6.5-28)
Elovich od.

% =k-exp(-P-q) (6.5-29)
Power od.

i =k-c™ .qn (6.5-30)
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6.5.4 Surface complex equilibria of different stoichiometry

The ion exchange equilibrium is the simplest description of competing adsorption. By
definition, there are no free adsorption sites in neutral exchanges. Stoichiometry is
determined by the charges of the ions to be exchanged. For the exchange of the cation
Me"" with v anionic adsorption sites XH loaded with hydrogen ions, Eq.(6.5-31),

vXH +Me"" =X Me + vH" (6.5-31)

with the law of mass action Eq.(6.5-32).

Ay A
Ky, == (6.5-32)

v
Axp Ay

The same applies to the anion exchange for hydroxyl ions.

In an extended formulation of specific adsorption, a component from the solution reacts
with a functional group of the surface to form a surfacecomplex. This binding of
dissolved species on the solid surface is considered in surface complexation models,
analogous to the formation of complexes in solution, as a surface complexity of v;
molecules of the substance X; with a binding site R, Eq.(6.5-33),

R+v, X+ < [RX,, | (6.5-33)

with the relative surface activity/concentration 0 [1, %] and the corresponding law of

mass action Eq.(6.5-34).

K = 6.5-34
RXiv OR .a;/(i ( '5_ )

For n adsorbing substances, the proportion of free binding sites is Eq.(6.5-36).

O + D V; By =1 (6.5-35)

Or =1-V; - Oy — DV, - Oy (6.5-36)

j#i

And for the adsorption of X; in a mixture of Xj, further components with the equilibrium

constants Krxj and the stoichiometries vo follow for loading with X; Eq.(6.5-37) to
Eq.(6.5-39).

Orxi = K - Op -2k = Kiexg {1 —V, B — DV, -emj-a;i (6.5-37)

j#i

Orxi (1 +Kpxi Vi 'a;}(i)z Krxi 8% '[1 - z\’j 'eijJ (6.5-38)

j#i

K. -ay.
O =| 1= V. O |- SR O 6.5-39
RX ( ;J RXJ] [+ Ky v, -2l ( )
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Eq. (6.5-39) forms a numerically almost insoluble system of equations for X; and all X;.
Under the conditions (i # j) and Eq.(6.5-40)

a; = const
GRXJ. = const = (6.5-40)
I—Zvj Opy; = const

j#i

multiplied by the maximum load qmax,i, the empirical Sips isotherms (quoted in MORSE
etal. 2011), Eq.(6.5-41).

I_ZVJ'GRXJ'

qQ = q. - j#i ) Vi Ky "8x
l " Vi (1+V1'KRXi'a;i)
(6.5-41)
S b.-c/m
4 = D - m
Their parameters are determined from adsorption tests.
. 1- Zv i Orx
Qo = S
Vi
(6.5-42)
b = V; Ky
1
n = —
Vi

With vi = 1, Eq.(6.5-39) into the well-known Langmuir expression Eq.(6.5-17) applied
over and to competing systems follows the extended Langmuir isotherm Eq.(6.5-43) or
Eq.(6.5-18).

K;-cy

= e 6.5-43
(1+Ki-cXi+ZKJ-cxj] (6.5-43)

j#

The Sips Model for Competing Systems Eq.(6.5-44) was developed from the
combination of Langmuir and Freundlich isotherms (quoted in ABDULAZIZ & MUSAYEV
2017) with the empirically determined parameters K; and n. These only approximate
thermodynamic constants.

_ (K -c)"
i = Qimax 1+ Z(Kn < )l/n (6.5-44)
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6.5.5 Surface complexes on oxide surfaces

Oxide surfaces represent two-dimensional polyelectrolytes. The BET surface represents
the adsorption surface on which different acid functions (binding sites) are distributed.
For iron hydroxide surfaces, DZOMBAK & MOREL (1990) defined two different sites,

Hfo sOH  strong binding for approx. 2,5% and
Hfo wOH weak binding for the rest
of adsorption capacity.

The amphoteric hydroxyl groups of the sites can be protonated as well as dissociated
under proton release (surface acidity, PHREEQC wateq4f), Eq.(6.5-45) and Eq.(6.5-46).

Hfo s/wOH + H" < Hfo_s/wOH log K= 7,29 (6.5-45)
Hfo s/wOH <> Hfo s/wO™ +H" log_K,=-8,93 (6.5-46)

The different surface groups also form complexes defined with solution species, which
describe adsorption or ion exchange, Eq.(6.5-47) and Eq.(6.5-48) for calcium, Tab.
6.57.

Hfo sOH + Ca*" < Hfo sOHCa’* log K= 4,97 (6.5-47)
Hfo wOH +Ca*™ < Hfo wOCa* + H" log_K,=-8,85 (6.5-48)
Adsorption stoichiometry is usually v = 1.

Tab. 6.57: Compilation of surface parameters of oxide adsorbents. Adjustment results are marked
with "x" instead of the molar mass. The sites concentration I is related to the adsorbent
mass and the sorption surface, and the space requirement of a "sites" and the two acid
constants are also given. Sources: YDZOMBAK & MOREL (1990), YPARKHURST &
APPELO (1999), 9CRAVOTTA (2022), YSTEINER (2003), ®quoted in HADELER (1999),
DSCHOPKE et al. (2020), ®SCHOPKE et al. (2011), MSpace requirement of adsorbed gases
SONTHEIMER et al. (1985).

Adsorbent M | Ogp(ads) | csites r 1T 1gKi | 1gKs | Quelle
g/mol| m%g |mmol/g| nm? nm?
Goethit 1,5-710,67-0,14 €
Fe(OH)3(a) 89 600] 226] 230 045]7,29] -8,93]a,b
Fe(OH)3 107 600 1,92 1,92 0,52 c
Hfo sOH| 107 600 | 0,047 0,05 21,3217,29| -893|c
Hfo wOH | 107 600 1,869 1,88 0,5317,29| -893|c
Fe(OH)3 - Ferrosorp X 300 1,146 2,30 0,43 d
Hfe sOH X 300 0,029 0,06 17,39(7,29| -8,93|d
Hfe wOH X 300 1,117 2,24 0,45|7,29| -8,93|d
Fe(OH)2 107 600 1,92 1,92 0,52 c
Hfn sOH| 107 600 0,047 0,05 21,3217,29| -893|c¢
Hfn wOH | 107 600 1,869 1,88 0,5317,29| -893|c
MnOOH 105 746 2,10 1,69 0,59 c
Hmo xOH| 105 746 | 1,343 1,08 0,92]2,35| -6,06|c
Hmo yOH| 105 746 | 0,752 0,61 1,65]2,35]| -6,06|c
Gibbsite (A1203) 2-3] 035-03 e
Al(OH)3 78 32 0,42 7,96 0,13 S
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Adsorbent M | Osp(ads) | csites r /T 1gKi | 1gKs [ Quelle
g/mol| m%g |mmol/g| nm? nm’
Hao OH 78 32 0,42 7,96 0,13|7,17]-11,18 | ¢
Quarz 4,5-10 0,2-0,1 e
Montmorillonit 0,6-1,0 1,7 -1 a
GWL-Si02 x| 12,165]0,01212 0,60 1,67 f
Sand wOH x| 12,165]0,01212 0,60 1,675,550 -8,20|f
Sand o x| 12,165 0,15 7,43 0,13 f
Kippen-GWL g
Sand wOH X 0,75] 0,0125 10,04 0,10 g
pH>9

Sand 10H X 0,75 0,15] 120,44 0,01 -6,0|g
N2-BET 28 6,2 0,162 h
Ne 20 72 0,138 h
Ar 40 5,0 0,202 h

Depending on the surface occupancy of the surface with charged species, the charge
balance, a surface potential is formed compared to the free solution (bulk) depending on
site density. The sites density (" [nm™?]) calculated from the maximum adsorption
capacity and the BET surface can also be used to check the plausibility of the measured
values. The repercussions of the surface potential on the chemical equilibria are
described by different model approaches, chapter 6.5.6.

6.5.6 The surface potential

6.5.6.1 Model presentations

The charged surface groups form a potential difference to the free solution, which reacts
on the complex formation equilibria, Fig. 6.53 and Tab. 6.5-8. The different models
differ in the structure of the electrochemical bilayer, in particular through the
assignment of the sorbed species within different sorption layers and the definition of
the surface compexes (HADELER 1999). The equilibrium constants of one model cannot
therefore be easily transferred to other models. There are various approaches to the
distribution of charges depending on the distance. STUMM & MORGAN (1996)
distinguish between constant capacitance model (CCM), diffuse double layer model
(DLM) and triple layer model (TLM), Fig. 6.54.

» The constant capacitance model (CCM) considers the surfaces between the solid
and liquid phases as a plate capacitor (capacitor model).

The excess charge at the solid surface is linearly balanced by a number of
countercharges from the liquid phase corresponding to the surface charge up to the
distance o .

» The diffuse double layer model (DLM) takes into account the thermal molecular
motion of the ions.

All ions in aqueous solution therefore also possess kinetic energy as a result of the
disordered heat movement, which counteracts the attractive effect of the Coulomb
forces. The distribution of the freely movable charge carriers (counterions) therefore
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takes place in a disordered manner in space in a so-called diffuse double layer. Within
the boundary layer, the potential is exponential from the distance to the solid surface.

» In the triple layer model , the electrochemical double layer is divided into an
immobile adsorption layer and a mobile diffusion layer.

In the mobile layer, the ions are loosely bound, and the influence of the charges on the
solid surface decreases with increasing distance.

» The NICA-Donnan model combines adsorption in a homogeneous charged gel
phase with diffuse layer transitions into the solution.

For nanoparticles and macromolecules, the electric bilayer with spherical geometry
(spherical symmetry) is used.

S-OH I

S-0- l

- Me —

S-OH3 _—

S-OH ou- |

S-OHMe " H™ e+ ll E
[

& OH -
O~ ' ~
Thickness of electric double layer 6‘ d
Potential difference V' = U
Fig. 6.53: Diffuse layer - Two-layer model with different charged surface complexes and the

potential distribution W(d) as a function of the distance d of the electric bilayer. The
electric double layer has the thickness 9.

T !
DLM ‘ ‘
: 'TLM, CD-MUSIC i
CCM | !
i \ NICA-DONNAN i
DO\XA\PK\E
SN g Y
constant capacitance diffuse layer
Fig. 6.54: Postulated charge distributions as a function of the distance 6 from the surface. CCM-

constant capacitance, DLM-diffuse layer, TLM-triple layer and CD-MUSIC, as well as
the DONNAN phase. In the NICA-DONNAN model, the constant charge in the
DONNA phase is combined with a subsequent diffuse layer .
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6.5.6.2 Influence of surface charge on equilibrium constants

The surface charge is calculated from the charge balance, related to the specific sorption
surface. Its influence on the complex formation equilibria at the surface is investigated
in PHREEQC using the two-layer model (DzZOMBAK & MOREL 1990, Fig. 6.53). The
free enthalpy of the reaction of the surface equilibria is split into a chemical and an
electrostatic term, Eq.(6.5-45) to Eq.(6.5-48) The apparent (or apparent, app)
equilibriumconstants contain both terms, from which the chemical term (intrinsic, int) is
derived.

Tab. 6.5-8: Dimensioning of the electrical double layer Fig. 6.53 with constants, Tab. 6.59.
Parameter | Symbol Einheiten | Definition Eq.
Cads Concentration of sites (= KAK) mol/kg
Ogp(ads) | specific adsorption surface, BET m%/g
Wi relativer Anteil der Oberfldchenspecies 1
Csurf Oberflachenspecies beziiglich Lésungsvolumen | mol/L
Ac, =22 7:C (6549
Ace Charge balance mol/kg i (6.5-49)
Ac,
C=—"—"7" (6.5-50)
c Surface Charge from the charge Balance As/m? Osp (ads)
) Electric double-layer m 10°%m Standard
¥ F - Ladungsbil anz
Yy Surface potential from the charge balance \Y ) Kapazitit (6.5-51)
Tab. 6.59: Constants Used.

F | Faraday constant according to Tab. 2.1-2|  96493,5 | J/(V'mol) = As/mol

go | Dielectric constant for vacuum 8,854'10'2 | As/(Vm)

¢ | relative dielectric constant for water 78,54 | (25°C)

The charge balance indicates PHREEQCx with respect to the solution phase, Eq.(6.5-
52).

Zzei "G = Cags 'Zzei Wi (6.5-52)
The laws of mass action are each composed of an activity fraction and an electrostatic
term, Eq.(6.5-53)

‘ Ahfo wo- "9 -T2
nt 0_wU— + .
Kt woo=——————¢ X (6.5-53)

A woH

and with the apparent equilibrium constant Ksapp for planar bilayers, Eq.(6.5-54).

F- ¥,

K app = K - exp(ﬁj (6.5-54)

In addition, there are approaches for spherical (spherically symmetrical) surface charges
of colloids.
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6.5.6.3 Diffuse double layer model in PHREEQC

PHREEQC calculates the charge balance for a cell with Vw = 1 liter. The surface phase
(standard 1 kg sorbent material, PARKHURST & APPELO 1999) is already fully
dimensioned with the concentration of the surface sites cads [mol/L], the adsorption
surface Osp(ads) [m*/g] and the defined surface reactions, and the thickness of the
diffuse electric bilayer 9 is already determined, Eq.(6.5-55) to Eq.(6.5-64)

For the associated surface potential Ws, Eq.(6.5-55),

P, = p._ A%
o,, (6.5-55)
5 -€-8€,
with the dimension consideration Eq.(6.5-56) and Eq.(6.5-57).
96496AS
‘PS = %1’101 -Ace [rnol/kg] 6.5-56
Ow 7854.8854-10°" AS/ (6.5-56)
6 ) bl Vm
V-m 8[m]
¥, =1,388-10" . A 1/k -
s mol O, [mz /ng cc[mol/ke] (6.5-57)

After the insertion of the charge balance Eq.(6.5-49) taking into account the phase ratio
z follows Eq.(6.5-58),

E‘)-Z-Z“zei-ci
i

Y =F (6.5-58)
O, -€-¢g
and for the apparent equilibrium constant Ks app Eq.(6.5-59) and Eq.(6.5-60).
F*. -C

K. =lgK. + 07 ZZ i 6.5-59)
g S,app g S,int 11’110 Osp RT-S'SO ( -

F?. .C
lgK.  =lgK. + ZZ " (3 (6.5-60)
Ehsan T8 110" RTee, | O, |
After the insertion of Eq.(6.5-52) you get Eq.(6.5-61).

F?. W
lgK,,  =IgKg. + . sz - | Cass "8-2 (6.5-61)
Ehsar T8 TIT0| T RT 5k, o, |

All surface phases with the size const are equivalent, Eq.(6.5-62) and Eq.(6.5-64).

Chs "0 Z

= const (6.5-62)

Sp
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Eq. (6.5-62) is reformulated to the material-related quantities caas [mol/kg], Osp [m?*/kg]
and z [L/kg], Eq.(6.5-63) and Eq.(6.5-64).

C .. -m [
Cout = a“SV = Zd (6.5-63)
w
C .
L — = const (6.5-64)

sp

In model calculations, therefore, the standard value for the layer thickness § =10% m
does not need to be varied. The concentration of the surface groups cads and the
specific surface area Oy, of the adsorbent influence the thermodynamic boundary
conditions, while the phase ratio z does not play a role.

6.5.6.4 The Donnan gel

Colloidal macromolecules with surface potentials can condense into gel phases with a
constant electrical potential inside and separated from the outside by an electric double
layer, Fig. 6.51. This model, known as Donnan gel, is applied to humic substances with
the binding types carboxyl and phenyl (e.g. BASSER & GRODZINSKY 1993, SAITO et al.
2004). The volume of the respective Donnan phase Vp [L/kg] to be considered is given
by an empirical relationship, Eq.(6.5-65).

log(V,, )= o+ Blog(T) [L/kg] (6.5-65)

With the empirical parameters a, B, which describe the influence of the ionic strength I
[mol/L].

The charging of the gel aggregates and thus the potential difference to the solution - the
Donnan potential yp - follows from the charge balance. This affects the concentrations
of the ions c; dissolved in the Donnan volume, Eq.(6.5-66).

Cpi =Coi -exp(— %) (6.5-66)

The concentrations in the Donnan volume are in equilibrium with the adsorbed phase
and are used in combination in the NICA-Donnan model.

6.5.6.5 Non-Ideal Competitive Adsorption (NICA)-model

The Non-Ideal Competitive Adsorption (NICA) model describes the binding of cations
to macromolecules with multiple bond types for wide concentration ranges and over a

wide range of environmental conditions (pH, ionic strength). For this purpose, it is
defined:

Index i: Kation H*, Me*, ...
Index j: Binding sites type 1 = Carboxyl, 2 = Phenyl
The individual bond types are given stoichiometries.

Vij Stoichiometry numbers for binding 1 to j
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The surface complex is formed for a doubly charged cation and the binding site Rj,
Eq.(6.5-67).

v, ,Me? +RjOH < [RjOH_, Me, " +(1—v,, JH" (6.5-67)
The proportion of bound binding places in each case is calculated as
0i,j Proportion of j posts occupied by species i

The equilibrium constants at the sites of the bond types are calculated from Eq.(2.3-32)
according to Eq.(6.5-1) around K, ij normally distributed, Eq.(6.5-68).

2
0, | 1 1(log(K,)-log(K,, )
[alog(Ki,j)l_cj.\/ﬂ exp 2( 5 (6.5-68)

If the adsorption capacity maxj [mol/kg] of each of the two binding site types j is related
to the dissociable protons, Eq.(6.5-69) indicates the load gi [mol/kg] with the ion i. The
stoichiometry of the protolysis is entered as vuj. The composition of the adsorption
surface is called the Donnan phase, the composition of which is described by the
electrostatic Donnan submodel.

CD,i concentration of species 1 in the Donnan phase

\Vi,1
Vil Z(Km,i,ch,i) :|
Vi (Km,i,ch,i) ) { ‘

1

L Vi e Z(Km,i,ch,i)Vi'l 1+{ c }
m]l D,i

P1

i

(6.5-69)

P2

e, ey | T
max, 1 V.

Vs - iZ(Km,i,z(ID,i)Lz l+{Z(K ZCD) }

i

+

The distribution of the equilibrium constants for each bond type, which is based on the
Sips isotherm, is determined by two parameters.

Km,ij Median value of equilibrium constant of species 1 to bond type j,
i Parameters for the width of the affinity distribution according to Eq.(6.5-70)
based on Eq.(2.3-32).
S
p;= m (6.5-70)

This so-called intrinsic affinity distribution characterizes the chemical heterogeneity of
the respective bond type in the molecular structure. In a constantly composed milieu,
Eq.(6.5-69) formally to a combination of Langmuir expressions as a function of a few
cation concentrations.
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6.6 Transfer of reactions to a representative elementary volume
(REV, batch)

When modeling filters and flow sections with the mixed cell model, all reactions and
stationary phases are implemented in a series of cells that are only gradually flowed
through by the mobile solution phase, chapter 3.2.3. The geochemical calculation
program PHREEQC version 3 (PARKHURST & APPELO 2013) or later is recommended.
The extensive basic data set wateq4f.dat can be problem-related, even with pseudo-
components (chapter 2.3.5.3). The interactive tool PHREEQ-N-AMD (CRAVOTTA
2021) for passive mine water treatment (AMD) includes extensive extensions for
groundwater problems, heavy metals and rare earths.

P ————— . —————

Temperature, Gas phase,stationary (volume, pressure) I
Solution phase Standard volume =1L shift = mobile
volume replacement
% chemical equilibria %
=]
=) and
= = Reactions
SRR <2
L g
L mixrun =
5 exchange with
Mineral phases neighboring cells
~Volume ustausch mit
-Surfaces em Totraum
T) T |
H M 2 Nﬁl:t:;ailgztases | stagnant: immobile
g E Lococoocooooac e | solution phase
E 8 electric double layer 3 I A
§ £ 100000Q. Y Sufacephases
Fig. 6.61: Extended volume element (mixed cell) with phases and interactions to be considered.

The following operations can be implemented in each cell:

Chemical equilibria in the solution (water),

Complex formation,

Dissolution and precipitation of minerals and solid solutions, chapter 6.3,
Gas exchange, chapter 6.5.2.3,

Redox reactions, chapter 6.4,

Ion exchange as a special case of adsorption, chapter 6.5.3,

Sorption reactions of defined surface complexes, chapter 6.5.5,

Solid solutions, chapter 6.3.2

V V V V V V V V VY

irreversible chemical reactions kinetics, chapter 6.1,
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as well as in the mixed cell tube
» Mixture
» Transport with longitudinal dispersion

» Immobile solution phases, chapter Fehler! Verweisquelle konnte nicht gefunden
werden.,

> Diffusion

The cell configured in this way forms the smallest element of a current tube formulated
as a mixed cell. Mass transfer is carried out by mixing with the mobile volume.

7 Complex material systems
7.1 Summary Quantification

7.1.1 Quantification using sum parameters
7.1.1.1 Overview

Summary pseudocomponents represent subsets of the substance inventory with common
properties despite variable composition. These can be dissolved and paricular inorganic
and organic substances.

These include:

» Summary concentrations of substances (reference to quantities of substances [g, L,
mol]:

e Salinity as a mass concentration,

e Evaporation residue as mass concentration,

e Jon concentration, molar,

e Total Element Concentrations as mass or molar Concentrations,
e Water hardness as the sum of alkaline earth concentrations,

and
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» Common characteristics:

e Electrical conductivity,

e Jonic strength,

e Partial pressure,

e Elemental concentration (carbon, halogen, ...)

e Oxidizability, biochemically or with strong oxidizing agents,

e MPU- most probable unites of defined elements, e.g. colony-forming units (CFU),
e Particle size and shape.

These summary properties of the subsets should be measured largely with SI-compliant
units. Characteristic properties can be assigned to these subsets as ratios between sum
parameters analogous to the partial molar quantities, Eq.(2.3-35) in chapter 2.3.5. The
formal mathematical forms of description must be specified to the respective special
features.

7.1.1.2 Inorganic Sum Parameters

Numerous methods are presented for the estimation of electrical conductivity from
water analysis (e.g. COURY 1999, MCCLESKEY et al. 2012, SCHOPKE). As the ion
concentration increases, the catalytic and anions migrating in the electric field hinder
each other. Therefore, only in diluted solutions is there an approximately linear
relationship between the ionic strength and the electrical conductivity. DIN 38 404 Part
10, Draft 3/93, which is no longer valid, specifies the relationship between ionic
strength I and the electrical conductivity LF in the drinking water sector Eq.(7.1-1).

IzLF-%l/L fir25°C (7.1-1)
62uS/cm

The total hardness GH is defined as the sum of the alkaline earth ions of the second
main group from magnesium onwards, i.e. Mg?, Ca*, Sr**, Ba* and Ra? which is
practically only composed of calcium and magnesium.

Other inorganic substance complexes are:
» Grain distributions, chapter 3.4,

» clay minerals (aluminosilicates) in combination with quartz surfaces, chapter
Fehler! Verweisquelle konnte nicht gefunden werden.,

» Zeolites as a special subgroup of aluminosilicates, chapter 7.6.1.

7.1.1.3 Organic Sum Parameters

A systematic presentation of organic substances can be found in every classic textbook
of organic chemistry. Structure and characteristic functional groups form the criteria
here. The index number serves as an ordering and labelling criterion and is assigned to
substances in legislation (Directive 67/548/EEC and listed substances according to the
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Hazardous Substances Ordinance). In it, the affiliation to chemically defined substance
groups is stated in encrypted form (e.g. 601 for hydrocarbons, 602 for halogenated
hydrocarbons, etc.). The ELINCS/EINECS (EC number) and CAS (Chemical Abstracts
Service identification number) are used for registration. Within these categories, the
practice-relevant properties of the substances vary so strongly that chemically different
species fall into problem-oriented categories, such as: pesticides, surfactants or
environmental toxins have been reclassified. However, these lists of substances contain
only those substances that are important for human civilization in some form, while all
other substances are often only summarily given via sum parameters.

The DOC (Dissolved Organic Carbon) is defined as the concentration of carbon
contained in all dissolved organic compounds. The TOC (Total Organic Carbon) also
records the particulate portion of carbon.

The concentration of organic carbon in natural groundwater and surface waters, which
consists mainly of humic and fulvic compounds, is also referred to as NOM (Natural
Organic Matter) or DNOM (Dissolved NOM, VOGT et al. 2024). The biochemically
irreducible, refractory part of this is sometimes listed as ROM, whereby its internal
substance conversions are omitted in the definition of the term at a constant total
organic carbon concentration.

The concentrations of organically bound heteroelements are given in terms of mass as
» DON (Nitrogen),

» DOS (Sulfur) or

» DOX (Halogen), ...,

The suspended portion is again taken into account in the total concentrations. The
organic halogens are adsorbed from the water to activated carbon, enriched and
detected. The adsorption is not complete, so the measured AOX is not the same as the
DOX (total-dissolved)). The situation is similar with EOX, which represents the organic
halogen compounds that can usually be extracted from solids or soils with an organic
solvent, as well as POX, which indicates the blow-out fraction.

The chemical oxygen demand CSB is a measure of the concentration of oxidizable
substances in water. Oxidizing agents of different strengths are used.

» potassium dichromate for the CSB, which almost completely oxidizes over 90% of
the organic matter, or

» Potassium permanganate as a less frequently used oxidizability, which only covers
up to 60% of natural organic matter (NOM).

» With the biochemical oxygen demand BSBy, only those organic substances that are
biochemically easily degradable (putrefactive) in a given time are oxidatively
recorded. This meant that BSB should apply < CSB.

The complete chemical oxidation of an organic substance produces defined reaction
products, Eq.(7.1-2).
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CVCHVHOVONVNPVPSVSXVXNaVNa + O’SVOXOZ =
v.CO, +0,5v,H,0+ v NO; +v,PO; +v.SO; +v, X +v,Na’ (7.1-2)

+ (Vg #3Vp + Vv +2vg — vy, ) Vo H'

with Na :=Na + K + Ca/2 + Mg/2

and X=F+Cl+Br+]J

From this, stoichiometry for oxygen demand is derived, Eq.(7.1-3),

Vox =2V +0,5v, — vy +2,5v +2,5v, +3vg —0,5v +0,5v, (7.1-3)

or as CSB on oxygen mass-related Eq.(7.1-4).

CSB(stoch)= v, -M, = V;* ‘M,, [mg Oz/mol] (7.1-4)

The CSB (stoch) forms the upper limit for the maximum reduction capacity of a given
organic matter.

The numerous representatives of toxic trace substance groups are also standardised to a
typical representative according to their individual toxicity. The proportions of
polycyclic aromatics, chlorinated biphenyls, plant protection products, polychlorinated
dibenzodioxins and furans, ... of total dissolved organic carbon DOC is usually
negligible.

The property of many organic substances to absorb electromagnetic radiation is used by
colorimetric sum parameters by measuring the entire UV/VIS spectrum or only the
spectral absorption coefficient at A = 254 nm (SAK,,,), as well as different color

extinctions in the visible wavelength range, chapter 7.1.2. Their share of the DOC is
also called CDOM (colored dissolved organic matter) .

Other organic matter complexes as Natural Organic Matter (NOM) and anthropogenic
analogues:

» Huminstoffe, chapterHumic substances 7.4,

» Metabolites and extrapolymeric substances (EPS), chapter 7.5,

» anthropogenic trace substances,

» Substances typical of mineral oil and gas works, chapter 10.3.4.1,
>

Biofilms and coatings in the form of Porengels chapter 10.4.

7.1.2 Electron Spectroscopy (UV/VIS)

7.1.2.1 Absorption of electromagnetic radiation from substances dissolved in water
In the visible and ultraviolet spectral range, the electron systems of many organic
molecules can absorb them by interacting with electromagnetic radiation. The
prerequisite for this is that the molecules have m-electrons or, in the presence of
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heteroatoms, non-bonding electron pairs. During light absorption, electrons are then
transferred from the ground state to an excited state (m—n* or n-mt* transitions, FRIMMEL
& KUMKE 1998).

After the absorption of a photon, a molecule is in an electronically excited state.
Deactivation can be carried out both radiation-free and radiating by emission of a light
quantum. In this context, radiative processes that are allowed to spin are called
fluorescence and processes that are forbidden to spin are called phosphorescence.

The transition of the electron state occurs at defined energies. The resulting absorption
line is widened by superposition with oscillation and rotation states to a absorption band
around the absorption maximum with the frequency vmax. The molar free enthalpy for
an absorption line is proportional to the radiation frequency with Planck's quantum of
action h as a factor Eq.(2.1-6) and Eq.(2.1-7) From this, the absorption wavelength Amax
derived, where c indicates the speed of light in a vacuum.

AG=h-v,, :h'% (2.1-6)
AG = 6.625.10-* Ws? 2298-10°m _1986-10™ ,_ 1,196-10° nm-kJ i
) 10°m.y s L.op a ol (2.1-7)

When a light quantum is absorbed, the electron state is changed in a molecular region.
This electron structure, which is delimited in the molecule and has a defined absorption
capacity (Amax), is also known as the chromophore.

Cuvette with dye
R hannan-s i | I
AN
Input Ray P N N x/v\/v!/v\/\/vwwwmf— Lutput Ray
I /'\N\/W\N\/\/(lN\N\/\:—) 1 1 i
] ] 1
AN NN
statistically distributed chromophors
Fig. 7.11: Interpretation of the concentration of absorption units (~areas).

The probability of absorption A/l on the way AL is proportional to the chromophore
concentration ¢ with the transition-specific proportionality factor 1, Eq.(7.1-5).

ol=-g, -c-1-0L (7.1-5)
Integrated in dilute solutions, this results in an exponential decrease in radiation
intensity with the layer length, Lambert-Beer's law, Eq.(7.1-6).

I=1,-exp(—¢g, -c-L) (7.1-6)

The negative decadal logarithm of the quotient I/ is called the extinction Er, Eq.(7.1-
7),

I
EL:—lgl—:sk-c-L (7.1-7)

0
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or as an extinction coefficient independent of layer length Ea, Eq.(7.1-8).
E, =—F (7.1-8)

The spectral absorption coefficient at A = 254 nm, SAKs4 corresponds to the extinction
coefficient E254 used here. In the range of validity of Lambert-Beer's law, the specific
extinction coefficient €. is a substance constant dependent on the wavelength A, which

is determined by absorbance measurements of solutions of defined concentrations,
Eq.(7.1-9).

E, {mz}
g, =—- (7.1-9)

mol

The extinction coefficient is a measure of concentration. The "quantity of substance" is
formally derived from the product concentration * volume, Eq.(7.1-10).

m? .

Quantity of absorption units E,; = E;-V peatki (7.1-10)

Quantity of substance n = c¢-V mol=10°mmol

For the amount of light-absorbing units, this results in the dimension m?. This quantity
can be imagined as absorption surfaces statistically distributed in the beam path, which
correspond at the molecular level to the cross-section, expressed in the unit Barn b, Fig.
7.11.

1b=102m?= 100 fm? = 60,2 mm?>mol or
1 m*mol =1,710*b

The set of absorption units is an extensive state quantity. The wavelength-dependent
specific extinction coefficient €., on the other hand, is a partial molar quantity
(ScHOPKE 2007). The total measured value is composed of the components of the
individual substances, regardless of whether the extensive absorption units or directly
the extinction coefficients are considered Eq.(7.1-3).

c ks
&),
(7.1-11)
En?»
n = :
&

The superposition of spectra of different substances can be mathematically separated,
chapter 9.6.

7.1.2.2 Absorption bands

Due to superpositions with resonances and oscillation states, an absorption band appears
instead of a sharp absorption line. The measured absorption spectrum is represented as a
function of the wavelength A or occasionally also the frequency v as a spectrum,
Eq.(7.1-12).

Spektrum : E(A) = E(v) (7.1-12)
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Various absorption bands overlap in it. The extinction function of an absorption band
according to the absorption energy can be represented approximately as a Gaussian
distribution, Eq.(7.1-13). The energy indirectly proportional to the wavelength A is
substituted by the wavelength of the extinction maximum Amax, Eq.(7.1-13).

9\, 2
E, =E . 'exp{—diffz -[%—lj ] (7.1-13)
with
diff = Band width as a reciprocal value of the relative standard deviation.

Yan ET AL. (2013) AND Yan et al. (2016) also use this band formulation to describe
humic substance spectra. Applied to the specific extinction coefficient, Eq.(7.1-14).

2
€ =€ -exp(—diff2 -(mea"—lj J (7.1-14)

Equivalent band definitions are often used, which use the excitation energy or the

bandwidth in electron volts W [eV] instead of the wavelength A or use the latter as the
half-width (YAN et al. 2023), Eq.(7.1-19).

2
const const

cps | e | | mit const = 1240 nmeV (7.1-15)

e, = ——-€X
P oaw P V2w

The conversions of the parameters are obtained via constant comparison, Eq.(7.1-16),

const const
diff =—=————bzw. W=—F+——"— 1-16
V2 Wer J2 - diff A (7.1-16)
and for the molar extinction coefficients Eq.(7.1-17).
diff - & T - const -
= Trmax | bzw. €pS = ——— €, 7.1-17
Ce S comst T P diff - A, ( )

From the half-value width AA used by ZENG et al. (2023), the conversion Eq.(7.1-18).
1n(2)

M (7.1-18)
A — AL

7.1.2.3 Integral absorption coefficients

diff =

The effective excitation energy is slightly altered by thermal kinetic energy and
interaction with the medium, among other things, which is expressed in the Gaussian
extinction dependence on the photon energy. The concentration of the respective
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chromophore is therefore proportional to the integral of the absorption of the entire
band. The extinction maximum epa& decreases with the width of the absorption band.
The concentration of chromophores does not correlate with the maximum extinction
coefficient Emax, but with the area of the band under the energy axis. The analysis of
individual substances is not affected by this, but sums of many substances with
overlapping absorption bands of different widths can be quantitatively compared by
their integral absorption. The integral molar extinction coefficient of the absorption
band follows from Eq.(7.1-14) by conversion to the normal form of the Gaussian
distribution, Eq.(7.1-19) to Eq.(7.1-21).

2
1 1
e=¢g__ -exp| —diff? - A2 | ———— 1-1
max P[ max(7L N j} (7.1-19)

max

Substitution of wavelength by frequency, Eq.(7.1-20).

*
C C

— _exp(_ diff? . < ( v vm] J Zx:ith the vacuum speed of light (7.1-20)

Extension obtains the standard form of Gaussian distribution,

2 2
SRPRY B 7% I WO (N (e 79 .
““" diff v_ Y v ) (7.1-21)
"\ dir diff

whose integral for v between -oo and +oo is equal to one, Eq.(7.1-22).

+o0) 1

(V= Vi)’
[|——"exp| -2 v =1 (7.1-22)
—o0) V nax V nax
n[ diffj [diff j

After the integration of Eq.(7.1-21) taking into account Eq.(7.1-22) follows for the
integral molar extinction coefficient Eq.(7.1-23):

+00 *

feov=e, Vo tmoe Jm S (7.1-23)
diff o -diff

—00 max

By substituting the constants and taking into account the molar extinction coefficient
defined as a decadal logarithm, the working equation Eq.(7.1-24).

+o0

[eov=531-10"In(10)- 2> lnm___m
m Ay - diff  s-mol

—o mol

2

(7.1-24)

The integral extinction coefficient of a band is proportional to the energy absorption,
Eq.(7.1-25).
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h-v=h- jEvav (7.1-25)

According to Lambert-Beer's law, the concentration dependence Eq.(7.1-26).

jE ov=c- Ts@v (7.1-26)

—00

and from this it follows for concentration Eq.(7.1-27).

TEV ov
c= o

+00

ja@v

—00

(7.1-27)

The integration of the extinction coefficient yields analogous to Eq.(7.1-23) and
Eq.(7.1-24) the expression Eq.(7.1-28).

: E_ 1 ]
J.E T L S SO N L R N (7.1-28)
T (o) VA -diff m? A, -diff

X

For reasons of better handling, Eq.(7.1-28) derived the working parameters of the
integral extinction Eine and &ine for the molar extinction coefficient, in which the natural
constants are not taken into account as a factor, Eq.(7.1-29).

+00 * E
[E,ov=| T~ Jr || —m=_|=122.10" "2 .E,,
J In(10) Ao - diff s

Ey = E"““. ! (7.1-29)
A e - diff | nm-m

e - Em m’
™A, -diff | nm-mol

According to the definition of an elementary absorption unit €4er Eq.(7.1-27) can be used
to determine the concentration of known substances, Eq.(7.1-30).

2

€ m
=0 — g A = 10 7.1-30
3 def dl ff € int max mOl ( )

Thus, the integral extinction coefficient can also be given as the concentration of these
absorption units,

_Eim.x B [mol}

Coer = o = 7.1-31
e diff -, | m’ ( )

whereby the measures remain the same when the unit of measurement is changed.
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7.1.2.4 UV/VIS spectra of organic substances

Covalent single bonds (sp hybrid electrons) require a high excitation energy, so that
their absorption maxima are usually below Amax < 200 nm. Isolated double bonds also
absorb only around Amax & 180 nm. Aromatics show at least two absorption bands in the
measuring range A > 200 nm. The more intense is between Apag = 200 and 230 nm and
the weaker one in the range Amax = 250 to 290 nm. Mesomerism-stabilizing substituents
shift the absorption bands to the longer wavelength (bathochromic shift). In more
complex 7, n-electron systems, further bands appear, e.g. around A = 230 nm and A >
300 nm, which overlap in the NOM to form a largely continuous extinction course, Fig.
7.12. In the context of satellite remote sensing of the oceans, YAN et al. (2023)
formulated three types of compounds:

Type 1: Aliphatic compounds (e.g., acetic acid and alanine).

Type 2: Simple aromatic compounds with substitution groups linked directly to the
benzene ring by ¢ bond (e.g., phenol and benzoic acid) or an equivalent structure
(e.g., pyridine and its derivatives).

Type 3: Aromatic compounds with carbon-carbon double bonds bonded to the benzene
ring, such as styrene (e.g. caffeic acid and rosmarinic acid), or those that exhibit
condensed aromatic structures (e.g. naphthalene).

The continuous spectral curve is often also described by exponential or linear
adjustments. The determined parameters are then correlated with regionally or problem-
specific CDOMs, e.g. in remote sensing of oceanic carbon turnover (L1 & HUR 2017).

In the case of waters dominated by humic substances (Natural Organic Matter NOM)
with a continuous spectral progression, there is a correlation between the spectral
absorptioncoefficient at A = 254 nm (SAK>s4) and the DOC, which provides additional
information, chapter 7.4.3. SAKz2s4 (E254) is determined by the concentration of aromatic
and unsaturated organic chromophores in the humic substances. Both sum parameters
are combined to form the molar extinctioncoefficient or aromaticity €254, Eq.(7.1-32).

E E

€ —_ 7254 _T2s4 M 2 -
254 Cooc DOC C [m /mol] (71 32)

M¢c = Molar mass of carbon (12 g/mol).
In practice, the indication of aromaticity is related to the carbon mass.

ym _mZ _L'mZ
TEDOC gC 12 mol

Aromatizitit € 25{ (7.1-33)

This molar extinction coefficient can be extended to the entire wavelength range € .

The pseudo-components determined from the spectral analysis do not represent
independent material fractions, but describe the elementary bands or mathematically
expressed Eq.(7.1-34).

B,NB,#0]i#]j (7.1-34)

Material fractions can only be specified in connection with material separations.
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Fig. 7.12: Spectra of different aromatics (non-scale).
7.1.2.5 Decomposition into elementary absorption bands

SCHOPKE (2024), as well as YAN et al. (2013) and YAN et al. (2016) determined by
decomposing UV/VIS spectra into several elementary bands according to Eq.(7.1-14)
Additional substance- and reaction-specific properties of the systems under
investigation, chapter 9.6.2. As a rule, no clear adaptation can be determined, but only
different possible perimeter ensembles with different interpretations, FigFig. 7.13.

The groundwaters in the trial area of the Ruhlmiihle (SCHOPKE et al. 2020) were broken
down into process-technically sensible pseudo-components by combining a short-wave
band short with a longer-wave wide band HumKont and two narrow bands (Spez/,
Spez2) in between. The chromophores (A <200 nm ), which also contain inorganic
substances (NOs ...) but are incompletely recorded, were excluded as disorders. The
maxima and shoulders that occasionally occur in the continuous course of the spectra
could be represented by the absorption bands Spez/ and Spets2. Spezl was fixed and
Spez2 varied in the specified wavelength range, Tab. 7.11. This band ensemble IV can
be applied to many regional groundwater and even process waters, Fig. 7.14 and Tab.
7.12.

YAN et al. (2013) interpreted the UV/VIS spectra of a river fulvic acid and its copper
complexes into the elementary absorption bands A0 to AS5. The spectra of the metal
complexes differed markedly from those of the dissolved fulvic acid, which probably
also characterize spectra of (ground) waters rich in iron and hardness.

Sampling and preparation must also be taken into account when interpreting the spectra.
For example, small oxygen inputs in groundwater samples could already form
detectable ferric complexes, which has not yet been noticed.
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Tab. 7.11: Perimeter ensembles for the adaptation of UV/VIS spectra of CDOM. PSCHOPKE
(2007), WY AN et al. (2013) and YAN et al. (2016, "diff graphically estimated) for a river
water fulvic acid, SCHOPKE et al. (2011) and "Y)'SCHOPKE (2024).

Ensemble Definition of elementary bands
1 B0 B1 B2 B3 B4
various waters Amax | DM | 210 229 250 275 324

diff |1 18 18 15 13 7
1I Al Al A2 A3 A4 | A5
Suwannee River Amax | DM | 210 240 273 314 375 | 540
(SRFA) diff” | 1 12,4 12 14 10 5,5 6
1T B0 B1 B2 B3 B4
Dump groundwater | Ay | nm | 190 225 244 278 358
Skadodamm diff |1 7 9 11 6 4,6
v Spezl Spez2 Humkont
Groundwater Amax | DM | 194 221 238 ...243 ... 248 229

IVa 194 221 265 229
diff |1 10 17 17 3,5

=—P11:28.10.2015 800
Kurz \
Spezl

—— Spez2

—— HumKont

*+==*Modell

=—P31:16.01.2019

200 250 300 350 400 450 Aml 50 250 300 350 400 450 > [om]
[1/m]
Val —P11:28.__._.5 opt
—PI11:28.102015 1203/ % A0
BO Al
B 100 o
— B2 50 —A3
—B3 — A4
—DB4 60 opt
opt
40
. 20
, N‘*— .
200 250 300 350 400 as0 Mml 500 250 300 350 400 450 *[om]
Fig. 7.13: Top: Decomposition of two groundwater spectra at the Ruhlmiihle site (SCHOPKE et al.

2020) into four elementary bands with local maxima (left) and a continuous course
(right). Bottom: Adjustments of the groundwater spectrum P11 to the ensembles of
SCHOPKE (2007) (left) and according to YAN et al. (2013) slightly optimized, or dotted
according to original parameterization (right).
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E [1/m] = unpolare Fraktion
E[l/m = Schwelabwasser von Altpapierabfillen 8
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Fig. 7.14: Spectra of a mixture of low-molecular aromatics (left) and their non-polar trace fraction
(right). There is no humic substance behind the trace nonpolar elemental absorption
band Humkont.
Tab. 7.12: Parameters of the Eq.(7.1-13) for the elementary bands Kurz, Spezl, Spez2 and

Humbkont. YSCHOPKE et al. (2020), -9 SCHOPKE" et al. (2011), ¥ KocH et al. (2007), ©
SIEBER (2001) and SCHOPKE & KOcCH (2002), P STRAUB (2008), & SCHOPKE & KOCH
(2002). For color coding, see Tab. 7.11. Italics: Deviations from the standard definition

of HumKont.
Banden Spezl Spez2 Humkont
Sample Ao | diffy | Ay | diffy A3 variabel diffy | A4 | diffy
a Groundwater Ruhlmiihle 194 10| 221 17| 238 ...243 ... 248 17| 229 3,5
b Grundwasser Bad Muskau 194 10| 221 17 247 17| 259 3,5
¢ Groundwater Gaswerksaltlast 194 10| 221 17| 256...259 ...264 259 3,5

Pyrolysis wastewater
d according to

Intensive Biology 194 10| 221 17 240 12| 276 5
non-polar component | 194 10| 221 17 241 12| 271 4
. Smoldering wastewater from
waste paper recycling waste 194 10| 227 16 271 10
non-polar component | 194 10| 224 19 262 12| 323 )
£ Small wastewater treatment
plant effluents 194 10| 221 17 244 17| 259 3,5
g Hemp digestion wastewater 194 10| 221 17 271 10| 2771 35
7.2 Pseudo-component definitions via separation methods
7.21 Separation of substances by adsorption

Mixtures of substances with different affinities to a phase can be separated ad-
/absorptively at it (adsorption, extraction, stripping). If affinity differences are
sufficiently large, the separation into at least two different fractions takes place,
according to the condition Eq.(2.3-34) Using suitable equilibrium models, pseudo-
components can be mathematically separated from empirical data, from overlapping
sorption processes (chapter 9.5.2). Each pseudo-component makes a different
contribution to the respective measured sum parameters.

Vobach et al. (1977) introduced the concept of substance continuum for the
characterization of organic substances in water analysis. Using the Eliminierungs-
analyse (EA), a special case of the frontal method of column chromatography, they
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separated the organic matter complex into two fractions each (coarse separation). In
practice, the elimination analysis was mainly reduced to the separation of acidically
modified alumina into a polar and a non-polar fraction with detection via oxidation with
potassium dichromate (COD). This made it possible to make statements about the main
substance groups (AMW 1981). Based on the elimination analysis, a house method was
developed for the differentiated determination of the distribution of dissolved non-polar
substances via enrichment and selective elution with organic solvents on C/8 and
phenyl surfaces (KOCH et al. 2002, SCHOPKE 2007). Detection was carried out
exclusively using the UV/VIS spectra, Tab. 7.12.

The Adsorptionsanalyse according to SONTHEIMER et al. (1985) divides a measured
activated carbon isotherm into several pseudocomponents of different affinity. The
adsorption model is based on Freundlich isotherms, which are linked to a competing
system via the IAS theory (KUMMEL and WORCH 1990). However, this empirically and
technically complex adsorption analysis in its original form only allows a statement
about the DOC for given Freundlich parameters of the pseudocomponents.

7.2.2 Molar mass separation via gel chromatography

The LC-OCD (Liquid Chromatography - Organic Carbon Detection, HUBER et al.
2011) is a gel chromatography in combination with highly sensitive downstream
detection of organic carbon, the spectral absorption coefficient SAK254 (E2s4) and the
total nitrogen concentration. Additional investigations, such as UV/VIS spectra of the
individual fractions, can also be carried out. In the chromatography column, the organic
ingredients are separated according to their molecular size. Depending on their
molecular size, the organic ingredients diffuse deeply into the molecule-scale porous
gel. The low-molecular components thus have a larger flow cross-section at their
disposal than higher-molecular pseudocomponents, which appear first in the column
sequence, Fig. 7.21. This interaction is superimposed by ionic, hydrophobic
interactions.

The molar masses are calibrated with dextran standards and/or based on the lower limit
for aromatics (MP0O = 78 g/mol, retention time tpo) the molar masses M; of the other
fractions are interpolated over the retention times tpi, Eq.(7.2-1).

1:Pi

1,9
M; = My, [tﬂj (7.2-1)

The hydrophobic substances (HOC) are calculated from the difference between sample
DOC and detected C. They usually have a high C:O ratio. The biopolymers can
alternatively be identified after hydrolysis by ion chromatography. They often come
from the bacterial cell wall or from dead bacteria and algae, as well as biofilms.
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Fig. 7.21: Interpretation of an LC-OCD chromatogram.
Tab. 7.21: Pseudocomponents of the LC-OCD chromatogram (HUBER et al. 2011).
Parameter Description Unit
HOC Non-chromatographically detectable organic mg/L C
carbon (hydrophobic fraction of the DOC)
CDOC Chromatographically detectable organic carbon mg/L C
(hydrophilic fraction of the DOC)
POC particulate organic carbon mg/L C
Humic Substances Polycarboxylic acids and substituted phenols,
M = 500-1500 g/mol
Building Blocks low molecular weight humic acid precursors,
Polycarboxylic acids, M = 350-500 g/mol
Biopolymers (polysaccharides, amino High molecular weight, M > 20 000 g/mol ug/ITIC,
sugars, polypeptides and proteins) m
Low molecular-weight neutrals amino acids, alcohols, aldehydes, ketones,
M <350 g/mol
Acids einbasische Sduren, M <350 g/mol
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7.2.3 Parameter fiir spezifisches Umwelt- und Behandlungsverhalten

With regard to environmental behaviour, a distinction is made between conservative,
persistent and refractory organic substances. This classification is helpful for assessing
the treatment behaviour of a water. The concentrations of the pseudo-components
defined according to their environmental and treatment behavior are given by sum
parameters (DFG 1993).

» Conservative substances are not subject to any material conversion and exchange
processes.

» Persistent substances are not subject to any biochemical processes.

» Refractory organic substances are those organic substances whose conversion or
degradation rate in the ecosystem is relatively low and therefore have a
correspondingly long residence or lifespan in a given system. Humic substances are
usually understood to be humic substances.

For drinking water treatment from water-contaminated flowing waters via groundwater
recharge and activated carbon treatment, the pseudo-components are defined according
to waterworks and drinking water relevance. The type and quantity of wastewater
constituents discharged determine the necessary treatment effort, which is estimated
using these criteria.

VOLKER & SONTHEIMER (1988) distinguish between:

» Biodegradable substances, i.e. substances that are eliminated during biologically
active groundwater recharge.

» Watertreatment-related substances (WWR) that are biologically resistant.

» Drinking water-related substances (TWR) that are biologically resistant and that
have been classified by adsorption analysis as non-adsorbable and poorly adsorbable
to activated carbon (GIMBEL & SONTHEIMER 1987).

For the classification according to biodegradability, test filter systems weredesigned to
simulate long-term biological depletion, chapter 9.4. As an alternative to adsorption
analysis (chapter 7.2.1), GIMBEL et al. (1996) suggested using the equilibrium
concentrations in the batch test for two cans of activated carbon to determine the
substances relevant to drinking water. The substance content for a dose of 20 mg/L
activated carbon (TWR20) is estimated to be not or only very poorly adsorbable to
activated carbon and would therefore pass through an adsorber relatively easily. The
proportion of substances that is in equilibrium with 500 mg/L. (TWRS500) breaks
through very early, Fig. 7.22.

The detection of these pseudo-components, defined according to treatment criteria, is
carried out using the sum parameters DOC, COD, SAK»s4, UV/VIS spectrum, AOX
and, if necessary, additionally via LC-OCD chromatograms (chapter7.2.2) and/or
relevant individual substances.
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Fig. 7.22: Classification of the organic matter complex into watertratment-related substances

(WWR) and drinking water-related substances (TWR) according to their treatment via
groundwater recharge and activated carbon treatment.

7.3 Pseudo-component evaluations

7.3.1 Partial (molar, characteristic) sizes of pseudocomponents

Analogous to the partial molar quantities, which are related to the amount of substance
[mol] (chapter 2.3.5.3), pseudo-components are characterized by relations between sum
parameters and a selected base parameter, Eq.(2.3-35) In contrast to the partial molar
quantities, these relations are called characteristic properties. The dissolved organic
carbon DOC is preferred as the basic parameter, which does not indicate the amount of
substance, but the carbon bound in the pseudocomponent, Tab. 7.31.

Tab. 7.31: Characteristic Properties of Pseudocomponents (Selection).
Parameter | Description Unit
M Molar mass of equivalent of pseudocomponent g/mol
Ve Number of carbon atoms in an equivalent of pseudocomponent 1
Meq Molmasse eines Aquivalentes bezogen auf deren organischen Kohlenstoff| g C/mol
€1 specific extinction coefficient at wavelength A m*/mol
g(M) specific UV/VIS spectrum for A, <A <2, m*/mol
€254 specific extinction coefficient at A = 254 nm, aromaticity m?/mol
m*/g C
Eint(1) Integral specific absorbance coefficient of absorption band i m?/(mol'nm)
T Adsorption site density sites/nm?
7.3.2 Graphical representations of material systems with pseudo-components
7.3.2.1 Physicochemical classification of substances

Analysis tables and chromatograms are not very clear. For this reason, basic properties
are presented in diagrams in a problem-oriented manner for a better understanding:
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Molecule/aggregate size, volume, preferably as molar mass,
Dipole moment,
Volatility, vapor pressure, boiling point,

Solubility in water and organic solvents (partition coefficient),

YV V. V V V

Reactivity, e.g. as acid (pKs) electron excitability, redox behavior (En),
» Absorption spectra in the UV/VIS range or aromaticity &2s4.

The molecular size influences diffusion, volatility and colloidal effects. With regard to
the accumulation behaviour of organic substances, n-octanol (n-CgHisg) is used as a
model substance. The distribution coefficient log Kow (n-octanol/water) corresponds
approximately to that of cell membranes, Eq.(6.5-5) Non-polar substances with high
distribution coefficients log Kow are preferentially absorbed by the cell membrane,
stored in fat cells and accumulated in the food chain. This means that the non-polar
substances, which are usually only dissolved in traces, are of great ecotoxicological
importance. The affinity to the activated carbon surface and humus components also
correlates with the log Kow.

Thus, it seems to make sense to represent the log Kow against the molar mass (KOCH et
al. 2002 and SCHOPKE 2007). Various properties of humic substances correlate with
their aromaticity €254, which suggests their representation according to the molar mass.

7.3.2.2 Classification scheme with regard to the log Kow

In the two-dimensional representation log Kow(M), known groups of substances form
characteristic areas, Fig. 7.31. The respective log Kow can be calculated using various
calculation methods from the molecular structure and physical data and is available for
most relevant substances. Depending on the approach or measurement method used, the
values given in the literature may differ slightly.

Due to the decreasing water solubility, only the substances up to log Kow < 8 need to be
taken into account in water analysis. Accumulation in adipose tissue occurs mainly in
the range log Kow = 3 - 6 (STENZ 2001). According to SKARK & ZULLEI-SEIBERT
(1994), the transport of non-polar substances with the leachate from the soil zone into
the groundwater is only possible as far as log Kow <5.

Reactions and changes within the organic matter complex can also be traced in this
scheme, Fig. 7.32. With aliphates, the log Kow grows with increasing chain length. In
the homologous series of alkanes, each inserted CH> group increases log Kow by 0.54.
The polarity increases from saturated cyclohexane to aromatic benzene. Polar
substituents lower the log Kow, non-polar substituents increase it. The result depends on
the respective position and mutual interactions. Any chlorination leads to an increase in
the log Kow compared to the unchlorinated compound. (BIENERT et al. 1993).
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Fig. 7.31: Characterization of low molecular weight nonpolar organic substances by representation

in the log Kow molar mass plane, with PAH = polycyclic aromatics, PCB =
polychlorinated biphenyls, HCB = hexachlorobenzene, TCDD = dioxin representative.
The ecotoxicologically relevant lipophilicity window is highlighted in red (SCHOPKE

2007).
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Fig. 7.32: Molar mass log Kow representation of hydrocarbon series and the influence of different
substituents on benzene.
7.4 Humic substances as part of the Natural Organic Matter

7.4.1 Definitions and compositions of humic substances

Humic substances are pigmented, high-molecular polyelectrolytes as part of the Natural
Organic Matter (NOM). The division into three groups is based on the traditional
fractionation of soil humic substances, the fulvic acids, humic acids and humins.

The treatment of soil humic substances with diluted bases dissolves fulvic and humic
acids and leaves the insoluble humines as residues. If this alkaline extract is acidified,
the humic acids precipitate and the fulvic acids remain in solution. The humic acids can
be further separated into hymatomelic, grau and brown humic acids by extraction with
alcohol or re-dissolving in alkalis with the addition of electrolytes (STEINBERG 2002).
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Numerous studies deal with the composition of humic substance fractions and isolates.
For this study, the humic substances first had to be enriched and fractionated from
natural waters. In addition to their elementary compositions, the proportions of
determining structural elements and functional groups were also determined
(STEINBERG 2002), Tab. 7.4-1.

Tab. 7.4-1: Elemental composition of humic (HS) and fulvic acids (FS) and functional units
according to research by STEINBERG (2002), as well as stoichiometries derived from
them (vc).

HS FS HS FS HS | FS
Element mol/kg Mol- % ve [1]
Carbon C 46,8 38,04 39,5% | 31,2% 1 1
Hydrogen H 47 54 39.7% | 44,2% 1,01 1,42
Oxygen 0] 22,2 27,97 18,7% 122,9% | 0,05 0,04
Nitrogen N 2,25 1,5 1,90% | 1,23% | 0,47 0,73
Sulfur S 0,25 0,578 0,21% | 0,47% | 0,0053 | 0,0151
Phosphorus P 0,0371 0,0371 0,03% | 0,03% | 0,0008 | 0,0010
Chlorine Cl 0,0085 0,0085 0,01% | 0,01% | 0,00025 | 0,00032
Structural Units von | bis | von | bis
aromatic 7 pairs | 2n(Ar) 0,23 0,25
Carboxylic- COOH | 1,5 [57]52 | 11,2 0,077 0,220
Phenyl- OH 2,1 157103 |57 0,083 0,079
Alcoholic- OH 02 149126 |95 0,054 0,160
Quinoid/Keto C=0 0,1 15603 |31 0,061 0,045
Methoxy OCH3 |03 08|03 |12 0,012 0,020
Sum of acidic groups 53 (89|64 | 142 0,155 0,270

From the mean compositions, representative molecular formulas of humic and fulvic
acid units can be constructed, Fig. 7.41:

Humic acids: {C100 H100 O48 Nag So,53 Po,os Clo,2} or
M = 2148 g/mol {Cipo (2Ar-1)25 (COO-H)22 (ArO-H)7,9 (RO-H)16(C=0)s,1 (OCH3)4,5}
Fulvic acids: {Ca5 H35018 N1 So,38 So,53 Po,024 Clo,006} or

M= 657 g/mol {Css (2Ar-m)s.25 (COO-H)s 5 (ArO-H), (RO-H)4,0 (C=0)13 (OCH3)o,5}

In the past, various authors have tried to develop structural formulas from which the
physicochemical behavior of these substances can also be explained, Tab. 7.42.

The high-molecular molecular structures are partly formed from subunits linked by
hydrogen bonds and metal complexes, which react sensitively to changes in pH value
and ionic composition (ionic strength, Fe, Ca, Mg, heavy metals). This means that they
already change during the analytical recording. In addition, carbohydrate units,
peptides, heterocycles and other structures are associated. ZIECHMANN (1996) points to
flexible molar mass distributions under mechanical stress, among other things. Bonds in
humic molecule associates can break loose when passing through narrow pores and then
re-establish themselves. The differently delocalized © electron systems occurring in the
structural proposals form the continuous UV/VIS spectrum of the humic substances by
superposition, Fig. 7.13.



179

Filtration processes in nature and technology

100 E__

10-1 %‘ — ___:_
10_2 é7 — — I
] | —TP +50 %
0 —__ 30w
1 —_—— —HS
107 = —
10 - } ! . ,
cuNoOosvpra 25 5EFFE
T O < O3
o QO ~,
Fig. 7.41: Illustrations of the average composition of humic and fulvic acids on a logarithmic

scale, with a description of the range of + 50 % in the order of magnitude of which the
individual parameters vary at least.
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Tab. 7.42: Examples of postulated humic acid and two biopolymer structural formulas. The
aromatic 7 eclectrons are marked by orange rings, aromatic carboxyl groups red,
aromatic hydroxyl groups blue and nitrogen-containing groups green.

Postulated structure Explanation

Fulvic acid consists of three subunits linked by
hydrogen bonds in the molar mass range of the
Building Blocs. A humic acid associate postulated
from 6 subunits has a molar mass > 2000 g/mol
(cited BIRKEL 2001).

Fulvic acid, C27H26015 M = 638 g/mol
(cited MADHAV et al. 2017)

Structural proposal of a nitrogenous (green) humic
acid
C203H232085N4, M = 5164 g/mol

(cited BIRKEL 2001)
o o ob o A Structural proposal with two delocalized © electron
.f\\)_@_' & o .- systems,
; I :

Cs3H44036N4, M = 11432 g/mol
(cited BAUER 2008 nach Stevenson 1994)
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Postulated structure Explanation

Postulate of humic colloids with cation binding
sites

M = 1500 g/mol Fulvic acid
M = 5100 g/mol Humic acid

Modelle V und VI

m!i'),_'s (FS)... 1.7 (HS) nm

;;sphiiriﬂchc elektrische
Doppelschicht

Density 1,5 g/cm?
a-d: COO-H

e - f: ArO-H
(TTPPING 1998)

& . A possible section of the lignin structure (left) and
Har — \'& ] ol section of the cellulose structure without
Lignin- -——Ciy 60 o chromophore groups. Hydroxylic groups in blue
bgE=EH . \@;/ (ZENG et al. 2023).
A QY
1 @R

7.4.2 Acidity and complex formation behavior

7.4.2.1

The pseudocomponents of fulvate and humates are assigned acid and complex
formation constants in PHREEQC, Tab. 7.4-3. The different humic/fulvic acid isolates
used by the authors to determine the complex stabilities lead to contradictory
information, which severely limits their usability. For cations, the following order of
binding strength is known:

Mg?*< Ca?*< Mn?*< Cd?*< Co?'< Ni**x Zn?'< Pb%'< Cu?t< VO?*

Description by two pseudo-components

Tab. 7.4-3: Complex formation constants Ywateq4f.dat (PARKHURST & APPELLO 1999, YPHREEQ-
N-AMD.dat, Iron(II) mit copper(ll) equated (CRAVOTTA 2022), “BOSIRE & NGILA
(2017).

Definition equation log K | Reference
H+ + Fulvate-2 = HFulvate- H+ + Humate-2 = HHumate- 4,27 a
Fe+3 + Fulvate-2 = FeFulvate+ | Fe+3 + Humate-2 = FeHumate+ 9,4 a
Fe+3 + Fulvate-2 = FeFulvate+ -1,1 ¢
Fe+2 + Fulvate-2 = FeFulvate | Fe+2 + Humate-2 = FeHumate 6,2 b
Cu+2 + Fulvate-2 = CuFulvate | Cut+2 + Humate-2 = CuHumate 6,2 a
Cd+2 + Fulvate-2 = CdFulvate | Cd+2 + Humate-2 = CdHumate 3,5 a
Ag+ + Fulvate-2 = AgFulvate- | Ag+ + Humate-2 = AgHumate- 2,4 a
Cat2 + Fulvate-2 = CaFulvate -3 c
Mg+2 + Fulvate-2 = MgFulvate -2,4 c
Ba+2 + Fulvate-2 = BaFulvate -4,8 c
Al+3 + Fulvate-2 = AlFulvate+ 12,16 C
Cu+2 + Fulvate-2 = CuFulvate 8,26 c
Zn+2 + Fulvate-2 = ZnFulvate -0,73 C




182
Ralph Schopke

7.4.2.2 Surface complexation on colloids

TIPPING et al. (1991) described the protolysis and complex formation of humic
substances via colloidal macromolecules with a diameter of more than 1 nm and active
functional groups on their outer surface of the molecule, which is electrically charged
and connected to the solution by a spherical electric bilayer, Tab. 7.42. The inner
functional groups stabilize the molecule or the association via hydrogen bonds. The
charge density of the molecule determines the electrical term of a two-layer model for
surface complex formation, chapter 6.5.6. Based on TIPPING (1998), the humic acid
models V, VI and VII were developed and parameterized for defined humic and fulvic
acid isolates (BOSIRE & NGILA 2017, GUSTAVSON & VAN SCHAIK 2003, TIPPING et al.
2011, GUSTAFSSON 2020, etc.) and in PHREEQC version 3 (PARKHURST & APPELO
2013) with an interchangeable set of constants.

The fulvic and humic acid macromolecules are each assigned four carboxylic (a, b, ¢, d)
and four phenolic (e, f, g, h) acid groups. The multitude of possible combinations is
reduced to eight representative bidentate binding sites for polyvalent cations, Fig Fig.
7.47 and Tab. 7.45.

The individual acid and complex formation constants are defined by series

developments, whereby the constants pKa/s and ApKa/s must be known for each cation,
Eq.(7.4-1) and Eq.(7.4-2).

2i-5

pK, =pK, + ApK, firi=1.4 bzw.a,b,c,d (7.4-1)
2i—13 -
pK, =pK,, + ApK, firi=5.8 bzw.e,f, g, h (7.4-2)
Tab. 7.4-4: Steric parameters of humic molecules of models V and VI according to TIPPING &
HURLEY (1992) and TIPPING (1998).
Parameter Model V Model VI
Humic acid | Fulvic acids | Humic acids
Molar mass M | g/mol 1500 1500 5100
Density p | glem’ 1,5
Molecular radius | rv nm 0,8 0,8 1,72
Specific surface | Oy, | m?/g 2500 2500 1200
Sites na | mol/kg 7,05 7,05 3,1
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Tab. 7.45: Simplified definition of acid groups on humic and fulvic colloids according to TIPPING
(1998, model VI) with selected monodentate and bidentate sites for multiply charged
cations and a spherical electric bilayer (not shown).

SURFACE SPECIES HOOC- Ar-OH
Carboxylisch -CO-OH
einzdhnig zweizdhnig
Hs aOH Hs abOH2
Hs bOH Hs c¢cdOH2
Hs cOH Hs acOH2
Hs dOH Hs bfOH2
Phenolisch Ar-OH

Hs eOH Hs cgOH2
Hs fOH Hs dhOH?2
Hs gOH Hs efOH2
Hs hOH Hs ghOH2

Hs aOH =Hs aO- + H+

Hs_abOH2 =Hs_abOH- + H+

Hs aOH + Me+2 = Hs_aOMe+ + H+
Hs_adOH2 + Me+2 = Hs_adOMe + 2H+

7423 PHREEQCS3 orientation calculations with the humic acid model VII

SCHOPKE (2024) carried out orientating model calculations on the complex formation of
humic substances with real waters using constant theorems from the literature and
estimation of humic concentration. In proportion, the humin-komplex content of iron
was higher than that of calcium. The (apparent) siderite supersaturation measured in
some groundwaters can also be traced back in part to humic complexes. After the iron
removal of the Spreewald groundwater (Fig. 7.42 left), a residual iron concentration
remained that even survived cooking (SCHOPKE® 1984). Only after several years of
operation of the filter system did biological effects (probably) cause the decline in this
residual iron concentration. Impairments of groundwater treatment cannot be predicted
with the model approaches presented and can only be explained empirically (SCHOPKE"
1986).

Ca=1.2 mmol/L
Fs=0.32 meq/L
auf sites verteilt

Ca=2,6 mmol/L
Fs=0,575 meq/L

auf sites verteilt

/| HCO3-
Faravs

Fe(Il)= 10 mmol/L

/ | PH=69 pH=40
/”’ 8z 8 -
\ ’sl; el /" N : |
Fig. 7.42: Modelled distributions of komplexed calcium (top) and iron (bottom) at the dentate and

bidentate sites of mean fulvic acid (Fs_ TIPPING 1998). Left: Humin-contaminated
groundwater from the Spreewald. Right: Mine-acidified groundwater in the stream to
the Spree.
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7.4.2.4 The Stockholm Humic Model (SHM)

GUSTAFSSON (2020) expands the Model VI into the Stockholm Humic Model (SHM),
which also includes solid humin phases as Donnangel (chapter 6.5.6.4) in the software
Visual MINTEQ version 3.1. It is believed that the humic substances in the solid phase
are a mixture of humic acid and fulvic acid. The proton binding parameters and the
metal complexation constants are estimated using simple weighted averages. The
dissolved humic substances are assigned a spherical geometry and the solid phases a
planar geometry.

7.4.2.5 Description with the NICA-Donnan model (Visual MINTEQ)

The NICA-Donnan model, a combination of the NICA isotherm with a Donnan model,
is also used to describe interfacial reactions of other types of organic matter (i.e., lignin,
algae, etc., KINNIBURGH et al. 1999). The organic matter is considered Donnan gel. The
use of the NICA equation (chapter 6.5.6.5) allows the simulation of cation complexation
with components that are very heterogeneous in terms of binding site affinity, Eq.(6.5-
69) The binding strength of an ion with stoichiometry v to a carboxyl or phenolic site is
normally distributed over the parameters log K and p. The system is divided into two
phases, both containing water, the bulk solution phase and the humingel phase
(Donnan). The distribution of ions between the two phases is determined by a Donnan
equilibrium. It is assumed that the amount of bound cation is in equilibrium with the
concentration of the cation in the Donnan phase.

Vo [L/kg]
200
150 — FS: b=10.,66
100 — HS: b=0,63
50
0~ ¢
I [mmol/L]
0.1 1 10 100 1000 |
mmol’kg

HS-LSM150

(=T L B = [=2}
! ! | I I
T T T T T T T
(=2 [S* IS = N

01 2 3 4 5 6 7 8 9 10 11 12 logK 0 1 2 3 4 5 6 7 8 9 10 11 12 logK

Fig. 7.43: Top: Donnan volume as a function of ionic strength. Bottom: Distribution of the
carboxylic (RCOOH red) and aromatic (ArOH, blue) acid groups for the fulvic and
humic acid isolates FS/HS-LSM 150, as well as their sum abundance (brown, right axis)
(PLAZA et al. 2000).
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Tab. 7.4-6: Compilation of humic properties according to the NICA-Donnan model. ¥SAITO et al.
(2004), VXU et al. (2016), OMILNE et al. (2003), 9YKINNIBURGH et al. (1996),
9KINNIBURGH et al.(1999), PPLAZA et al. (2006).

Isolate or Quelle | RCOOH ArOH Donnan
representative c p |log K| v c p |log K| v b | o | B
average mol/kg| 1 1 1 |molkg| 1 1 1 L/kg

HS Aldrich a 2,9910,89| 3,53/0,66] 2,66|0,375| 7,95]0,66]0,63]-0,37|-0,63
HS soil b 8,7210,72| 2,18[0,74] 3,90| 0,66| 8,19]/0,89]|0,81|-0,19]-0,81
FS average 5,8810,59| 2,34)|0,66 1,86 0,70 8,610,761 0,57 |-0,43 | -0,57
HS lignite 2,97(090| 3,52(0,72| 2.86| 044| 7,99]0,59]0,60-0,40 |-0,60
HS soil 2,35(0,80| 3,27/0,87 3,48 0,53| 8,33/0,59]0,48|-0,52|-0,48
HS soil 4,4610,53| 2,95/0,78 1,38 0,82 7,52]0,82]0,47|-0,53|-0,47
HS average 3,15/10,62| 2,93]|0,81 2,55| 0,41| 8,00{0,63]/0,49]-0,51-0,49
FS average c 5,8810,59 1,86 0,70 0,571-0,43 1-0,57
HS average 3,15]0,62 2,55| 041 0,491-0,51(-0,49
HS peat d 2,7410,54| 298|086] 3,54| 0,54| 8,73]0,57]0,43]-0,57|-0,43
HS optimum e 2,30/0,63| 2,89/0,87] 4,32| 042] 8,83]/0,59]0,33]-0,66|-0,33
HS-LSM f 1,36 (0,82 | 4,44/0,58 1,58| 041] 8,11]0,73]0,70|-0,30-0,70
HS-LSMO0 3,5910,63| 3,06/0,76| 228| 031| 7,58/0,67|0,56-0,44]-0,56
HS-LSM90 2,7510,64| 3,34/0,70 1,89] 0,31 7,87]0,74]0,59|-0,41-0,59
HS-LSM150 2,2310,77| 3,52(0,62 1,86 0,33| 7,88]0,70]0,63]-0,37|-0,63
FS-LSM 3,9410,96| 3,33]0,63 1,46| 0,45] 8,13]10,90|0,76|-0,24|-0,76
FS-LSMO 4,8910,60| 2,88]|0,69 191 045| 7,80]0,90[0,63]-0,37|-0,63
FS-LSM90 4,7510,77| 2,960,70 1,87]| 0,43| 7,82]0,86]0,66|-0,34|-0,66
FS-LSM150 4,2710,82| 3,23/0,64 1,85] 0,46| 7,95]0,82]0,66]-0,34|-0,66

Humic and fulvic acids have proven to be good examples of such complex-forming
ligands. Das Donnan volume of humic substances converges to I = 10 mol/L to Vp =
0.1 L/kg. From Eq.(6.5-65) follows the simplified relationship Eq.(7.4-3),

log(V,)=b-(1—log(I))-1 (7.4-3)

with the empirical parameter b for the influence of the ionic strength I [mol/L], which
characterizes the swelling capacity.

The complex humic substance models can only be used to a limited extent and with
considerable effort for the determination of the constants, Tab. 7.4-6. The investigated
fulvic and humic acid isolates differ in the distribution of the acid constants, FigFig.
7.43. It becomes even more complicated when concurrent cation complex formation is
included.

7.4.2.6 Empirical Titration Curves

Theoretically, the humic substance models presented can also be used to calculate
titration curves in advance, which rarely agree with empirical results. SCHOPKE (2007)
therefore proposed to describe the measured titration curves by several acid
pseudocomponents as substitute functions, chapter 9.1.2.2 Using the example of a
titration curve of humic acid in drinking water calculated according to Model VI,
SCHOPKE (2007) replaced it with five acid pseudocomponents, Fig. 7.44. The majority
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of the acidic groups are firmly bound to hardeners, although calcium and magnesium
form less stable complexes compared to transition metals.
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08 g i
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06 2
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— —= : » 0
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Fig. 7.44: Description of a modeled titration curve by an adapted replacement system of 5 acids
(SCHOPKE 2007).
7.4.3 Spectroscopic properties
7.4.3.1 Influence of trial pretreatment

The UV/VIS spectra of Natural Organic Matter (NOM), which consists mainly of humic
substances, are influenced by the chemical environment of the sample being examined,
which includes different complex formations. Changes in the pH value, the redox ratios
or the concentration of complex-forming cations must be taken into account when
interpreting measured spectra, chapter 7.1.2. The spectra should be determined from the
turbidity-free (centrifuged or filtered) sample that is as unaerated as possible. The DOC
and the inorganic parameters are to be determined from the same sample.

Standardisation on the proportion of groundwater relevant to drinking water has not
proven successful. As part of the pre-treatment, the sample was aerated and the
precipitated ferric hydroxide was separated before the measurement. The aim was to
simulate iron removal and to create a composition corresponding to the later pure water.
In this case, all humic substances precipitated with it elude the measurement. The
conditions of the sample pre-treatment do not necessarily have to be the same as the
conditions for ferrous iron filtration. At high iron concentrations, e.g. in mining-
influenced waters, ferric iron precipitation is delayed, while the pH value must be
corrected several times. Subsequent re-felling can render the measurement unusable due
to clouding. In addition, the proportion of the organic matter complex precipitated with
the ferric hydroxide is missing.

7.43.2 Classification scheme of humic pseudocomponents with regard to
aromaticity

Humic substances have an almost continuous spectral pattern, which makes
characterization by aromaticity useful. The pseudo-components of LC-OCD
chromatography with the spectral absorption coefficients SAK2s4 (E2s4) can be entered
as fuzzy surfaces in an aromaticity-molar mass diagram, in which they occupy
characteristic areas, Fig. 7.45.
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7.43.3 Interpretation der UV/VIS-Spektren

In many cases,

the UV/VIS spectra of the humic-NOM or CDOM can be composed of

the elementary bands Spezl, Spez2 and HuminKont, whereby the incompletely

recorded

is eliminated as an interference band, chapter 7.1.2.5. By comparing

their integral extinctions with each other, regionally typical spectra can be compiled and
deviations from them can be identified, FigFig. 7.46. Further interpretation is carried
out in the context of the respective boundary conditions.
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Fig. 7.45: Orienting regions of pseudocomponents of LC-OCD chromatograms from groundwater
and surface water as a representation of aromaticity €s4 against the molar mass (KOCH
et al. 2006 and SCHOPKE 2007). The area known for humic substances is highlighted in
yellow. In each specific case, the location of the areas is specified and assigned to the
measured DOC.
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Fig. 7.46: Relationships between the integral extinctions Eiy Eq.(7.1-29) of the sum (Spezl +
Spez2) and those of the HuminKont (left) as well as the one between Spezl and Spez2
(right) at the measuring point P31 in the sulfate-reducing underground reactor of the
Ruhlmiihle (SCHOPKE et al. 2020). The error bars indicate the standard deviations of the
spectral adjustment.

7.4.3.4 Pseudo-component definition via aromaticity €2s4

If a mixture contains groups of substances with strongly differing aromaticities €254 ,
e.g. aliphates (¢1 = 0) and humic substances (€2), they can be mathematically separated
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by their different aromatics. The dissolved organic carbon of a sample DOC(Pr) is
mathematically separated into pseudol and pseudo2 using the different aromaticities of
the predefined pseudocomponents (SCHOPKE et al. 2011).

DOC(Pseudo 1) = M -DOC(Pr) [mg/L C] (7.4-4)
(82 - 81)
DOC(Pseudo 2) = DOC(Pr)—DOC(Pseudo 2) [mg/L C] (7.4-5)

The marginal aromaticities €1 and &2 are selected from the parameters of the determined
frequency distribution of aromaticity €2s4, Fig. 7.47.

SCHOPKE et al. (2020) applied this evaluation to sulfate-reducing groundwater at the
Ruhlmiihle site for the mathematical separation of the DOC into a substrate/metabolite
(Met) and a natural DOC fraction (NOM). Although the added substrate does not absorb
glycerol and its main metabolites at A = 254 nm (254 = 0 m?*/mol), emet = 6 m?/mol was
chosen for the substrate residues and metabolites at the edge of the distribution. By
setting the aromaticity for groundwater humic substances (NOM) at exom = 60 m?/mol,
negative calculation values for NOM and mead in Eq.(7.4-4) and Eq.(7.4-5) This does
not completely rule out the possibility that the NOM fraction also contains variable
aliphate components. The limit aromaticities must be adapted to the respective problem
under consideration, Tab. 7.47. The further classification of the DOC into three
pseudocomponents with separate humic and fulvice fractions has not yet yielded any
applicable results.

A
| €254 (Met) g254 (NOM) sum

€254 596 in 50
€254 596 in 80

TE— L L »

L

€254 [m%/mol]

0 20 40 60 80 100

Fig. 7.47: Frequency distributions of the aromaticity of the groundwaters enriched with glycerol
substrate for the microbial sulphate reduction and the limit aromaticities.
Pseudocomponent Met = substrate+metabolites, pseudocomponent NOM = humic
substances (SCHOPKE et al. 2020).

Tab. 7.47: Applied aromaticities of predominantly aliphatic substances (Met) and groundwater
humic substances (NOM) in comparison empirical values. ¥SCHOPKE et al. (2011),
YSCHOPKE et al. (2020), “FRIMMEL & KUMKE (1998).

Standort £254(Met) | 254(NOM) | Reference
m?/mol m?/mol

Microbial sulfate reduction: tip groundwater Skadodamm 0 110 a

Microbial sulfate reduction: groundwater Ruhlmiihle 6 60

Groundwater 54 c

Fulvic acid fractions 64
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7.4.4 Reactions in the humic substance system

7.4.4.1 Formation and degradation processes in the humic substance system

Humic substances can be formed in two ways, by degradation of complex organic
matter or by polymerization/condensation of low-molecular starting materials. During
the microbial degradation of organisms and their metabolites, the biochemically
available macromolecules are crushed and metabolized. More resistant components or
biopolymers, such as lignin, cutine, suberine, N-containing paraffinic macromolecules,
melanins and other biopolymers are selectively preserved to later become part of what is
operationally called Aumin. As a result of the increased degradation, the structure of the
resulting macromolecules becomes more variable and begins to lose their chemical
similarity to the starting material. This way of humification takes place, for example, in
composting (CHEFETZ et al. 1998).

The other metabolic pathway involves condensation and polymerization reactions from
low-molecular reactive starting materials, Fig. 7.48. This autochthonous formation of
humic substances is oxidatively enzyme-catalyzed, e.g. via phenolases and peroxidases
or abiotic via autooxidation. Colloidal complexes, gel-like and solid phases are then
formed by aggregation of the resulting macromolecules. The macromolecules created in
this way are also increasingly losing their similarity to their starting materials (VOGT et
al. 2002). Thus, substances of anthropogenic origin, e.g. from contaminated sites, can
also form humic substances, Fig. 7.49. The chemically similar lignins are formed
biochemically, whose degradation products integrate into the humic substance complex
via the humification process.

The low-molecular starting materials still have individual spectral curves, but their
superposition can already result in a continuous course, FigFig. 7.48. Humification
begins in the low molecular weight range of the log Kow-log M diagram, Fig. 7.49 left.
Measured over the total carbon DOC, the humic substances appear chemically inert as
so-called Refractory Organic Matter (ROM). The individual components are constantly
reacting with and with each other. In the molar mass-aromaticity diagram, the humic
components are in a characteristic range, Fig. 7.49 right. Humic substances are also
formed spontaneously during wastewater treatment, composting, contaminated sites and
other natural and technical processes.
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Fig. 7.48:
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7.4.4.2 Redox reactions of humic substances

The RedOx properties of humic substances are often explained by those of quinoid
structures, Tab. 7.48.

Tab. 7.48: Chinonoid redox systems converted to BAUER (2008).

0 oH

+2e+2H &S

(o] OH
Quino H>Quino
Quino + 2H+ + 2e- = H2Quino log K
mit Quino =
Chinon 10,26

Juglon (5-Hydroxy-[1,4]naphthochinon) 6,31

0

OH O
Lawsone (2-Hydroxy-1,4-naphthoquinone) | 5,14 P
Dissolved Organic Matter DOM 335 to 17,75

The electron exchange capacity of humic substances by 0.02 to 6 mmol/g C corresponds
to the equivalent of 0.24 to 72 mmol/mol C, i.e. just below the concentration of

aromatic 7 electron pairs (2Ar-m), or as a stoichiometry factor:
Ve =0,24-107 bis 72:10°

This redox behavior can be used in geochemical calculations (PHREEQCx).

7.4.4.3 Explanation of the oxidative decolorization of humic substances

During the discoloration of humin-contaminated waters by means of oxidants, double
bonds in delocalized w electron systems are probably formed according to Eq.(7.4-6)
causing their absorption bands to shift to the shorter-wavelength range. This
corresponds to a decrease in coloration in the visible range.

Postulierte Oxidation von C=C Doppelbindungen:
§>C=C<y +20H - > C(OH)-C(OH) < +2¢” ... (7.4-6)

The subsequent reactions can be very different. For potassium permanganate, the
oxidation reaction in the neutral range is relevant.

KMnO, +4H" +3e” — MnO, + K* +2H,0 (7.4-7)
somit gilt fiir die Wegoxidation einer Doppelbindung Eq.(7.4-8)
r>C=C<g +2MnO; +2H" +2H,0 >} > C(OH)-C(OH)<y’ +3MnO,  (7.4-8)
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o Img/L KMnOs4 = 3,55 umol n-Electron pairs (>C=C<)

Only a relatively small number of double bonds need to be oxidized for decolorization.
Therefore, even the use of low doses of potassium permanganate achieves a
discoloration effect, while the DOC and the UV spectrum hardly change overall.

7.5 Biofilm with extrapolymer substances (EPS)

7.5.1 Occurrence and significance

In biofilms, the microorganisms live in a self-produced matrix of hydrated extracellular
polymeric substances (EPS). EPS is mainly composed of polysaccharides, proteins,
nucleic acids and lipids. They ensure the mechanical stability of biofilms, mediate their
adhesion to surfaces and form a cohesive, three-dimensional polymer network that
connects biofilm cells and transiently immobilizes them. In addition, the biofilm matrix
acts as an external digestive system by holding extracellular enzymes close to the cells,
allowing them to metabolize dissolved, colloidal, and solid biopolymers (FLEMMING &
WINGENDER 2010). The retention of extracellular enzymes creates a versatile external
digestive system that binds dissolved and particulate nutrients from the water phase and
utilises them as a source of nutrients and energy.

The mechanical properties of pure biofilms are largely determined by the environment
of the aqueous solvent (pH wvalue, ionic strength, type of mono- and bivalent
counterions), such as: LATTNER (2003) on model materials of Pseudomonas aeruginosa
and its isolates (EPS, alginate).

Under turbulent flow conditions, the biofilm undergoes cycles between colonization-
growth and (partial) detachment. In granular media with a largely laminar flow through
it, an equilibrium between growth and decomposition (after death) is more likely to
occur, or it leads to the suppression of the flow through pore clogging. Biofilm phases
stored in the pore gel are stabilized by mineral and organic phases, such as iron oxide
hydrates, clay minerals, plant residues, coal and humic substances.

Biofilms as part of the Porengel are of particular importance in water supply systems for
the recontamination of drinking water. However, they also eliminate biochemically
degradable substances in water treatment and substances that can be absorbed in the
biofilm, Fig. 7.51.
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Fig. 7.51: Left: Developmental stages of a biofilm in turbulent flow (FLEMMING 1991). Right:
Schematic representation of the different components of a biofilmsystem: bulk liquid,
boundary layer, biofilm and substrate (B) (Wanner et al. 2006 cited CHEN et al. 2023).
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7.5.2 Composition of Extra Polymeric Substances

Pure cultures of Pseudomonas aeruginosa, which are mainly composed of
polysaccharides and proteins up to M > 100 000 g/mol, are often used as a model for the
aerobic bacterial extracellular polymer substance, Fig. 7.52 and Tab. 7.5-1. In contrast,
no generalizable data were obtained for anthropogenically unaffected anoxic aquifers.

In sludge and water sediments examined by Rode (2004), the colony numbers
fluctuated from 107 to 103 CFU/g DM (colony-forming units per g dry matter). The total
cell counts were two to three orders of magnitude higher.

All cells are made from the same types of polymeric building materials. CHEN et al.
(2023) give the mean composition of biofilms (biomass + EPS) with

{C100H180050N20P3S2MgiKos....} M =262 g/mol

independent of prokaryotes or eukaryotes (in comparison: FEukaryotic algae
{C106H2630110N16}). The EPS gel lying on the solid matrix forms a diffusion barrier to
underlying reactive phases,

g/kg TS? ® proteine W Nucleinsduren
200 T @ Polysaccharide B Huminstoffe

150
100
30
0
Abwasserschlamm Flusswasserbiofilm
Fig. 7.52: Composition of biomaterial from wastewater sludge (Abwasserschlamm) and river

water biofilm (Flusswasserbiofilm without nucleic acids) according to RODE (2004).
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Tab. 7.5-1: Composition of biofilms: YActivated sludge CHEN et al. (Hg.) (2023), ®Extrapolymeric
substances of Bacillus subtilis in interaction with ferrichydroxide (adsorbed and as
coprecipitate, ZHANG et al. 2021), Sewage sludge from trickling filter, ¥River water
biofilm, ¥EPS (RODE 2004) (Minimum ... Maximum).

Quelle a b c d e
Substance group % mg/mol C % % %
IProtein 30-60 5,36(1,10 ...7,910,26 ... 5,9(..0,19
IPolysaccharide 5-30 7,7510,17 ...3,30,13 ... 3,9(..0,06
Humic substances 0,34 ...2,3/0,98 ... 15,2|...0,21
Lipids 5-10
Nucleic acids 5-15 (RNA) 0,67/0,10 ... 1,3
1 (DNA)
Tab. 7.52: Reference values for diffusion coefficients of EPS of biofilms.
Medium Dr [m?/s] Reference
Aerobic biofilms 0,8 - Dw
Dw | Eq.(2.3-42), Eq.(2.3-44) | CHEN et al. (2023)
9,3-10°1°
Natural aquatic DOM | 2,48 107" bis 5,31 10-'° | adopted as an analogy
Humic substances 3,48 1071° bis 6,05 10! | BALCH & GUEGUEN (2015)

7.5.3 Acidity and complex formation with metal ions

The biofilm surfaces contain carboxyl (-COOH), phosphoryl (-PO4 or -POH), amino (-
NH3+) and aromatic hydroxyl groups (ArOH). Their acidities are described as
protolysis and the metal bond as complex formation reactions. Tab. 7.53. Dentate and
multi-dentate complexes with different surface groups are organism-specific. Since the
microorganisms are mostly embedded in extracellular polymeric substance (including
Porengel), the dielectric properties of the bilayer also differ from those of the aqueous
solution. The specified constants can only be used as initial values for the adjustment of
experimental results. EPS pore gels can also be described as thunder angels, chapter
6.5.6.4 and chapter 6.5.6.5.

For a biomass with an estimated particle density of
pss = 1,1kg/dm?
and a characteristic rod shape of
Leake = 3,835 um und dpak¢ = 0,6 pm
dk = 5,45 um for the equivalent sphere, Eq.(4.1-16)
and the associated specific surface
Osp  =10°m¥kg, Eq.(3.4-10).
And this results in the lower surface density of

r = 0,3 sites/nm? (HA et al. 2010, Tab. 7.53)
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Fig. 7.53: Left: Acidity capacities of carboxyl (-COOH), phosphoryl (-POH) and Amino (-NH3+)
sites of Shewanella oneidensis with and without (naked) EPS. Right: Acidity capacities
and their acid constants (simplified according to HA et al. 2010).

Tab. 7.53: Selected surface complexes of bacterial biomass. ®Bacillus subtilis in the temperature
range 30 ... 75°C and TOR-39 for 50°C according to WIGHTMAN et al. (2001), Bacillus
subtilis und Bacillus licheniformis according to DAVID (1998), 9Shewanella oneidensis
according to HA et al. (2010), YPHREEQC wateq4f.dat und minteq.dat, rewritten
(PARKHURST & APPELO 2013). Since the microorganisms are mostly embedded in
extracellular polymeric substance (including Porengel), the dielectric properties of the
bilayer also differ from those of the aqueous solution.

Kation | Complexation equation Group |log k| Temp | c,uqs Reference
°C mol/kg
H+ HAcetate = Acetate- + H+ COOH | -4,76 25 - d
H+ Bsubtil COOH = Bsubtil COO- + H+ COOH | -4,40 30 a
H+ TOR COOH =TOR COO-+ H+ COOH | -4,40 50 a
H+ Shewo COOH = Shewo COO- + H+ COOH | -4,48 30| 0,139 c
H+ H2PO4- = HPO4-2 + H+ PO4 -7,21 25 - d
H+ Bsubtil PO4H = Bsubtil CPO4- + H+ PO4 -6,10 30 a
H+ TOR PO4H = TOR CPO4- + H+ PO4 -6,10 50 a
H+ Shewo POH = Shewo PO-+ H+ POH -7,00 30| 0,038 c
H+ Bsubtil OH = Bsubtil O-+ H+ ArOH | -8,30 30 a
H+ TOR OH=TOR _O-+ H+ ArOH | -8,30 50 a
H+ NH4+ = NH3 + H+ NH3+ | -9,25 25 - d
H+ Shewo NH3+ = Shewo NH2 + H+ NH3+ | -9,85 30| 0,136 c




196

Ralph Schopke
Kation | Complexation equation Group |log k| Temp | cags Reference
°C mol/kg
Ca Bsubtil COO- + Ca+2 = Bsubtil COO-Ca+ COOH | 2,80 b
Zn Acetate- + Zn+2 = ZnAcetate+ COOH | 1,57 25 - d
Zn Shewo COOH + Zn+2 = Shewo COOZn+ COOH | 3,70 30| 0,138 ¢
Cu Acetate- + Cut2 = CuAcetatet COOH | 2,22 25 - d
Cu Bsubtil COO- + CuOH+ = Bsubtil COOCuOH | COOH | 6,40 b
Cu Blich COO- + CuOH+ = Blich COO-CuOH COOH | 6,10 b
Pb Acetate- + Pb+2 = PbAcetate+ COOH | 2,87 25 - d
Pb Bsubtil COO- + PbOH+ = Bsubtil COOPbOH | COOH | 5,80 b
Pb Blich COO- + PbOH+ = Blich COOPbOH COOH | 6,60 b
Pb Shewo COOH + Pb+2 = Shewo COOPb+ COOH | 4,57 30| 0,138 c
Zn Shewo POH + Zn+2 = Shewo POZn+ POH 3,73 30| 0,037 [¢
Zn Shewo POH + Pb+2 = Shewo POPb+ POH 4,07 30| 0,037 c
7.6 Aluminosilicates as inorganic systems
7.6.1 Zeolithe

Zeolites are crystalline aluminosilicates, of which about 60 naturally occurring ones are
known, and more than 150 different types have been synthesized. Mineralogically, they
are summarized under the term zeolite group. (https:/de.wikipedia.org/wiki/Zeolithe (Stoffgruppe)
They consist of a microporous framework structure of AlO4 and SiO4 tetrahedrons
(Tab. 7.61). The aluminum and silicon atoms are connected to each other by oxygen
atoms. Depending on the type of structure, this results in a structure of uniform regular
pores and/or channels in which substances can adsorb (Fig. 7.61). In nature, water is
usually adsorbed there, which can be removed from the pores by heating it without
changing the zeolite structure.

Fig. 7.61: Structure of a ZSM-5 (left) and representation of the coordination tetrahedrons.

Since only molecules that have a smaller kinetic diameter than the pore openings of the
zeolite structure adsorb in the pores, these are also referred to as molecular sieves . Due
to trivalent aluminum atoms, to which two divalent oxygen atoms are formally
assigned, zeolites have an anionic scaffold charge. Therefore, there are cations on the
inner and outer surface of aluminum-containing zeolites. In water-containing zeolite,
these cations are often present in dissolved form in the channel systems of the zeolites,
so they are relatively easily accessible and therefore interchangeable. Common cations
are Na*, K*, Ca*>* and Mg*. The inner surface is well over 1000 m?*/g. Generally
transferable complex formation constants are not known due to their different structures
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and must be determined for the respective concrete boundary conditions. Zeolites can
absorb water and other low-molecular substances and release them again when heated
without destroying their crystal structure. y/x > 1 in the molecular formula indicates the
molar ratio of SiO; to AlOx.

Tab. 7.61: General composition of different zeolites in formulas. n is the charge of the cation (1 or
2). These cations are required for the electrical charge equalization of the negatively
charged aluminum tetrahedrons and are not built into the main lattice of the crystal, but
reside in cavities of the lattice — and are therefore easily movable or exchangeable
within the lattice. z indicates how many water molecules have been absorbed by the

crystal.

Zeolith Composition of the elementary cell

General Me"wn [(AlO2)  (Si0O2)y] - z H2O

Zeolith A Nan[(AlOz)lz(SiOz)lz] - 27 HzO

Zeolith X Nagd(AlOz)ge(SiOz)lo@] - 264 HzO

Zeolith Y Na56[(A102)56(SiO2)136] - 250 HzO

Zeolith L Kg[(AlOz)g(SiOz)27] <22 HzO

Mordenit Nag,7[(A102)3,7(5102)39‘3] - 24 H,O

ZSM 5 Naov3H3,g[(A102)4,1(Si02)91,9]

ZSM 11 Nao,1H1 7[(AlO2)1 8(S102)94.2]
7.6.2 Clay minerals

Clay minerals as weathering products of mica or new weathering formations of potash
feldspars consist of layers of densely packed O and OH ligands, in whose interstices
cations (Si, Al, Fe) are embedded. Due to the smaller size of central cations, such as
silicon or partly aluminum, they are surrounded by four oxygen atoms (coordination
number 4), while the larger cations, such as Al, Fe and Mg, are surrounded by six
oxygen or OH ligands (coordination number 6). This different coordination results in
tetrahedron (S1,A104) and octahedron [(Al,Mg,Fe)(O,0H)s]. The tetrahedrons are linked
to layers via common oxygen ions. In the plane, the tetrahedrons are connected to form
a network of six-point rings. The tetrahedral layer is condensed to an octahedral layer,
BIRKEL (2001).

» A clay mineral made up of a sequence of tetrahedrons and octahedrons is called a
two-layer mineral, which includes kaolinites.

» The minerals, on the other hand, which are made up of a sequence of tetrahedron-
octahedron-tetrahedron, are called three-layer minerals, which include smectites
with montmorillonite.

The actual clay mineral leaflet is formed by about 10 - 40 such silicate layers, Fig. 7.62.
The cations between layers can be exchanged. Larger molecules, including organic
material (NOM), are adsorbently bound to the particle surface and in aggregate spaces.
The water molecules within the aggregates are associated with the surfaces, lie within
the adsorption water layer and thus do not follow the Darcy law of filter flow. Apart
from pure clay mineral deposits, these are continuous substances.
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Fig. 7.62: Clay mineral layers (A); Particles from layer packages (B); their aggregates (C) and
ensembles of aggregates (D) (according to BERGAYA & LAGALY 2013 and BIRKEL
2001).

7.6.3 Physikochemische Eigenschaften

The PHREEQCx data set wateq4f.dat compiles the solubility equilibria of numerous
clay minerals. The surface acidity is compared with the SiOH surface.

Tab. 7.62: Adsorptive surface parameters derived for the three-layer mineral montmorillonite,
BIRKEL (2001).
Parameter average
KAK mmol/kg| 1200 1000 800
Oads m?/g 700 750 800
m*kg | 700000 | 750000 | 800000
KAK/QOygs | pmol/m? 1,7 1.3 1,0
r nm? 1,03 0,80 0,60

The dominant surface complex equilibria occur very differently in natural systems, Tab.
7.63.

Tab. 7.63: Calculated Parameters of Ensembles (Fig. 7.62) consisting of clay mineral aggregates of
various sizes compared to a filter sand with pss = 2,5 kg/dm® np = 20% and § = 0,5 pum.
Unit diameter dg |pm 0,5 1 5| 10 50| 1000
Diameter of a cylinder pore dp |pm 0,083 0,17]0,83[1,67| 8,33 167
Still passable pore narrowing |ds | pum 0,077( 0,15]10,771,55| 7,74 155
Fixed porosity Anp | % 200 20| 20| 20| 4.8 0,24
Specific surface area of the fill | Osp | m%*/g 48| 2,4]10,48]0,24(0,048|0,0024
Surface Or | m%cm?| 9600 | 4800 | 960 | 480 96 48

The water in the inner pore system is adsorptively bound, i.e. only accessible
diffusively. This means that the pore solution flows around clay mineral aggregates.
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The chemical adsorption surface (BET) is several orders of magnitude higher. The
chemical properties vary greatly depending on the mineral type, conditioning and
environmental conditions and must be researched or determined in an application-
oriented manner.

8 Special particulate solutions

8.1 Balance adjustment with 1st order kinetics

The approach to an equilibrium or stationary state, characterized by the concentration
cs, iIn many cases proceeds according to a reaction kinetics of the first order, Eq.(8.1-1)
This includes transport-controlled processes at phase interfaces (solution, precipitation,
...). The cs concentration can also be a function of other parameters.

r =k-(cs—c) (8.1-1)

The equilibrium function cs(...) is included in the transformation X, Eq.(8.1-2),

X =(cg(..)—¢) (8.1-2)

differentiated, Eq.(8.1-3)

oX oc

o E -
o p (8.1-3)

and in Eq.(8.1-1) Eq.(8.1-4).

oX

—=-k-X 8.1-4
ot (8.1-4)

This results in the exponential approximation to the equilibrium state, Eq.(8.1-5).
dIn(X)=—k-ot (8.1-5)

The differential equation Eq.(8.1-5) is solved by certain integration in the boundaries
t=0 to t, or Xo to X, Eq.(8.1-6).

Taln(X)z—k jat (8.1-6)

t=0

The retransformation of X, Eq.(8.1-2) between cso and cs gives the exponential
expression Eq.(8.1-7).

11{(0(‘;%25())))} =—k-t (8.1-7)

Instead of t, in Eq.(8.1-7) also the spatial coordinate x, L or the Filtration Parameter FP
Eq.(3.3-23)) with the mass transfer coefficient B Eq.(3.6-17) for sphere packing,
Eq.(8.1-8).



200
Ralph Schopke

In (c—cg(-)) J:_B.FP:}L t=A, -L (8.1-8)
((co —c5 () o

After disturbance of a solution-solid equilibrium and transport-controlled compensatory
reaction of the 1st order, a new equilibriumstate with exponential approximation
subsequently occurs. For these, the time constant A; can be specified and for constant
filtration velocity the filter length coefficient AL can be specified, Eq.(8.1-9).

}\‘l — Ogcs 'B:6.(l_np)'B
nP .VR dw .nP (8 1_9)
@) (1= .
A, = ﬁ.ﬂzw.ﬁ

Vi Vv, d, -v;

w

To illustrate this, the coefficients can be given as half-lives ti» or half lengths Lix,
Eq.(8.1-10).

In(2)
Ly = Y
t
ln(Z) (8.1-10)
L,= %
L

The proportion of the reactive surface ¢ in circulating filters with porous materials can
be corrected by the ratio of A; (measured) and A (calculated) Eq.(8.1-11).

_ Oreaktiv _ 7\'t (gemessen)
*“o. A, (berechnet ) (8.1-11)

s

8.2 Stationire eindimensionale Filtrationsprozesse
8.2.1 Influence of dispersivity a on concentration profiles of 1st order
Kinetics

In a filter with exponential concentration decrease on the flow path, caused by film
kinetics at the phase interface, this is also influenced by the dispersivity a. The steady-
state balance equation for the one-dimensional case Eq.(2.2-7) in relation to the distance
velocity va is simplified to Eq.(8.2-1).

* (0 oc o’c
c=|—c| =v,-—+D-—+r=0 8.2-1
(& JL A oL oL’ (8.2-1)
The reaction takes place on the surface of the solids. The flow path L and the residence
(flow) time are determined by the filtration parameter FP Eq.(3.3-23) and the

surface/pore solution ratio is substituted over the pore channel diameter dP of the shell
and tube model, Eq.(8.2-2).
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P

4 4.L _¢toc | h
FP=—1t= =|—|— -
d d,-v, g[ro [m} (8.2-2)

From this the substituents of the Eq. (8.2-3) and Eq.(8.2-4) from.

L= d"'%FP (8.2-3)
oL =0 Ya opp b, =L (8.2-4)
4 "oL d,-v, OFP '

The reaction term is determined by the mass transfer coefficient , Eq.(8.2-5)
O 4 4
r=—2r,=—r,=—B-c (8.2-5)

VW dP dP

The longitudinal diffusion coefficient D = Dy is replaced by the dispersivity o and the
distance velocity va, Eq.(9.7-14) and used in Eq.(8.2-1) follows Eq(8.2-6).

L. O’ +i.ﬁ+i.ﬁ.c—0 8.2-6
d,>-v, OFP* d, oFP d, (8:2-6)

o

For the ideal piston flow o = 0 as a reference, Eq.(8.2-6) to Eq.(8.2-7) with the solution
Eq.(8.2-8).

i'ﬁ'Fi'B'C_O )
d, oFP d, (8.2-7)
c=c,-e’™ (8.2-8)

Eq.(8.2-6) converted into the normal form of an inhomogeneous differential equation of

the 2nd degree by summarizing the parameters in the constant y, Eq.(8.2-9) and Eq.(8.2-
10).

v, -d,

Y= [my/s] (8.2-9)
4.0,
o’c oc
aFP2+y‘6FP+Y'B'C_O (8.2-10)

From Eq.(8.2-8) a homogeneous differential equation of the 2nd order, Eq.(8.2-11),
o’c oc

with the general solution (BARTSCH 1972), Eq. (8.2-12) and Eq.(8.2-13).
CcC = (:1 . eleP + C2 . ekzFP mit C(FP = O) = CO (8.2'12)

2 2 2
Y Y v, -dp v, -dp v, -dp
Mo ==Lt [T By =— + -B- -
=Ty TR 8o \/64-0& P 4-ay (8:2-13)
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For the boundary condition of diffusion csurface = 0, A <0 and r < 0 apply, from which
the positive term -y > 0 follows, Eq.(8.2-14).

P
Y Y Va-dp
App ===+, —+B-y=— +
FP > 4 B-vy 8- 01, \/

vy -d?p Va-dp
64-0’L 4.0,

(8.2-14)

By constant comparison, one obtains the flowpath, and -time-dependent exponents,
Eq.(8.2-15).
4

FP°
dp v,

4 (8.2-15)

A=A

Die theoretische Mikrodispersivitit o von Filterschichten liegt knapp iiber der der
idealen Kolbenstromung (o = 0), Tab. 4.31. In der Realitit treten in Stromréhren hohere
Werte auf, die bei der Prozessmodellierungzu beachten sind, Fig. 8.21.

0 20 40 60 80 100
0,00 Aty
Liem29em
0,05 1 HT N
0.10 —0—0.00m
o =1,510°"m
] a=0,01lm
0,15 —o=005m
0.20 3
L [m] 0 T o]
000 002 004 006 008 010
Filter L dw Vi B Li(0=0 m)
Iron removal (a) 2m|1,00mm| 10 m/h|1,610% m/s 0,0292 m
Groundwater flow section (b) | 200 m | 0,38 mm | 2,1 m/d | 3,010 m/s| 0,0013 m

Fig. 8.21: Concentration flow section profiles with co = 100 for an iron removal filter (vertical,
left) and a groundwater flow tube (horizontal, right) with differentdispersives a. The
half-value lengths are shown for a = 0 m (black) and the maximum value shown (red)
(examples a and b in chapter 10.1).

8.2.2 1st order steady-state reaction in a mixed cell model

HAGEN (1993) gives for the stationary concentration of a stirring stage cascade with
ncell mixed cells, in which a first-order reaction takes place, Eq.(8.2-16)).

C. 1

St 2-1
CO (l+k'tF) cell (8 6)
For a surface reaction, the spacetime tr is determined by the filtration parameter FP
Eq.(8.2-2) and the reactionconstant k by the mass transfer coefficient 3 Eq.(3.6-6) or
Eq.(3.6-17) Eq.(8.2-17).
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C. 1 1

¢ ( 4 d j (1+B-FP)" (8.2-17)

1+ B-“EFP
a. P

P

The product of space-time and velocity constant, or -FP, corresponds to the first
Damkohler number Da; in process engineering, Eq.(8.2-18).

Da, =B-FP=k-t, (8.2-18)

8.3 Migration of ideal concentration jumps (retardation) through
the aquifer

8.3.1 Problem description

In the pore aquifer, laminar flow processes predominate. The current paths of the water
particles, also known as current threads, run parallel, can be bundled into current tubes
and described as filters, Fig. 8.31. Under the mostly slow flow and the associated long
contact times between the pore solution and the pore gel lining the solid matrix,
chemical equilibria is established between the two, which can extend over entire
groundwater bodies. Ideally, groundwater bodies of different sizes with the same pore
solution/pore yellow properties can be defined. When the mobile pore solution of one
groundwater body penetrates (migrates) into another, a new equilibrium is established at
the transition point with a different solution/Porengel configuration. Between this new
configuration and that of the original one, a transitional front with successive
equilibrium states is formed.

These situations arise during massive interventions in the groundwater system, such as
contamination and subsequent remediation measures or as a result of mining. In the
course of dewatering in active mining, formerly anaerobic aquifers are oxidized by
atmospheric oxygen. As a result acid mise drainage bodies are formed, which also occur
intips. Due to technology-related changes in the flow field, these water bodies can then
penetrate into surrounding unaffected aquifers, whereby migrating transition and
displacement fronts form through the aquifer, Fig. 8.31. These move at a slower
distance velocity than the pore solution (retardation). Under these conditions, the
modelling effort is reduced to the structural description of the displacement front and
the calculation of its migration velocity. Without irreversible reactions, the
mathematical description is independent of direction and time, i.e. the time t can be
determined by the water column H Eq.(2.2-4) Fig. 8.32. The processes to be considered
are comparable to those in chromatography.
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Displacement fronts

Opencast
mining lake

o ip groundwater recharge
aerobic acid mine drainage
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Fig. 8.31: Section through the aquifers of an abandoned opencast mine, consisting of the aquifers
at the edge of the tip, the tip and the water body of the forming opencast mining lake.
From the groundwater recharge, the tip groundwater lamella of aerobic acid mine
drainage has formed, which is displaced by the inflow of unaffected groundwater. In
the process, the pore water quality changes from tip groundwater to the groundwater in
the grey displacement front. This envelope can be described as a filter process in a
current tube. Another displacement front (purple) forms during the transition from oxic
leachate to anoxic state, SCHOPKE, PREUB & THURMER (2011).

MR R

H=0 Equilibrium with inflow Initial equilibrium

Transitional front

Fig. 8.32: Diagram of the displacement of a water body in a filter tube by an inlet water of a
different quality with the formation of a transition front, as well as the changes in the
quality of the output as a function of the water column H flowing through it.

8.3.2 Migration in phase equilibrium (retardation)

8.3.2.1 Accounting and retardation

The material balance is considered in a filter without remixing and without irreversible
reactions, FigFig. 3.11. The one about Eq.(3.1-17) is reduced to a rectangular function
for balancing. The leap in concentration supplied at the input migrates unchanged
through the flow section, balanced by the water column H Eq.(2.2-4) flowing through it
with the initial conditions:

t=0 => H=0,c=¢
And for the flow section L in equilibrium with the stationary stock of matter qo:
t=0 => c¢=co(qo)

With the volume V at a constant filtration velocity vy, the amount of substance n.. is fed
into the system, Eq.(8.3-1),

n,(O=c -H(t)-Ap=c,-v,-t=c,-V, (8.3-1)
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and led away by the drain na, Eq.(8.3-2).
nab(t):_co H(t)AF =Co Vprt=¢y-V, (8.3-2)

Without taking into account the amount of substance stored at the station (q = 0), the
material balance is calculated from the difference between the inlet and outflow,
Eq.(8.3-3).

An =(c, —c,)-H(t)-A, (8.3-3)

The storage capacity of the reactor, taking into account the stationary stored quantity of
substance q, is composed of the

» Solution volume calculated from reactor length L, cross-sectional area Ar and
porosity np

and the
» volume-related capacities of the stationary phase qv(co) and qv(c1),
which expands the material balance, Eq.(8.3-4).
An=(c, —¢,)-L-ny-Ap+(ay(c,)—ay(c,))-L-Ap (8.3-4)

Integrated via the concentration jump, when the storage capacity is exhausted according
to the flow path L, the delayed breakthrough (Durchbruch) co => c; occurs as a
concentration jump, with the distance velocity va for the concentration breakthrough,
Eq.(8.3-5) and Eq.(8.3-6).

H(Durchbruch )=L-n, + (qv(cl ) qv)(co )j L=v,-t (8.3-5)
€1 —C
H(Durchbruch) _v, -(np N [qv(co)— qV(cl)J] _v, (8.3-6)
t (Co - Cl)

The quotient between the distance velocity of the mobile phase and the distance velocity
of the breakthrough front is generally defined as the retardation R¢" . The amount of
substance stored in the solution fraction np of the reactor volume is not taken into
account.

Since the porosities np of flow sections are rarely known with certainty, the retardation
RE is related to the reactor empty volume. From the observedjumps in concentration, the
capacity variables can be determined, Eq.(8.3-7).

R

This Rr value, determined from residence time evaluations for individual current tubes,
is composed of the porosity and storage capacity of the stationary phase, Eq.(8.3-8).

R, =Yt 4 qv(e))—auv(c,)) _ H(Durchbruch)
Va (c,—c,) L

(8.3-7)

(8.3-8)



206
Ralph Schopke

_Vr _ n, + aqy _ H(Durchbruch)

RF
AN oc L

(8.3-9)

Occasionally (e.g. in Kop 1997) retardation Rr" is defined for a known porosity np and
bulk density ps. (SHENG & SMITH 1999)

R, =1+23K, (8.3-10)
nP

Mass-related capacitance functions Agm are calculated with the phase ratio z Eq.(2.2-10)

Eq.(8.3-11).

Aq,, :(qm(cl)—qm(co)jzRF_nP (8.3-11)

z-Ac Z~(cl—c0)

Eq.(8.3-12) links the mass reference qm with the reactor volume reference qv and the
pore solution reference qpurEEQC.
Aq

Aqm :p_V:Z.AthreeqC (83-12)
S

Substances that do not interact with the stationary phase (non-reactive tracers) are used
to determine the residence time from which the porosity np of the flow section can be
determined.

8.3.2.2 Migration of loading fronts in adsorption filters

In an adsorption filter, the loaded and unloaded areas of the stationary phase are in
equilibrium with the inlet solution, or with the treated solution, separate from the
displacement front (breakthrough). Under equilibrium conditions, the adsorption
problem is reduced to the migration of the reaction front, FigFig. 8.33 with the material
balance Eq.(8.3-7).

3
I I
i -_

4 ! 'Isotherme
1 I
1 1
| I
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I |
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I [}
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I 1
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o A7 L
I I
I I
I I
c1 e co

Fig. 8.33: In the advancing loaded zone, the inlet concentration co is in equilibrium with the

loaded adsorber qi, while the effluent concentration c; is in equilibrium with the
unloaded adsorber qo. Both states lie on the adsorption isotherm q(c) (blue). The change
in the material balance due to displacement is represented by the red arrow, the increase
of which is indicated by Eq.(8.3-7) or Eq.(8.3-11) The course of the breakthrough front
is determined by the differentiated isotherm dq/dc, Eq.(8.3-9).
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Within the displacement front, the concentration runs along the adsorption isotherm.
The material balance between the displacement front follows from the difference
between the two states, the integral of the differentiated isotherms, Eq.(8.3-13).

av(co)=ayle)+(Rp—n;p)-(co —¢,) (8.3-13)

Until the reaction front arrives at the end of the flow section L, the water column H
(breakthrough, Durchbruch) flows through the filter, Eq.(8.3-14),

H(Durchbruch)=R, -L=v, -t, (8.3-14)

which corresponds to the corresponding transit time tp. at steady state flow vr, Eq.(8.3-
15).

(= (8.3-15)

For example, for ion exchange resins, the usable volume capacity NVK is defined as the
amount of ions exchanged that is absorbed to the selected breakthrough point after
normal regeneration. The actual volume capacitance qv under ideal conditions (reaction
front as a rectangular transition) is greater than the NVK, Eq.(8.3-16).

qy =(c, —c, )% =R, -Ac> NVK(CO,C1 ,L,Vfw_) (8.3-16)

The transit time estimation is therefore based on the retardation Rr. In the technical use
of adsorption, the filter bed used is intended to be replaced many times. Therefore, np is
small compared to Rr and thus usually negligible.

8.3.2.3 Retardation for Linear Isotherms (Kq)

From Eq.(8.3-9) Rr definitions are derived for different isotherms. The linear sorption
isotherm Eq.(6.5-16) applies only to low loads q with the distributioncoefficient Kg,
Eq.(8.3-17).

K, zﬁzconst (8.3-17)
c
From the isothermal equation Eq.(8.3-18)

av(c)=ps-K,-c (8.3-18)
follows in conjunction with Eq.(8.3-7) the substance intake Eq.(8.3-19),

Aqy ps-Ky-cp—ps-K,-c
= = . K = R — -
Ac ( (co —cl) Ps B ¢t (8.3-19)

and vice versa for the retardation Eq.(8.3-20).

A
qCV —n, +ps K, (8.3-20)

R.=n,+

A maximum volume capacity qv,max (Saturation) cannot be specified.
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8.3.2.4 Retardation for the Langmuir-isotherm
Starting from Eq.(6.5-18) all constantly competing influences (constant milieu) are
summarized in K;. Without competitive adsorption, K; = 1, Eq.(8.3-21),

f . -& 8321
qV pS qmax KI+K'C ( 07 )

and differentiated Eq.(8.3-22),

oqy K
2V —hH. . Ke———20 _
80 pS qmax (KI +K-C)2 (83 22)
from which Rr follows, Eq.(8.3-23).
K K/
RF:nP+pS-qmaX-K-—I=np+Ps'qmax'—K (8.3-23)

2 2
(K, +K-c) (K%(H:)
For ¢ << KvK, Eq.(8.3-21) into the linear form of Eq.(8.3-20)

At very high concentrations, the breakthrough front approaches the water front (Rr=1).
The volume capacity qv depends on the concentration at the inlet, Eq.(8.3-24).

Gy =Py Ay -

ol R P — 3-24
v (K, +K-c) (8.3-24)
8.3.2.5 Retardation for the Freundlich isotherm
With the parameters Kr and n, Eq.(8.3-25) to Eq.(8.3-28) from.
q=K;-c" or differentiated (8.3-25)
oq=K,-n-c""-dc (8.3-26)
From this follows the derivation for the friendly isotherm Eq.(8.3-27).

R, =1+ K, n-c™ (8.3-27)

p

The maximum volume capacity qv also depends on the concentration at the inlet.

gy~ K e (8.3-28)
lllP

8.3.3 Comparison of complex reaction fronts over the phase ratio z

8.3.3.1 Description Approach

The distribution system in a filter section or in a batch approach can be described by the
vectors of the loads with the elements qx and the concentrations with the elements cx
with X e dissolved components, Eq.(8.3-29).
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= (cA,cB,...,cX)T mit Xe{Komponenten}

= (qAﬂqB EAAAS] qX )T Z-B. X (S {A’ B’ Na+’._.’ Z} (8.3'29)

Ql ol

Adsorption equilibria are formed between the solution components and the stationary
material, Eq.(8.3-30).

Ads + v, X <> AdsX (8.3-30)

vx indicates the adsorption stoichiometry of each component X. The generalization is
made for equilibrium-related processes by:

> Concentration of a conservative tracer in the inlet as a reaction coordinate.
» Water-solid ratio (phase ratio z) for all (L, t) or (L, BV) as reaction coordinate.

The breakthrough curve is a particulate solution to the reversible transport problem. The
scale transfer can be carried out independently of time and flow (t, H) via the phase
ratio z [L/kg] of the filter.

For a mixed cell flow section of nce, the corresponding phaseratio z(ncell) is calculated
from the phase ratio of a cell zcen[L/kg] and the transport steps nshit, Eq.(8.3-31) The
phase ratio Zcen(neen) is defined in filter mode for the water column H flowing through
Eq.(2.2-15).

0 i

Z(ncell):_.zcell (83‘31)
cell
The equilibrium between stationary and mobile phase determines the source/sink term.

The breakthrough curve for the ideal piston flow consists of a sequence of state jumps,
each of which occurs at z = zp;, Eq.(8.3-32) and Fig. 8.34.

¢ (z)=¢ fir z,<z<zy, [i=0..n (8.3-32)
& r 3
CX____________ZLCE z3cy X Znpcl  z)el
Influx X=S80, | r j X=U0,
1 | Tran-
S
za _Js g front \z;.c) 73.00
" - - -
20.]_JFront . L e Tl .
cp ' L} | >
0 2 4 6 z[lLkg o 2 4 6 z[Likg
Fig. 8.34: Displacement of low-mineralized pore water by highly mineralized inlet water (acid

mine drainage, amd) in a filter section with adsorbed uranylion. Between the original
pore water (zo,co) and the state in equilibrium with the inlet (amd z3,c»), a transitional or
displacement front c; forms between z; and z,. All states are in chemical equilibrium, so
that the displacement appears as a square curve under the assumption of piston flow.

The results in the example Fig. 8.34, which is composed of three loading states, can be
expressed as a polygon (rectangular curve) with the vertices (zo,co0); (z1,c0); (z1,€1);
(z2,c2); (z3,c2) (with c¢i as concentration vectors). The loading of the individual
equilibrium phases is composed of the difference between the inlet and outlet, Eq.(8.3-
33) and Eq.(8.3-34).
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cquulauf = _C’Zulauf "z (8.3'33)
n-1
Gt = 2,6+ (20 = Zpiay) (8.3-34)
i=0

This results in the total load for the states i, under constant inflow composition. Eq.(8.3-
35).

(j(i): E1(Zo)‘|'62ulauf "Zp; +Z‘,EH '(ZDi—l _ZDi) (8.3-35)

i=1

The specific mobilization is calculated from the area of the transition front minus the
direct concentration transition. This corresponds to the area of the polygon above the z-
axis. The loading in the example Fig. 8.34 is calculated up to i=3, Eq.(8.3-36).

El(?’): 61(0)+62ulauf “Z3 + €, '(O_Zl )+61 '(Zz —Z )"‘62 '(Zs _Zz) (83—36)

Between the states, the loads change linearly with regard to the phase ratio, e.g. The
sum of all loads is constant, Eq.(8.3-37).

q(ads, max )= va -y =const (8.3-37)

XeKomponenten

If you combine for the jump 1 Eq.(8.3-8) with Eq.(2.2-15) the link between retardation
and phase ratio is obtained, Eq.(8.3-38),

SR T RUSUE (s vy o (8339

and for calculating the filter breakthrough after the flow section LF Eq.(8.3-39)

Hy=v;-t, = RF(i)' Ly = (np +Ps (M)J Ly =pg-zp - Ly (8.3-39)

(Ci—] - ci)

The quotient of load and concentration change is likely to be flawed in practical
applications due to incomplete measurements and the idealization of the breakthrough
curve.

8.3.3.2 Application example

During the flushing of power plant ash into a Pleistocene aquifer, neutral calcium
sulphate-containing infiltrate displaced weakly acidic groundwater in a Pleistocene
aquifer (KOCH & SCHOPKE" 1996 und SCHOPKE 2024). In the process, calcium displaced
adsorbed cations at the solid matrix and formed a displacement front with a strongly
increased iron concentration between the two water bodies, Fig. 8.35.
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Fig. 8.35: Characteristics in the environment of ash water infiltration into a Pleistocene aquifer.
Left: Iron and calcium concentration in the study area (alle) at selected measuring points
(P03,B10,B06, S04). The displacement front of the groundwater (highlighted in yellow)
by the infiltrate (Aschewasserinfiltrat, highlighted in grey) is characterised by increased
iron concentrations. Right: Temporal courses of the iron concentration (days from
20.04.1991). The measuring point S04 has been flowed through several times with
changing temperatures and thus shows an unusual course. The relationship determined
by modelling can only be seen statistically in the courses of the marked measuring
points (purple arrow, left).
HCO,
1 (I)]‘]l’l‘](\-l':
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Fig. 8.36: Modelled displacement of groundwater in equilibrium with the Pleistocene solid matrix

by neutral ash water as a function of the phase ratio z and the rectangular functions
resulting for D —0. The breakthrough front of iron (green), which is also analogous to
magnesium and manganese, is prominent.

The displacement process could not be fully observed at any measuring point. Rather,
the analyses only showed momentary situations which, taken together, suggested a

statistical

distribution of concentrations in the displacement front.

The causal relationship only became apparent during modelling (SCHOPKE & PREUB
2013 und SCHOPKE® 2014). Sulfat is only slightly adsorbed and appears as a non-
reactive tracer. The calcium breakthrough, on the other hand, is delayed. During the
increase in calcium concentration, the concentrations of other cations, especially ferrous
iron, temporarily increase.
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In the representation of modelled iron and calcium concentrations, individual measuring
points of the transition front can be classified.

8.34 Dual-porosity model

8.3.4.1 Numerical Simulation in PHREEQCx

PHREEQC offers an exchange of the mobile solution with dead spaces as double
porosity, Fig. 8.37. The coupled dead spaces represent only diffusively accessible
particle interiors (grain porosity) in which phase equilibria and/or irreversible reactions
can be defined. With the discretization of the material flows via exchange steps between
cell and dead volumes, modeling via PHREEQC is limited to individual cases in which
the connection with the physical constants must first be established via adjustment
calculations.

mixed cells with mobile phase and advective transport

immobile dead spaces

Solid Phases,
Surfaces
Fig. 8.37: Mixed-cell model with diffusively coupled dead spaces, surfaces and phases in
PHREEQCx.
8.3.4.2 Transient diffusion profiles in dead spaces orthogonal to pore flow

In the transient observation of reactions in flow-through sandstone grains and fractures
by means of dual porosity, the question of the interaction between the flowing pore
solution (bulk) and the solution bound in the grain porosity arose (SCHOPKE & KOCH"
2008). This problem is reduced to a flow-through cylindrical pore with a diameter dp.
Perpendicular to the direction of flow are diffusively coupled dead spaces with depth
Ax, whose concentration profiles describe the flow path and time-dependent penetration
depth of substances of the mobile pore solution into the porous stationary solid phase,
Fig. 8.38.

The diffusively coupled dead space has its own porosity npm. If granular media are thus
converted into a current tube (chapter 3.4.1), this diffusion layer should not exceed its
grain radius (plausibility check). It is better to reduce the penetration depth to a fraction
of the grain diameter, e.g. Ax < 0,1-dw. There is an analytical solution for this problem,
which has to be adapted to the respective boundary conditions, FigFig. 8.39.
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Fig. 8.38: Current tube with diffusively coupled finr pore system (dead space).

The concentration profile when diffusing into the dead space pore describes Fick's 2nd
law, Eq.(8.3-40).

c(x)=2-c [ 1—erf X u(x)=L (8.3-40)
’ J2-D-t V2-D-t ‘
x is substituted by the function u(x), Eq.(8.3-41),

2 0%

erf(u)=—=-|e™" du 8.3-41

(w)=— I (8.3-41)
differentiated and used, Eq.(8.3-42) to Eq.(8.3-46).
%(erf(u)) - % o (8.3-42)
0 2
&u(x)_ 2Dt (8.3-43)
O u)=_3._%X o
S ue)=—3 2D (8.3-44)
2 (erf(u(x))) = e e (8.3-45)
ox 2n-D-t '
0 3-x 3/2 _-u?
= (erf =—__- - . . -
o (erf (u)) o e (8.3-46)

The derivatives to x are converted into Eq.(8.3-40) is substituted by functions of u,
Eq.(8.3-47) to Eq.(8.3-49).

1.Derivation of

0 4
a—X(C(X))——Co 'm'e (8.3-47)

2.Derivative to x:
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;;—Zc(x): —c, -—% (= 2u)-ﬁ-e”2 (8.3-48)
;;—220()(): Co - \/;b(_n -(D . t)ﬁy2 e (8.3-49)
1.Derivation according to t:
%C(t): e .%ﬁ/z e (8.3-50)

This is followed by the insertion into diffusion equation, Eq.(8.3-50) Eq.(8.3-51).

0 o°

ac(x,t)—Dat2 c(x,t) (8.3-51)
6 __ 2 8.3-52

N2-m N2-m (8.3-52)

After solving the boundary value problems:
x=0 => c=¢,,
x->00 => c=¢,

the function for the time-dependent concentration profile is obtained, Eq.(8.3-53).

X
clx,t)=c,+2-(c, —c, )-erf 8.3-53
(r)=co+2:e e e 7 8353
From this, the diffusion velocity Eq.(8.3-54) or Eq.(8.3-55),
2

. 0 2D X

=D-—Iclx,t))=(c, —¢, ) ——="exp| -| — 8.3-54
-2 - 22 2 | 350

2
j:(c —C ) 2'—D-exp - X (8.3-55)
P et J2-D-t ’

and converted for the calculation with EXCEL, Eq.(8.3-56).

j=(c, —¢,)-2-D-NORM.VERT(x;0;5;0) (8.3-56)

For the pore opening to the mobile phase x=0, Eq.(8.3-57).

i(x=0)=(c, _Co)'\/% (8.3-57)

With Eq.(8.3-57) the temporal decrease of diffusion from a layer under constant
conditions can be described.
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Diffusive replenishment from the solution of a porous particle.

The depth of penetration is defined as x(by a less flow)

i(x.)

= 8.3-58
j(x=0) ( )
so that
€ c) 2D Xp[_(xaﬂ
1 0
2 t v2-D-t
o n (8.3-59)
2-D
(cl Y )
-t
and
2
o = exp o (8.3-60)
J2-D-t, '

and vice versa, the penetration depth is calculated for given a and ta.

X, =+4—2-D-t -Ina (8.3-61)
The penetration velocity decreases with the square root of time, Eq.(8.3-62).

—2-D-lna
N (8.3-62)
Fig. 8.39 illustrates an application.
— 1min =0,0417
0 1 23 4 5 6 7 8§ 9 mm

Fig. 8.39: Indentation profiles for D = 6.5:10'°m?%/s and different diffusion times [h].

8.3.4.3 Filtration parameters FP for stationary conditions in heterogeneous flow

sections

Stationary concentration profiles based on surface reactions can be described by the
filtration parameter FP, Eq.(3.3-23). A flow section is considered that is composed of
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differently permeable current tubes with the same potential gradient (h¢/L). Each of
these current tubes forms its own concentration profile depending on FP. From the
volume of a current tube Eq.(4.1-10) and their surface Eq.(4.1-9) the respective
filtration parameter FP, Eq.(8.3-63).

1 L-nd 4

T
FP=—. P.L= -L
Va L. g2 v, -d, (8.3-63)
4
And about Eq.(3.5-15) a relationship to hy, Eq.(8.3-64),
8 v-ff L’
Fp=72.2. Y.~ (8.3-64)
3 g hid;
and switched to the flow path Eq.(8.3-65),
L= sz ‘h, -df,
(72'8.\/- Lj (8.3-65)
3 ¢
or as a working equation for 10°C (SCHOPKE 2008), Eq.(8.3-66).
FP h, d; 1
L=_/0,141- TP m? 3.
\/ h/m m mm’® f} o (8.3-66)

For the same flow path L, the filtration parameter depends on the cylinder pore diameter
assigned to the respective current tube, Eq.(8.3-67).

FP=192.—/—L.— _. (8.3-67)

This means that the flow path for the same surface reaction progress increases with the
power 1.5 of the pore diameter.

3

L(FP)= const -d2 (8.3-68)

For the evaluation, the cross-section distributions as a function of the porediameter must
be taken into account. With Eq.(8.3-67) and Eq.(8.3-68) the results of defined
experimental filters can be transferred to flow sections of heterogeneous current tubes,
SCHOPKE (2008).
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9 Parameter determination
9.1 Mathematical methods of data evaluation
9.1.1 Bilanzierung iiber integrale Qutputfunktionen

In the cumulative (integral) output function, e.g. the amount of substance n(H),
statistical fluctuations, such as measurement errors, are smoothed out, Eq.(2.2-12).
Concentration peaks appear integrally as a jump smeared by the dispersion D and
constant concentration curves as straight line sections depending on the water column
H, Eq.(2.2-4) The respective slope corresponds to their concentration, Fig. 9.11.

o, [mol] 4 o [mol] &

ni(LJ nach einmaligem

Stoffibergang in die n(L) mit Reaktign -~

Lasung

An w Stoffmengs

-
>
H [m] H [m]

n_[mol] 'y

v

H[m)

Fig. 9.11: Cumulative amount of substance ni as a function of the water column H flowing
through it during the mobilization of substances (top) and when a conservative tracer
breaks through (bottom).

Mass storage becomes visible when the input concentration changes, because the
change appears in the output system with a delay. The storage takes place

» in the pore solution as porosity np and
» reactive, e.g. by (reversible) sorption, solution or precipitation,
and can be determined via curve discussion, Eq.(8.3-5).

Reactions usually lead to a constant change in the output nature. Individual components
can provide indications of stoichiometric ratios.

9.1.2 Frequency evaluations

9.1.2.1 Method

To determine a frequency distribution, the measured values are divided into classes of a
selected criterion. The root of the sample size provides an initial orientation for the
optimal number of classes. However, it is recommended to check different class
classifications. As the number of classes increases, the distinction between frequencies
increases, but with increasing statistical noise.
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The absolute frequencies of the measured values belonging to these classes are
cumulated in ascending order and the sum frequency function is constructed from this
(chapter 2.3.5.2). The first derivative according to the criterion represents the frequency
density p(x) Eq.(2.3-31) which is normalized to the maximum distribution pnom(X),
Eq.(9.1-1) The normalized density has a dimension of 1, in contrast to the often
cumbersome dimension resulting from data evaluation.

p(x)
max(p)

Only after superimposing the density functions of different class divisions do the
essential properties of the investigated parameter collective become clearer, frequency
density distributions composed of individual normal distributions can be mathematically
separated into them, chapter 9.1.2.2.

P orm (X) = 9.1-1)

—

ftpnom(SOJ,) 786 Messwerte in 15, 30, 60, 90 Klassen

--------- Dichte funktionen
— Summenfunktionen

. =——Tberlagerung von F1 bis F4

>

0 5 10 15 SOy [mmol/L]

Fl F2 F3 F4 R? | KRT | Schritt
3,30+1,95 | 7,20+0,61 | 9,30+£0,61 | 11,9+1,46 | 0,917 |7,7%| 0,1

Fig. 9.12: Superposition of density functions of all sulphate concentrations of a groundwater body
(SCHOPKE et al. 2020), which were determined with different class classifications (red
areas). While all sum frequency curves run almost on top of each other, the density
functions show at least four groupings. The density function of 60 classes has been
adapted to four overlapping Gaussian functions (gray areas F1 to F4).

9.122 Statistical identification of phase equilibria

If the largely variable nature of a water body is limited by a phase equilibrium, the
frequency distribution of the saturation indices breaks off above the saturation (breaking
edge) or a frequency maximum around the saturation equilibrium is observed.
Unaccounted for and unknown influences often shift the observed saturation compared
to the thermodynamically justified value by ASI, Fig. 9.13. The variation around the
saturation is at least equal to the value derived from the analysis errors +Ganalysenfehler
(analysis error) in the form of a Gaussian distribution, chapter 2.3.3.3 The values around
SI = 0 + ASI are in the saturation equilibrium. Their dispersion should be greater than
the estimated analysis error, Fig. 9.13. In the undersaturated, distributions transformed
from the nature statistics often appear that have no further meaning.
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Fig. 9.13: Frequency distributions of gypsum saturations Slgypsum for acidic dump eluates (top) and
a mining-influenced groundwater body with adapted Gaussian distributions ASI, Gsaturated
of the saturation maximum, the analytical error Ganalysentehler and barred non-relevant
distributions (SCHOPKE et al. 2020). The determined distributions can be represented
from the sum of the elementary Gaussian distributions highlighted in gray or green.

9.1.3 Algorithm for Fitting to Sums of Nonlinear Models

Measured and simulated quantities y, which are composed of the sum of many
individual effects, can often be described by a linear system of equations whose
elements are linked to nonlinear process or state variables. Significant correlations can
then be recorded via a linear multiple regression with a regression coefficient that tends
towards one if possible, Eq.(9.1-2).

y=A-f(x,)+B-f(x,)+ C-f(x;)+.[R* > 1 (9.1-2)

For individual problems, the respective coefficients are usually marked with the capital
letters A, B, ... may refer to:.

SCHOPKE (2007) proposed a two-step fitting algorithm with indexed fi(X,Xm,i, const;)
approach functions with the corresponding constant sets Xm,j, consti, Eq.(9.1-3) A
starting mixture is described by the concentrations of its n (pseudo-) components,

summarized in the column vector ¢ ,. The measured value y of the sum parameter is

composed of the sum of the components co; (measured with this sum parameter). For
arbitrary mixtures, their contributions to the total measured value are described by the
approach functions fi, Eq.(9.1-3).

y(X):iCO,i 'fi(XaXmaconSti) (9.1-3)
P

For the source mix selected as a reference, all functions fi() have a value of one. If one
considers the changes in defined reactions in the mixture, e.g. by adsorption as a
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function of the adsorbent dose x, the approach functions can be calculated using a
mostly nonlinear process model.

In order to adapt the model via the regression approach, there must then be more data
sets (m) than approach functions. The system of equations overdetermined from m > n
equations is solved by minimizing the squares of error, i.e. a linear multiple regression.

—

The measured values yj are summarized in the column vector consisting of m rows y
The regression approach is described by the vector product Eq.(9.1-4).

y=Gxe (9.1-4)

The approach functions f(x;) calculated from the model form the coefficient matrix G,
Eq.(9.1-5).

Spaltenvek tor der Pseudokomponenten c = (c1 o )T
Spaltenvek tor der Messwerte ;1 = (y1 seeYis o Y )T

| (9.1-5)
Matrix der Ansatzfunk tionen G = f;

|

The column vector of the initial concentrations ¢, is the result of the regression-
analysis, Eq.(9.1-4) The regression coefficient R? indicates the degree of agreement of
the given model with the experimental data. The calculated initial concentrations ci o are
assigned their standard deviations oo; from the inverted regression matrix. The
calculated relative errors of the pseudocomponent concentrationsare much more
sensitive to the accuracy of the fitting. From this, the adjustment criterion KRT is
derived, which corresponds to the mean value of the relative errors, Eq.(9.1-6).

KRT = (lZEJ — min (9.1-6)

n4yc,

In the following nonlinear adjustment steps, all constant sets are varied to the best
match with the given function y(x), where the regression coefficients co; indicate the
respective share of the function fi(x, consti) in the value y(x) for the entire range of
values. The optimization of the constant sets for R — 1 often results in implausible
progressions of the selected approach functions, e.g. alternating positive and negative
c0,1. Therefore, the non-linear adjustment steps are carried out manually under graphical
control and minimization of the adjustment criterion KRT. Changing the value pairs
(xm, const) in discrete steps has proven to be effective. The step size step is adapted to
the respective concentration curves.
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For this adaptation, an EXCEL spreadsheet was developed for a maximum of 10
different approach functions and a maximum of 10000 records y(x, const). Optionally,

an absolute term can also be admitted.

Sometimes there is an implausible result (e.g. with negative concentrations) at a local
minimum. Therefore, automating the nonlinear adjustment stage is not advisable. The
graphical comparison between the measurement data and the modeled data is used to
check the plausibility of the adjustment results during the optimization process. This
procedure can be applied to a whole range of problems, Tab. 9.11.

Tab. 9.11: Approach functions for determining pseudo-components and process parameters and

references to their applications. The boolean variable wf determines whether the

Gaussian distribution (wf = false) or its integral (wf = true) is output.
Anwendung y X | const | Ansatzfunktionen fi(x) chapter.
Haufigkeitsverteilungen voi |x |o NORM.VERT(X; X (G x.Excel l falsch) 912
Haufigkeitssumme v |x |o. NORM.VERT(X; X (G X Excel i Wahl')
Frontendurchbruch voi |t o NORM.VERT (t; to; (G Exoel * Jt ), Wahr) 9.7
Sauerstoffzehrung BSB: [t |2 (e_k‘t —1) 9.4.2
Titration s |pH|Ks |1 /(1 +10%s ”’H)) 9.5.1

2 2
Elementarspektren exp| —diff? - (% - IJ 9.6.2
Emax,i }\4 7\«
|
Sigmoid %e [MJ 1]
s Yo.i Xm K B Ki "

Sinusperiode Vi Xm sin(2r-(x —x,, ))+1 9.5.3
Exponentiell Vi t, x| A e M
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9.2 Experimental recording of screening parameters
9.2.1 Selection of hydraulic data

Aus zuverldssigen Wertepaaren (hg/vr, H) von Siebprozessen lassen sich iiber grafische
oder numerische Auswertungsverfahren die den Siebprozess beschreibenden GroBen
(H, h¢/ve) ermitteln, chapter 5.3. Vorher miissen diese Daten mit moglichst geringem
Aufwand und hoher Représentanz ermittelt werden.

Haufig ist eine kombinierte Vorgehensweise von Vorteil:
» Auswertung von Daten vorhandener Anlagen.

» Haufige Durchfiithrung von Vor-Ort-Tests iiber eine ldngere Zeitspanne und statis-
tische Bearbeitung des gewonnenen Datenmaterials (KOCH et al. 2002).

» Durchfithrung von kleintechnischen Versuchen oder Betrieb von Pilotanlagen mit
einer reprasentativen Rohwasserqualitét.

Durch die langerfristig angelegten Tests ist eine statistische Bewertung der aufwendigen
Versuche mdglich, bei denen nicht alle moglichen Rohwasserzustéinde erfasst wurden,
chapter 5.3.4.

9.2.2 Filter test

9.2.2.1 Experimental set-up

This test was further developed from the filter test according to THIELKE (1972), which
assumes an exponential increase in filter resistance. This rapid test is used to determine
the colmation point HK of the current water condition for specified mesh sizes or grain
sizes. The test is frequent and can be carried out with little effort compared to small-
scale experiments. The colmation coefficient y can only be determined with little
certainty.

The apparatus consists of a calibrated clear 1 inch tube with a test sieve or a test filter
before the drain and accessories, Fig. 9.21. This allows the filter resistance-flow rate
behavior to be determined in a wide range of permeability.
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Fig. 9.21: Experimental set-up of the sieve/filter test, KOCH et al. (2002).

9.2.2.2 Experimental Procedure

In the test filter, narrowly classified filter sands, glass beads or even original filter
materials are filled without air bubbles. It must be taken into account that even in the
case of narrowly classified test sands, there is a risk of classification during filling.
Fine-grained layers can be removed by careful stirring or suction. An equivalent mesh
size of ds = dw/5 1s assumed for the filter materials. The measuring range of screens can
be adjusted by using suitable cross-sectional surfaces (mask).

» Before the measurements, the water level hmax is determined with clear water when
the overflow is open and then the drain is closed.

» The apparatus is filled up to the 0 mark with well-mixed sample water.

» After the drain has been released, the lowering of the water level is measured, also
possible with computer support.

Tab. 9.21: Example of a Measurement Protocol of the Sieve/Filter Test.

H t Note
m s

0,050 2 Timekeeping at the marks

0,100 11

0,150 21

0,200 34

0,232 60 H-measurement at specific times

0,241 90

0,262 210

The measurement is adapted to the respective situation.

If the colmation point is not reached, a defined amount of sample water should be
refilled. The added volume is logged and charged as an additional water column during
the evaluation.
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» Extension of the measuring range

The he/vs behavior is determined in the described way only when the flow is open. In the
case of coarse sieves and filter materials, the initial values are disturbed by turbulent
conditions and it is advisable to discard these measurements.

Sample water is refilled until a measurable colmation effect occurs.

In the case of fast throughput, the drain can be used throttled with the firmly attached
hopper as a storage container. Under no circumstances should the screened material be
stirred up.

The quantities of water added must be accurately balanced. For very long tests with a
throughput of a few 10 litres, it is advisable to collect the run-off water in a calibrated
bucket. In between, the hf/vf behavior is determined several times. As the throughput
decreases, the measurement accuracy must be gradually increased.

9.2.3 Experimental set-ups for small-scale tests

Investigations with variable filtration velocity can also be carried out on small-scale
filter systems. The test arrangements described above are also suitable for investigating
quality and other processengineering problems. The filter hydraulics are only one aspect
of the test execution.

For investigations on the infiltration of road surface water, e.g. by KOCH et al. (2002),
liners were used for the extraction of drill cores from soft rock aquifers and converted
into experimental filters. At the outlet there is a so-called liner end cap with a sieve
plate that prevents the discharge of material.

Tab. 9.22: Dimensions of Test Filters from Drill Core Liners (KOCH et al. 2002).
Inner diameter 1,05 |dm
Cross-sectional area 0,87 |dm?
Length 10,00|dm
Recommended layer length of the material | 8,00 |dm
Bed volume 6,93 |dm’

It follows from this:
1 m water column are 8,66 L Water or
1 L Water are 115mm  Water column

The effluent level must be above the top edge of the fill in order to prevent the
apparatus from running dry.
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Fig. 9.22: Test Arrangements for Filter Tests with Low Concentration of Sievable Substances.

The tests can be operated as an open filter or as a pressure filter.

» In the case of a variable overflow (open arrangement) and discontinuous addition,
the filter velocity and colmation resistance are determined directly from the
overflow height-time behavior. Turbulence at the colmation layer can have a
disadvantageous effect.

» In the case of a closed arrangement, flow and pressure loss must be measured
separately. On the other hand, larger flows are achieved at higher congestion.

Both driving styles can also be combined with each other. In the case of infiltration
basins with impoundment heights of more than 0.5 m, the pool water levels and the
amount of water applied can also be evaluated.

924 Evaluation

9.2.4.1 Evaluation of the filter test at constant filter resistance

The filter test developed by LOFFLER (1969) for the preparation of groundwater
recharge systems measures the decrease in filtration velocity under constant filter
resistance. Temperature fluctuations during the runtime must be taken into account via
the viscosity. From Eq.(5.3-2) follows for the parameter Hk, Eq.(9.2-1).

Vi = Vg, - €Xp — Yo (9.2-1)
HK

This relationship given by LOFFLER (1969) follows from the equation of determination

of the invasion phase after the separation of the sieve zone length Lsg from the total

filter length L, Eq.(9.2-2):
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Vi .(l_H] ke ok (1_HJ
f
HK HK

The Lsp calculated by the hydraulics are usually larger than the penetration depths
determined visually or from the filter pressure diagrams and can be simplified, Eq.(9.2-
3) to Eq.(9.2-5).

&:A+

B
v, 1_% (9.2-3)
K
with
L-Lg
k;

A= (9.2-4)

and
L

B~ —£ .
. (9.2-5)

and H < 0.8-Hk

9242 Evaluation of the colmation at variable water level
Between the screen resistance and the water level in the measuring tube Hr, Eq.(9.2-6),

hg =h,, —H, (9.2-6)
or Eq.(9.2-7),

oH,
Voo ot~ O —H,) (9:2-7)

h, h,-H, &t
and simplifies Eq.(9.2-8).
E ~ _Aln(hmax _HR)
h, At

(9.2-8)

The h¢/vr are formed from the sinking of the water column in the apparatus Fig. 9.21 and
assigned the corresponding H from the balancing of the water column flowing through
it, Eq.(9.2-8).
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9243 Filter test for the determination of the SDI index according to D 4189-95
(2002)

The SDI = Sludge Density Index was developed for particulate material in water with

turbidity Tr < 1.0 NTU (test D 1129). The indices determined by this method are not

compatible with the theoretical description presented here.

— TOGGLE or BALL VALVE

—~— PRESSURE REGULATOR

Fig. 9.23: Apparatus for measuring the SDI index.

9.3 Determination of the gas-phase equilibrium during aeration
and subsequent investigation of homogeneous ferrous-iron
oxidation kinetics

9.3.1 Test principle

The gas-phase equilibrium is set with a defined gas volume after sampling. Pressure and
temperature correspond to the sampling ratios. By varying the phase ratio z, conditions
between pressure ventilation (low air/water ratio) and an intensive stripping process
(high air surplus) can be simulated. The parameters typical of equilibrium (pH, CO2, O2
and other volatile constituents) must be determined before and after equilibrium
adjustment. The determined phase equilibria are compared with model calculations. The
ferrous-iron oxidation kinetics can then be followed for several hours, ZAHN (2020).

9.3.2 Experimental apparatus and adjustment of the gas-phase equilibrium

Two laboratory glass bottles are connected to a T-piece via a screw thread. Two taps are
attached to these connectors, from each of which a hose reaches into the bottles for
sampling. The calibrated water bottles are filled with the sample water up to overflow
and connected to the air bottle (volume known) via the T-piece. The empty cylinders
must be blown out with (compressed) air or, if necessary, with a defined gas mixture
before the start of the test.
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Fig. 9.31: Test configurations with different water-to-air ratios.

The phase equilibrium is adjusted by turning the apparatus over about 20 times, during
which the water content changes the bottle. The temperature should not change as much
as possible. After the first opening of the apparatus, e.g. for a pH measurement, the
experiment can no longer be continued.

9.3.3 Tracking ferrous iron Oxidation

In roughly staggered time steps, small volumes are taken from the sample tubes for
photometric ferrous iron determination, if necessary, turbidity must be taken into
account. After completion of the experiment, at least pH value, oxygen, RedOx
potential, Ks43 are determined after opening the bottle. In addition, the carbonic acid
buffering can also be checked via the TIC (avoiding outgassing). A representative full
analysis of the sample water should be available for each sample water. With well-
buffered water and low ferrous iron concentrations, stable pH conditions can be
expected. Otherwise, the changes in the chemistry (pH, hydrogen carbonate) must be
interpolated between the initial and final state with the help of geochemical simulation.

9.3.4 Evaluation

By combining bottles of different sizes, different water-air phase ratios z can be set
(Fig. 9.31). The simulated effect can be compared with the technical performance
parameters of the plants. The boundary conditions used only serve as orientation. The
required discharge effect or efficiency E [1, %] is used to determine the required
efficiency of mechanical deacidification, Eq.(9.3-1).

E(z)= COC;CE (9.3-1)
0

In aerated, well-buffered groundwater, the oxidation reaction generally proceeds
according to pseudo-first-order Eq. (9.3-2) if there is sufficient excess oxygen
(>1mg/L).
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02
= Kooy ° (9.3-2)

ot ~ ™Feox CF62+

The observed oxidation rate depends on other factors:

» The reaction product ferric hydroxide, which initially precipitated colloidally,
catalyzes oxidation heterogeneously.

» Inorganic and organic chelating agents (e.g. humic substances) delay the oxidation
reaction.

» In the case of insufficiently buffered water, oxidation can practically come to a
standstill after pH value drop.

The reactions (pseudo) of the first order are described in Eq.(9.3-3).
c,=¢C, -exp(k-t) (9.3-3)

All other influencing variables are contained in the coefficient A, including the
temperature function with the activation energy Ea, Eq.(9.3-4).

1 E 1 1
1 Templ))= —A - )
2{Camo(Temp1) In(10) R ((Temp0+273,15) (Temp1+273,15)j ©3-4

Taking into account pH value, temperature and oxygen concentration, the regression
approach Eq.(9.3-5) .
1

1
log(X)=const + A ,,-pH —B- - C-1 -
0glA)=const + A -p ((298,15) (Temp1+273,15)j+ og(co:) ©-3-3)

The determined reaction rates often deviate from the theoretical specifications.

94 Determination of watertreatment-related substances WWR

9.4.1 Consumption experiments derived from the test filter principle

For the testing of water for biodegradability, GIMBEL et al. (1996) developed an
apparatus- and time-consuming test filter methodology that represents a model
representation of a ground passage. Alternatively, a sample that has been depleted for
the determination of the biochemical oxygen demand (BSB:) is proposed here as
relevant to the waterworks, Fig. 9.41. After a correspondingly long treatment time in the
integrated test filter, the waterworks-relevant substances remain in the circulating water.
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Fig. 9.41: Principle of a circulating filter system as a test filter (left) and long-term consuming
apparatus with an open thermostat (Sapromat).

In principle, all apparatus with which the biodegradable substances can be separated
from a sample water should be suitable for determining substances relevant to the
watertreatment (SCHOPKE 2007). For example, equipment for continuously measuring
the depletion behavior of water samples can also be used for this purpose. In contrast to
the test filters, there is not always an incorporated biomass, so that lag phases and
successive degradation stages can determine the process of consumption. In wastewater
technology, the consumption of the biomass and inorganic substances formed (NHs,
H>S) is prevented by suitable measures or an inoculum is added to accelerate the
depletion. These measures must be critically questioned if the substances relevant to the
waterworks are also to be determined from the depleted samples.

9.4.2 Adaptation of oxygen consumption to a sum of individual reactions

HoBBY & GIMBEL (1988) described the degradation kinetics in the cycle according to a
Ist order time law. SCHOENHEINZ & WORCH (2005) extended this approach to several
overlapping pseudo-components, Eq.(9.4-1) for three components.

c(t)=co e ™ +c,e ™ +cy (9.4-1)

The residual concentration of organic substances co3 corresponds to the watertreatment-
relevant substances WWR. Integrated follows BOD(t) for oxygen depletion Eq.(9.4-2).
BSB(t)=BSB, (e —1)+BSB, (e —1) (9.4-2)

The biochemical processes can also be delayed one after the other. This is taken into
account by the lag times toi. The exponential initial phase is not taken into account,
Eq.(9.4-3) for consuming components.

—Ai-(t—tg;) _
BSB(t)= Y BSB, {t S 1)} (9.4-3)

t<t,, 0

This results in the approach function Eq.(9.4-4).
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—i(t—to;) _
f; (7\‘i > Lois t): {t ~ o (e 1)} (9.4-4)

t<t, 0

TOi and [1i are to be adjusted nonlinearly for each pseudo-component. From the results,
the maximum consumption can be predicted even before the end of the test.

9.4.3 Application

As an example, the process of consumption after the first intensive biology treatment of
a smoldering wastewater is presented, FigFig. 9.42 and Tab. 9.41. The graphical
interpretation of the degradation kinetics from linear sections of the measured r(BSB)
function cannot separate overlapping degradation processes and can therefore be
misinterpreted. The consumption curve occasionally turns into a linear increase. Then it
must be clarified whether bacterial biomass is being exhaled or whether there is a
systematic drift of the apparatus. The oxidation of groundwater with high ferrous iron
concentrations often leads to strong pH reductions. Nutrient deficiencies can also inhibit
degradation. For these cases, the experimental apparatus should be supplemented with a
continuous pH measurement and a dosing device into the closed system.

Tab. 9.41: Parameters of the Adjustment Functions Eq.(9.4-3) for the effluent of a smoldering
wastewater after intensive biology (KOCH" et al. 2007).
Pseudocomponent Bio(1) Bio(2)
i 1 2 3 1 2 3

lag; d 0 3,5 7,3 0 3,2 5,9
A 1/d 0,83] 0,160] 0,046]1,090,1925]0,0063
BSB; |mg/L O 241 1784 1494 | 214| 1203 | 3494

+ 0,01 6 0,01 2 5,7
Customization R2=10,9999 KRT=0,7 % | R>=1,0 KRT=0,3 %

BSB [mg/L] ? [mg/(Ld)]
400

h2=0.16/d Bio(1)

23=0,046/d

2000 ‘ 200
— Bio(1) N A I
1000 = Modell 100 Bio(2) L
A ‘ ‘
0 10 20 30 10 50 t[d] 0 500 1000 1500 2000 2500 3000 BSB[mg/L]
Fig. 9.42: Left: Decomposition of a depletion curve from the course of intensive care biology into

three overlapping pseudocomponents (shades of blue) of different degradability
(measured black, calculated red), KOCH" et al. (2007). Right: Oxygen depletion rates r
[mg/(L-d)] as a function of the BSB [mg/L] for the left sample Bio(1) and the parallel
sample Bio(2) (shades of green). The concentrations of the pseudocomponents given as
BSB are shown as bars. The reaction rates calculated from difference coefficients were
smoothed out.
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9.5 Adaptation of empirical data to sums of nonlinear approach
functions
9.5.1 Titration curves of different buffer systems

The dissociation equilibrium of a weak acid and its description by the law of mass
action can be used to define the approach functions for the respective acid constants
pKsi, Eq.(6.2-1) and Eq.(6.2-2).

1

f; (pKSi ,pH) = W

(9.5-1)
The algorithm is used when dissociation equilibria overlap. This allows e.g. hydrogen
carbonate (pKs; = 6.4) and low-molecular organic acids (pKs2 = 4.5) to be
mathematically separated from each other from titration curves, SCHOPKE (2007).

9.5.2 Adsorption isotherms as the sum of Langmuir expressions

Adsorption equilibria as a pair of values of the load and the dissolved component (c, q)
are described by the two-step adjustment algorithm as overlapping Langmuir isotherms,
Eq.(9.5-2) and Eq.(9.5-3).

_ K e 9.5-2

q_qmax (1+KLC) ( _)
K. -¢c

f (K —_ L~ _

(K.0) K0 (9.5-3)

However, the results are only a stopgap if no causal description of the sorption
processes (surface complexation, ...) is available.

9.5.3 Periodic oscillations

Harmonic oscillations, i.e. sine or cosine functions of various parameters, are generated
in nature by annual and daily periods. These fluctuations are sometimes suitable as
natural tracers in which the change in the oscillation parameters amplitude and phase
shift can be interpreted (SCHOPKE 2007). The fluctuation frequency must already be
known, otherwise software solutions for Fourier analysis must be used.
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N

Oscillation period T = @/2x t

Fig. 9.51: Periodically oscillating parameter y and surrogate functions.

The change of a harmonically oscillating parameter y(t) is described in the first
approximation by a sine function, possibly with a linear trend yr, Eq.(9.5-4).

y() =y, +A-sin(o-(t—t, + 1))+ v, - (t—t,) (9.5-4)
It contains:

y  Periodically fluctuating value

yo Mean

A half amplitude

to Reference date

T Oscillation period (e.g. T=1 a)

v Time difference

2nw Circular frequency

yr constant trend factor

2
T

1 Year period corresponds to ® = 211/365,25 d =0,0172 d!,

(O]

(9.5-5)

1 Day period corresponds to m = 2nt/1 d = 6,28 d\.

The calculation of the coefficients in Eq.(9.5-4) is carried out via linear regression, after
this has been converted into a sum expression via an addition theorem for the
calculation of angular sums (BARTSCH 1972), Eq.(9.5-6).

y(t) =y, +A- cos((o . r)~ sin(co . t)+ A - sin(mr)- cos(oo . t)+ Y- (t - to) (9.5-6)

The time is normalized to the beginning of the measurements, to = 0. All constant
quantities (t, A) for a measuring point are summarized in the coefficients of the
regression approach, Eq.(9.5-7):
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y(t)=b, +b,sin(w(t) + b , cos(e(t) + v (1) 9.5-7)
With

y(t) = linear trend approach

sin(mt) = 1. regression analysis approach function

cos(mt) = -1.regression analysis approach function

The trend is faded out. The coefficient comparison with Eq.(9.5-6) yields Eq.(9.5-8).

b, =Y,
b, = A-cos(o-1) (9.5-8)
b, = A-sin(w-T)
This results in the time difference t, Eq.(9.5-9).
r—l-arctan b 9.5-9
® l)1 ( I )
and half the amplitude A follows from the calculated t, Eq.(9.5-10).
b
A= 1 (9.5-10)
cos(m-r)

The time shift t indicates the phase difference with respect to the selected time
reference to. The phase shifts between two measuring points (0 and 1) are obtained by
forming differences, Eq.(9.5-11).

At = 1(1)—(0) (9.5-11)
A time lead time (At > 0) can also be interpreted as a delay because of the periodicity

(365.25 d + At for annual periodics). A calculated negative amplitude would therefore
correspond to a shift of /2 on the time axis.

9.6 Interpretation of UV/VIS spectra

9.6.1 Equalization of spectra by merging measurements from dilutions

The concentration of light-absorbing substances in diluted solutions (chapter 7.1.2) is
linearly linked to light absorption via Lambert-Beer's law, Eq.(9.6-1).

1 |
E, =——-lg—=¢, -c -
—— gIO N (9.6-1)
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I, Io=Intensity of the outgoing or entering light beam,

€. =Specific extinction coefficient as solvent-specific substance constant and function
of wavelength A.

The extinction coefficients of absorption bands usually extend over several orders of
magnitude, which means that the range of validity of the Lambert-Beerschen law is not
observed for all wavelengths A . The linear relationship between the concentration and
the extinction coefficient can be established by:

o Equalization via nonlinear calibration curves,
o Dilution and reference to undiluted solution.

The equalization of the nonlinear range is only possible to a limited extent, which is
why a dilution series is preferred. In the overlapping measurements, the measured
values in the optimal measuring range are weighted more strongly than those at the edge
of the respective measuring range via the measuring device-specific function g(E). The
weighting function g(E) takes into account the accuracy of the respective measured
value. A Gaussian function is used, which strives towards zero in the nonlinear range
and evaluates even small values low, Eq.(9.6-2).

(E-E,) (E-E,)

g(E)=exp| -8 (9.6-2)
(Eo - E U )2
With the parameters proven in practice:
Fu = 0,1 cm’!
Eo = 1,8 cm!

The weighting Eq.(9.6-2) has been chosen in such a way that it takes a value of one at
the specified measurement range limits. This function reaches the maximum between
the two limits with a value of 7.4. The lower limit Ey also takes into account values
close to the detection limit, Fig. 9.61.

o(E) [1]4 linearer Bereich E

Tausend
50

Mittel

W0F Verdiinnungsfaktoren
Fehlerbereich 1000

30

20

0
3,0 E [Vem] 350 40 450 500
Wellenlinge

0 0.5 1.0 15 ' 2.0 2.5

Fig. 9.61: Applied weighting function on the left and construction of the spectrum of rhodamine B
from measurements of different dilution (KOCH et al. 2002).

The compound extinction En . is then calculated using the weighted mean, Eq.(9.6-3).
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Zg(E )'Ex

E,.. =SS~ (9.6-3)

> g(E)

The accuracy of the weighting indicates the modified standard deviation op,x
wavelength-dependent, Eq.(9.6-4).

6 = Z(g(Ex)'(Ex —E.. )
e zg(Ex)
This error range can only be specified where at least two measurements are in the

evaluable range and serves the analyst as a decision-making aid on the usability of the
measurements.

(9.6-4)

9.6.2 Decomposition of spectral curves into elementary bands

The UV/VIS spectrum E(A) Eq.(7.1-12) is converted into a sum of elementary bands of
type Eq.(7.1-14) disassembled, Eq.(9.6-5).

E()=DE, ()= z[Em .exp{_ diff? (’“Tm_lj ﬂ 9.6-5)

The nonlinear elementary bands form the approach functions for given Amaxi and diff;,
Eq.(9.6-6).

Ao Y
£, (A e - difF 1) = By -exp(— diff? {%—1} J (9.6-6)

When adjusting the elementary spectra to the measured and equalized and smoothed
spectrum, the Emax,i are obtained via the regression step. In the nonlinear adjustment
step, the two parameters Amax,;i and diffi are varied. The adjustment of overlapping
elementary bands is specified by extending the data set by the Ist derivatives as
difference coefficients (derivative or differential spectroscopy). In practice, a weighting
of the 1st derivatives with a factor of 10 has proven to be effective. In any case, the
plausibility must be checked graphically and, if necessary, also deviate slightly from the
KRT minimum.

As a result of the adjustment, the integral extinction coefficients are given as
concentration synonyms, Eq.(7.1-29).
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9.7 Adaptation of breakthrough curves to determine reactor
parameters
9.7.1 Adjustment of the residence time of the filter tubes (EXCEL)

Starting from the approach function Eq.(3.1-17) the breakthrough behavior of a tracer
after the flow section L is described using the normal distribution function available in
EXCEL, Eq.(9.7-1).

o(L.t)= A, -NORM.VERT(v, -t;L; /D, -t; i} 9.7-1)

This function provides the integrated normal distribution with the option wf = true and
alternatively the density function (option wf = false), Fig. 9.71.

c
2,0

1.5
1.0
0.5
0,0
0 0.5 1 1.5 2 vat[m]

Fig. 9.71: Concentration curves of a Dirac pulse after the flow path L=0.5m (wf = false) and its
integral (wf = true) or D = 0.25 m?/d, An/Ar= 1 mol/m?, va = 1 m/d.

After replacing the flow section L in Eq.(3.1-20) the breakthrough time to is followed by
the concentration curves Eq.(9.7-2) or Eq.(9.7-3).

An
L A va-(to=t)° 9.7-2)
—t|=clt,,t)=—rk—e- A X0 .

({VA ] et 55 e’q{ 2Dt

g
A (t, —t)
t,,t - “F _\0 7-

c(to,t) o P D (9.7-3)

Va

To convert to the Excel function, Eq.(9.7-3) transformed into Eq.(9.7-4),

An
A (to —t) 9.7-4
c(t,,t)= F cexpl ——20 ) (9.7-4)
( ’ ) \/271: .VA 'Gt,Excel \/¥ p( 2'Gt2,Excel tJ
with GOt,Excel, Eq(97-5)
D :
Gt,Excel = Y= l ZeltJ (97‘5)

Va

The density function (wf = false) takes over the unit of time used, e.g. [1/d], Eq.(9.7-6).
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o(ty,t)= A, - NORM.VERT(t: t,: (6, oy -/t kwE = falsch (9.7-6)

The concentration Ao describes the cross-sectional area-standardised amount of
substance addition An, Eq.(9.7-7),

An 1
A, (wf = falsch) = : -
O(W e ) Ap-v, {Zeiteinheit, d} (©.7-7)
or Eq.(9.7-8).
An o
N Ao(wf = falsch)- ' [Zeltemhelt, d] (9.7-8)

F
The corresponding integral function (wf = true) is dimensionless, Eq.(9.7-9).
J'c(to,t)- ot=A, -NORMVERT (t;to;(ot,me, ~\/?) wf = wahr) (9.7-9)
0

The same value of Ap results from the time integral (wf = #rue) and can be calculated
according to Eq.(9.7-8) without taking into account the unit of time. The concentration
integral has the unit concentration Time.

9.7.2 Transfer to the flowing water column H

For an empty conduit np = 1, or va = v, the concentration curve Eq.(9.7-10).

Ac
H A L-H)
C[L’V_j: : 5o —% (9.7-10)
A 2w H 2-H-—

Rewritten to real filter sections (np < 1), their porosity must also be taken into account,
Eq.(9.7-11),

H A n
C(L,—} S S— —"D 9.7-11)
Vf 1[2.7‘[. .2 2'H'7
' v; Ve

with the variance for the Excel function ou gxcel, Eq.(9.7-12).

DL
cSH,Excel =i (97- 1 2)

Vi
From this follows the concentration function Eq.(9.7-13).

o(L.H)= A, -NORM.VERT(H; L; 0, 1y -VH:wE) (9.7-13)
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9.7.3 Relationships between functional and process parameters

9.7.3.1 Dispersivity
The function parameters are related to the process parameters, Eq.(9.7-14).

L=v, t,=n;-v;-t;

9.7-14

D, =a, v, ( )
This results in the longitudinal diffusion coefficient Dr Eq.(9.7-15),

D, =0, v, =V, 'Gtz,Excel =Va 'GIZLI,Excel (9.7-15)
and for the dispersivity ar Eq.(9.7-16).

O =V, O pd = O e (9.7-16)
9.73.2 Addition of substances
The integral approach results in the substance addition Eq.(9.7-17).

An(L,t) | h

ALY _ (L 1)k = [ (v, -ofL,0)- 01 ©.7-17)

F 0 0

Converted to the time-integrated values of the adjustment, Eq.(9.7-18) and Eq.(9.7-19),

[(e(L,1))-0t= An ~NORM-VERT(t;to;ct,Excel Nty wf = wahr) (9.7-18)
0 Ap-vy
[(e(L.1))-6t = A, NORM.VERT(t: t);6, - Vi:wi) (9.7-19)

0

and for the flow cross-section-related material addition Eq.(9.7-20).

—=A)V, (9.7-20)
F

The addition of substance refers to the entire flow cross-section, regardless of porosity.

9.7.3.3 Concentration Peak

In the asymmetrical course of the concentration, the maximum is reached just before
H=L or t = to. For the maximum concentration at t = to or H/np = L, Eq.(9.7-21) or
Eq.(9.7-22).

o(L,t,)= A 9.7-21)
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C(L,l’lP 'H:L): AO — AO
NP V2Tt O e (9.7-22)
VA H,Excel
9.7.4 Overlay of breakthroughs

A complicated breakthrough course is composed of the sum of several individual
breakthroughs, Eq.(9.7-23) and Fig. 9.72 for three events. The same approach can be
applied to the time-integrated concentrations (wf = true) and/or the water column H
flowing through it. The parameters of the attachment functionscan be determined using
the adjustment algorithm chapter 9.1.2.2 .

o(Lt)=c,+ A, -NORMVERT(t;t,:(0, ey, -Vt fwF = falsch )
+ A, NORMVERT (t;t,):(6, s » - v/t }wE = falsch (9.7-23)
+A, NORMVERT( ty:(o tEmm-\/?)wfzfalsch)

=17 273

Summe

{

Fig. 9.72: Overlay of Three Consecutive Breakthrough Functions (Non-Scale).

0.5 1 1.5 2 t

A distinction between two concentration jumps is practically only possible after the
occurrence of two turning points, or two concentration maxima of the density function,
Fig. 9.73.
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Fig. 9.73: Superposition of two concentration jumps with different retardations (non-scale).

Before that, the superposition appears as a concentration leap with greater dispersion.

9.8 Parameterization of the aquifer

9.8.1 Grain Size Analyses

The particle size distribution of technical filter materials is determined by dry screening
(usually according to DVGW Worksheet W113, DVGW Regulations 1983). The sieve
towers used contain up to 10 sieves with mesh size decreasing from top to bottom.
Vibrations cause the material to be classified to be thrown into motion, whereby smaller
particles are transported to the screen openings and fall through them until the screen
size is reache d < dpartictes . For the duration of the screening process, optimal values are
specified in the respective operating instructions.

The calculation of the equivalent diameter is carried out by numerically integrating the
grain distribution with the screen passages as support points. The accuracy can be
increased if the integration method optimally interpolates the curve between the support
points, chapter 4.1.2. The fine grain w(dmin) must first be hidden from the surface
calculation.

9.8.2 Parameterization of the sphere packing from grain size analyses

9.8.2.1 Integration of the particle size distribution curve

The equivalent grain diameter dk is calculated by integrating the size distribution curve
in the specified sieve range [dmin, dmax], Eq.(4.1-6) With dmin, fine-grained areas that do
not have a flow effect are likely to be excluded. dmax is chosen above the largest sieve
fraction.

L _ d max aW(d)

. . (4.1-6)

dmin
The lower sieve limit dmin has a sensitive effect on the equivalent sphere diameter, while
the upper limit dmax usually has little effect. The numerical integration is based on the
diameters of the sieve set used. The wider the distances between the screen diameters
(mesh sizes) used, the less accurate the numerical integration becomes.
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9.8.2.2 Linear interpolation using the trapezoidal method

The undersize d < dmin Which is not defined in its diameter, is first faded out and the rest
is set to 100%, Eq.(9.8-1).

1 1 d. )—wild,
JE—— ZW( 1) W( 1—1) (98-1)
dy 1- W(dmin ) 0,5- (di +d; )
The more the curve between the support points deviates from the straight, the higher the
integration error. This also increases with increasing interval width.

9.8.2.3 Geometric Interpolation

Geometric interpolation assumes that the size distribution curves in the fine-grained
range can often be linearized in a double logarithmic representation, Eq.(9.8-2).

1 z[ ! j.z w(d,)-w(d, ) (9.8-2)

dy I_W(dmin) (di -d; )0‘5

9.8.2.4 Exponential Interpolation

This interpolation is based on the approximate similarity to exponential progression,
Eq.(9.8-3).

i ) [l—wtdm )] DA )(_: (j”) (9.8-3)

9.8.2.5 Using data from the size distribution curve

SCHOPKE (2007) recommended a procedure for the multiple application of Kepler's
barrel rule with ten support points to be taken from the grain distribution curve, Eq.(9.8-
4).
6 04 05 L6 08 1.6 044 016 0,09 0,2 0,05
+ + + + +

T+ 4+
dK d95 d90 d70 dSO d30 le d8 d6 d3,5 d1

(9.8-4)

Eq. (9.8-4) pays particular attention to the fine-grain content with a high surface area of
up to 1 % sieve passage for filter materials filters.

9.8.3 Decomposition of compound grain distributions into several normal
distributions

Complex grain distributions can be calculated according to the algorithm chapter 9.1.2.2
over a sum of distribution functions Eq.(4.1-20) In contrast to the adjustment of
concentration breakthroughs (chapter 9.7), the variance o is a variable characteristic of
the distribution, which is linked to the uniformity coefficient U, chapter 4.1.2.3.
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9.8.4 Determination of porosity from electron microscopic sections and
tomographic examinations

A number of sophisticated methods are available for the characterization of pore
structures, such as microfocus X-ray CT systems with connected image processing
software. In most cases, however, simpler electron microscopy methods have to be
used. When determining porosity from electron microscopic sections, the pore space is
delineated from the matrix. This is done by defining a threshold value that assigns the
gray tones to the solid matrix or the pore space. Due to the fact that each image is
different in terms of contrast and brightness, this threshold (Treshold, numerical
parameter of the grayscale in image evaluation) must be determined individually
between the grain and pore space, Fig. 9.81.

Frequency

W Gefiige 1 Gefiige 2

Treshold for
Gefiige 1

- _V_V_V_V_V_V_V_V_’:J_V_V_V_V_-l
0 50 100 150 200  Treshold
Fig. 9.81: Histogram of two structural sectional images with the selection of the threshold

(treshold) for the Geflige 1. No porosity can be determined from the intake of
Gefiige 2, consisting of different materials (quartz, aluminosilicates, etc.).

The porosity is then determined by pixel counting of the evaluable image transferred to
a binary file, Fig. 9.82.

49 -t N X
e b Pl iy
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Fig. 9.82: Top: Structural section (left) and sectional image prepared for pixel counting with black
pore spaces (right, SCHOPKE et al. 2020). Bottom: Inverted binary image and extracted
pore space profile of a sintered sandstone-analog glass bead fill (HAN et al. 2019). The
specific phase interface can be determined from the interfacial length in the section.
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In most cases, there is a wide distance between the two phases, which allows for a clear
transfer into black or white pixels. Grinding of various minerals does not allow this,
Tab. 9.81. The distinction between different minerals (quartz, aluminosilicate, pyrite) on
the basis of their shades of gray does not yield reproducible results. Only in individual
cases can different phases be quantified. In the example of Gefiige 2, it is not possible
to assign different minerals to defined grayscales.

Tab. 9.81: Gefiige 2 with different thresholds (treshold) for the distinction between matrix and
pore space. The aluminosilicate appears optically heterogeneous, which means that it

cannot be quantified in a limited brightness range. (schwarz = black).

Treshold

230-254

100-254

190-211

188-208

164-179

schwarz

66.3%

543

7.5%

7.0

5.9%

Bild

9.8.5 Ermittlung von Anisotropien aus Bohrkernen von Porengrundwasser-

leitern

On groundwater flow sections, the flow cross-section is blocked by rock silt lenses, so-
called dead spaces, which do not contain the current tubes inscribed for transport
modelling, Fig. 2.2-1. Information about the storage and texture of aquifers can be
provided by strata lists and drill cores, supplemented by particle size analyses carried
out at selected depths, electron microscopic microstructure analysis (chapter 9.8.4),
chemical properties and further investigations. The determined porosities, possibly with
grain shape and mineralogical compositions, are then extrapolated to the entire depth
profile. The frequently encountered fine layering in areas of a few millimeters appears
in the sieve curves as an increased uniformity coefficient. These well-sorted grain
structure structures are often self-similar to a large extent independent of the particle
diameter, whereby the porosity determined by electron microscopy can be transferred to
the macroscopic layer. The information contained in the strata lists about dead spaces or
less permeable layers is subtracted from the cross-section through which it flows, Fig.
9.83. This porosity related to the depth range through which the flow corresponds to the
macroporosity npm.
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SCHOPKE et al. (2020) thus transferred the longitudinal dispersion ar from kf depth
profiles of an exploratory borehole, which could be confirmed by tracer tests, Fig. 9.83.
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Fig. 9.83: Macroporosity npm transferred from the list of strata with individual current tubes. The

well-sorted grain sizes (right) usually have a higher porosity than the grain mixtures
made from them (left), SCHOPKE et al. (2020).

9.8.6 Kationenaustausch von Lockergesteinen und Boden

Soil science refers to the rootable mixture of mineral particles (sand, clay minerals,
sesquioxides, ...) and organic substances (humus) as a substrate. This is assigned to
cation exchange processes that run as neutral exchanges, Eq.(6.5-31) and Eq.(6.5-32)
The sum of the exchangeable cations is determined experimentally by exchange with a
neutralsalt solution (e.g. KCl or NH4Cl). The cation exchange capacity (CAC, T-value,
[mmol/kg]) is a measure of the exchangeable cations and thus the number of negative
binding sites of cation exchangers in the soil.

The potential cation exchange capacity, as the maximum number of free cation binding
sites, refers to the cation exchange capacity at a neutral pH value (pH = 8.1) of the soil
(DIN ISO 13536). International classifications (FAO-UNESCO, US-Soil-Taxonomy)
determine the potential cation exchange capacity at pH = 7.

The effective cation exchange capacity refers to the number of actual free cation binding
sites depending on the corresponding pH value of the soil (SCHEFFER &
SCHACHTSCHABEL 1992). The effective cation exchange capacity is determined by the-
concentrations of the cation charges and hydrogen ions displaced by ammonium ions.

These ideas of neutral exchange of ions of the pore solution with ions bound to the solid
matrix cannot be completely transferred to filters and aquifers. The transfer of cation
exchange capacity (CC) to adsorption capacity provides only one orientation, SCHOPKE
et al. (2020).
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9.9 Plausibility of analysis and test data
9.9.1 Correction of the measured redox state during analysis plausibility

checks via PHREEQC

Before geochemical modelling, the analyses used should be checked for plausibility.
Anoxic groundwater in particular is sensitive to predetermined redox potentials. The
measured redox potential is composed of the sum of redox reactions, the average
potential of which is tapped with the platinum electrode against a reference electrode.
The reference is converted to the normal hydrogen electrode. The redox equilibria at the
platinum electrode is very slow and the measured value does not always correspond to
the equilibrium state. For this reason, the electron activity (pE value) calculated from
the measured redox voltage often deviates from the hydrochemical conditions, as a
result of which mathematically unstable compositions are calculated. This manifests
itself in implausible simulation results, such as the oxidation of ferrous iron, the
supersaturation of ferric hydroxide or a calculated sulphur formation from sulphate. To
avoid this, PHREEQC offers the possibility to correct the redox state according to
measured redox pairs, Tab. 9.9-1.

Tab. 9.9-1: Boundary conditions for the determination of the redox state. YRedox measurement,
Danoxic groundwater with traces of ferroic hydroxide, ¥sulphate-reducing
groundwaters, Ysurface waters with oxygen.

Nr. | Redox pair Boundary condition

1) | # pE Measured redox voltage

2) | redox Fe(2)/Fe(3) | Equilinbrium with ferroic and pH-value

3) | redox S(-2)/S(6) | Analytical data from sulfate-reducing milieu
4) | redox O(-2)/O(0) | Analytical data from the oxic environment

9.9.2 Equilibrium adjustment in batch approach (isotherm)

Phase equilibria can be produced and investigated using various methods. The easiest
way 1s to examine an already established equilibrium state. The disadvantage:
Functional dependencies, such as isotherms, can rarely be determined from a few
measured states.

In several batch approaches, increasing doses of adsorbent are added to a starting
solution or, alternatively, different starting solutions with an adsorbent dose are used.
The difference in concentration and the adsorbent dose are used to calculate the
equilibrium load, which is opposed to the equilibrium concentration.

In most cases, the equilibrium between the solution and solid phases is only possible by
intensive shaking or stirring. Disturbing structural disturbances can be circumvented by
using circulatory filters. Especially when investigating adsorption equilibria, it is
important to consider:
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» The adsorption (or desorption) isotherm does not necessarily provide information
about the reactions involved in the sorption phenomenon.

» The reaction time until the equilibrium is adjusted must be carefully selected.
Superimposed irreversible reactions can lead to misinterpretations.

» The concentration range of the substance to be retained must be chosen in such a
way that the concentration and loading differences can be determined with
acceptable uncertainties.

» The chemical environment, in particular competing processes, must be included in

measurement.
10 Applications
10.1 Filter dimensioning
10.1.1 Grain structure

With the basics compiled here, filter configurations can be evaluated from a procedural
point of view. The different configurations of filter flow sections are demonstrated
below using three examples.

a) Rapid filter for groundwater treatment
b) Aquifer flow tube
c) Differential filter with aquifer material b

The dimensioning of the rapid filter is in the range of the usual technology for
groundwater treatment. Near-natural applications can be reduced to filter reactors by
defining aquifer flow tubes. The groundwater flow tube selected for the comparison
describes a flow cross-section of 4 m deep and 10 m wide, which can be assigned to a
groundwater measuring point, Tab. 10.1-1.

Tab. 10.1-1: Reactor dimensions and filter material. (Specified dimensions bold and quantities
derived from it according to the given equations blue, implausible red).

Parameter Unit Eq. a b c
_ Diameter de |m 2,0 7,14 0,081
o L Area Ap |m? 3,0 | 40 | 0,0052
= Schicht- | Length L |m 2,0 | 200 [ 0,108
2| | Finer l(ﬂgoze) Volume=1BV | Vg |m®  [(2.2-1)] 63 | 8000 |0,00056
=| e Mass, dry me, | ke 10053 | 14,4106 1,00
} Bulk density ps |kg/dm?|(2.2-5)| 1,6 1,8 1,8

Ar: Filterfliche

Porous aquifers made of material with wide grain distributions usually also have a lower
porosity, Tab. 10.12.
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Tab. 10.12: Specifications for the grain structure.
Parameter Unit Eq. a b c
Grain density pss | kg/dm? | (2.2-9) | 2,5 | 2,5 2,5
Porosity (bulk) npg | % (2.2-6) | 36 | 28 28
Pore volume Vp |m? 2,3 12240]0,00016
Phase Ratio, Saturated |z | L/kg (2.2-10)]0,23]1 0,16 | 0,16

Aus den Kornverteilungen wird eine reprdsentative Kugelschiittung konstruiert, Tab.

10.1-3.

Tab. 10.1-3: Parameter des Modells einer idealen Kugelschiittung.
Parameter Unit Eq. a b c
Grain diameter dx mm 1,0 0,38 | 0,38
Form Factor fo 1 (3.4-19) 1 095 | 0,95 | 0,95
Effective grain diameter dy mm 0,95 | 0,36 | 036
Specific interface Oy |m%kg |(3.4-10) | 2,53 | 6,65 | 6,65
Specific surface area of the fill Or m*m?® |(3.4-12) | 4040 | 11900 | 12000
Grain surface of a fill Or  |m? (3.4-11) [2510°|96'10°| 6,6
Still passable pore narrowing dpmin /mm  [(3.4-3) | 0,15 | 0,056 | 0,056
Adsorpted water layer dads um cpt.4.1.1| 0,5 0,5 0,5
Fixed porosity Anp | % 0,2 0,6 0,6

The adsorption water layer dags was investigated by BUSCH et al. (1993) as a guideline.
Equivalent to the ideal sphere packing is the tube bundle model, Tab. 10.1-4.

Tab. 10.1-4: Equivalent tube bundle

Parameter Unit| Eq. a | bc
d(Zylinderpore) | dp | mm |(3.4-17)]0,36 | 0,094
Tortuosity f|l (3.5-20)| 1,44 | 1,44

The tortuosity for the equivalent tube bundle is given as fi. = 1.44.

Die FlieBeigenschaften der Porenlosung werden hauptsdchlich von der Temperatur
bestimmt, wiahrend geldste anorganische lonen eine untergeordnete Rolle spielen, Tab.

10.1-5.

Tab. 10.1-5: Flowing medium (water).
Parameter Unit Eq. a b, ¢
Temperature Temp | °C 10,0 10,0
Gravitational acceleration | g m/s’ 9,81 9,81
Kinematic viscosity v m?/s (2.3-40)| 1,310 1,3-10°
Dynamic viscosity n kg/(sm) | (2.3-39) | 0,0013 | 0,0013
Dissolved salts g/kg 0,5 1,5
Density pw kg/L (2.3-37)] 1,0001 | 1,0009
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The flow properties of the pore solution and the size of the shear surface are used to
derive the process-technically relevant and hydraulic properties of the filter fill, Tab.
10.1-6.

Tab. 10.1-6: Flow-through filter.

Parameter Unit Eq. a b c
Flow-through porosity | npg 1 0,36 0,27 0,27
Volume flow Qr |m’h 31,4 0,94 0,0008
| Filtration velocity Vi m/h | (2.2-2) 10 0,024 0,16
el J: L Distance velocity VA m/h | (2.2-7) 27,9 0,086 0,57
LYV L ghace-time t |h |@23) | 02 | 8470 | 070
Residence time VWZ |h (2.2-8) 0,072 2320 0,19
d 96,7
Reynolds number Re 1 (3.5-3) 32 0,0025 0,016
Permeability coefficient | k¢ m/s |(3.5-17) | 5,010 {2,5610*|2,5610*
Filter resistance hp m (3.5-19) 1,14 5,13 0,018
Filtration parameter FP h/m |(3.3-25) 808 101-10° | 8324
Filter resistance, loaded | hr m (5.2-16)
Diffusion coefficient D m?%/s | cpt.2.3.6.319,2101] 6,5107° | 6,510°1°

From the selection of diffusion coefficients, a value for the molar mass of the iron M =
56 g/mol is assigned to the iron removal filter (a), Eq.(2.3-42) while the mean (10°C)
for dissolved ions is used for the groundwater flow tube. This shows the orienting
character of these calculations. The mass transfer kinetics via diffusion through film
kinetics, which are determined by the flow state and the diffusion coefficient, can only
be given for orientation, Tab. 10.17.

Tab. 10.17: Calculating Film Diffusion.

Parameter Unit| Eq. a b c

Schmidt number Sc 1 (3.6-8) | 1402 | 2000 | 2000

lm Sh(eff) number Sh 1 (3.6-7) | 30 0,4 0,8

Lésuno. Mass transfer coefficient | m/s | (3.6-17)|1,6:10°|2,5107 | 5,6:107

oulke - [boundary layer 5  |um | 366) | 57 | 2631 | 165

o Length coefficient | AL I/m | 8.1-9) | 24 450 150
Time constant | A 1/h | (8.1-9) | 660 39 87

Half lengths L(1/2) |/mm |(8.1-10)| 29 1,5 4,5
Half-lives (1/2) |s | (81-10)] 38 | 64 | 29

The boundary layer thickness 0 is a fictitious quantity that follows from the model
concept of film kinetics and is sometimes calculated to be larger than the cylinder pore
diameter dp, which has no relevance. The length and time exponents AL and A; given for
DL =0 are increased by dispersion, chapter 8.2.1, Eq.(8.2-15).
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10.1.2

The residence time behavior of filters is estimated using mixed cell models. From this,
specifications for tracer tests can be derived and/or flow section models (PHREEQCx,
Neell, mixrun) can be designed. For this purpose, three scenarios are considered in each
case, Tab. 10.18, Fig. 10.11 and Fig. 10.11. Die Dispersivititsschitzung nach dem
Korngeriist (GIMBEL 1984), Eq.(4.3-12) is unrealistic because macrodispersion
processes are already at work on longer flow lines. Realistic dispersivities can be set via
the number of stirring stages. Small cells have the disadvantage of low length and
temporal resolution. PHREEQCx compensates for this with intermediate mixing steps

Residence time behavior

mixrun. However, the desired dispersivity can only be approximated, Tab. 10.18 cells.

A

1+ = Breakthrough front —
. / - 1+
—— Density or
Dirac impulse
— L -
(L) , \
/ \ i
7/ N\ |
- =7 Moo -
0 0,5 1 5 Lmlog 0.02
Fig. 10.11: Residence time scenarios for rapid filters. Dirac impulse red and breakthrough front

black. Left: Longitudinal profiles of the tracer concentration after 50 % of the residence
time, and the scenarios al dotted, a2 solid and a3 dashed. The decrease in concentration
at film kinetics, a grain surface concentration zero and Dy = 0 for the length exponent
AL, Tab. 10.17 is shown in blue. Right: Breakthrough curves at L=2 m.

Tab. 10.18: Transport behavior with parameter determination for a mixed cell model. Scenarios al
and b1 use the axial dispersion coefficients Dy, of water treatment filters (GIMBEL 1984),
Eq.(4.3-12) The other scenarios calculate Dy, according to the number of mixed cells.
Parameter Eq. al a2 a3 bl b2 b3
Number of cells Ncell 1 (3.2-8) 526 100 20 139000 | 100 20
Cell length Leen m | (3.2-10)| 0,0038 0,02 0,1 0,0014 | 2,0 10
Time step teell h (3.2-11) ] 0,000136 | 0,000716 | 0,00358 | 0,017 | 23,2 116
Bodenstein-,
Peclet number (>20) | Bo=Pe | 1 (3.2-6) 1053 200 40 277000 | 200 40
Dispersivity oL m_ | (4.3-11)] 0,0019 0,01 0,05 ]0,00072 1 5
Axial dispersion (4.3-10) 7,810% | 3,910 2,410%]1,2:10*
coefficients DL m%s | (4.3-12)| 1,5105 1,810°®
mixed cells mixrun | 1 (3.3-2) 1 2 2 2 2 2
PHREEQCx oL m (3.3-3) | 0,0013 0,013 0,067 | 0,048 1,33 6,7
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Residence time scenarios for the groundwater flow tube. Dirac impulse red and
breakthrough front black. Left: Longitudinal profiles of the tracer concentration after 50
% of the residence time t, the concentration decrease according to Ap blue and the
scenarios b1 dotted, b2 solid, b3 dashed. Right: Breakthrough curves at L= 200 m.

Fig. 10.12:

10.1.3

Kreislaufreaktoren mit Differenzialfiltern eignen sich fiir die zeitliche Spreizung schnell
ablaufender Reaktionen. SCHOPKE (2024) beschreibt Methoden zur Herstellung von
Gleichgewichten zwischen Porenldsung und nahezu ungestorter Feststoffmatrix aus
Filtern und Porengrundwasserleitersedimenten.

Continuous loop reactor

Fig. 10.13: Parameters for closed-loop reactors without partial passage of dimensioning c with
material a and b according to chapter 3.3.2.
Parameter unit | Eq. a b
Flow ratio a % 0 ‘ 0] 0 ‘ 0
N Pore volume of filter Vp L 0,20 0, 156
z - Volume mixing reactor | Vmr L 1 ‘ 211 ‘ 2
G Partial flow in the circuit | Qr L/h 52 0,8
- S 15 | System flow Qwe  |mL/h 0 0
residence time of filter VWZ h 0,04 0,19
spacetime mixing reactor | tur h (2.2-8)| 0,02 1,25
Time spread tm/VWZ | 1 5,02 ‘ 106,56 ‘ 13

10.2 Groundwater treatment, iron and manganese removal

10.2.1 Differentiation of iron removal filtrations

Iron turnover in the environment usually takes place in the border area between anoxic
and oxic milieu. Various iron minerals interact with other species in the solution, often
present in traces, via adsorption and/or the formation of solid solutions. Iron and its
compounds are thus among the core elements of important global material cycles. These
processes also determine the conventional groundwater deferrization in the oxidizing
environment. A distinction is made between:



252
Ralph Schopke

» Homogeneous ferrous iron oxidation

After oxygen is added to the anaerobic groundwater, homogeneous ferrous iron
oxidation begins. The ferric iron formed in this process is colloidal to particulate
(flakes). Autocatalytic processes at the formed phase interfaces accelerate the process.
Observations have shown that siderite particles that precipitate after gas exchange are
oxidized particularly quickly. Technologically, the proportion of colloid-particulate
ferric iron after aeration is significant.

> TFerrous iron filtration

Ferrous iron oxidation is catalyzed on iron hydroxide surfaces. The reaction rate is far
higher than that of homogeneous oxidation. In this process, adsorbed ferrous iron reacts
with atmospheric oxygen and forms catalytically active ferrichydroxide again. Since the
filtration performance increases with increasing pH value, an upstream intensive CO»
discharge through aeration has a positive effect.

» Iron(Ill) and Iron(ILIIT) oxide filtration

According to observations, up to 80% colloidal content of the total iron concentration,
i.e. at least 20% ferrous iron, is removed by ferrous iron filtration in a time-stable and
pressure-resistant manner. At higher ferric iron contents, the process changes to an
unstable flocculation filtration, the so-called iron(III) filtration.

Colloidal ferric iron binds to adsorbed ferrous iron, which is determined by the ferrous
iron concentration. The oxidation of ferrous iron and the retention of ferric iron run in
parallel, which also results in the limitation by the ferrous iron content.

» Biological iron removal

Below pH < 6.5, iron bacteria (Gallionella) are able to oxidize ferrous iron to a large
extent and store it as ferrichydroxide. As the pH value decreases, the biological
proportion of the iron removal performance increases. The oxygen may only be added
in the stoichiometric ratio, which is achieved by recirculating oxygen-enriched pure
water. Accordingly, the filters are only regenerated by high-voltage water flushing with
raw water. Although biological iron removal has much more favourable performance
parameters than autocatalytic processing, there is still a lack of practicable design bases,
which severely limits its use.

The principles of action and areas of application of the autocatalytic iron removal and
manganese removal processes are compiled in the Technical Rule, Worksheet W223-:
Iron Removal and Manganese Removal of the DVGW (2005), Tab. 10.21.
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Tab. 10.21: Comparison of biochemical and autocatalytic filtration according to DVGW worksheets
W223-1 to 3 and HANCKE (1991). DUpper grain in multilayer filters.
Kriterium Autocatalytic [Biochemical
Raw water parameters
Oxygen concentration mg/L > 0,14-Cre 0,14cre
pH 1 6,7...8 6...7,2
Iron concentration mg/L  ]0,2...15 (..>20)| 0,2...>30
Filter design
Length m 1..2,5 1..>2,5
Grain diameter mm 0,75...4Y >)
Filtration velocity m/h 3..20 20...>50
Filter area loading kg/m’Fe <5 <13
Order of oxidation reactions Methane Iron
Iron, Methane
Ammonium | Ammonium
Manganese | Manganese
Groundwater
Gas exchange
anaerobe .
Homogeneous 5 : Autocat_aly“[_ic
o) G el ] Iron Oxidation
Fig. 10.21: Treatment by aeration and filtration of iron-contaminated groundwater.
10.2.2 Design bases for the removal iron, manganese and carbon dioxide of
groundwater by filtration
10.2.2.1  Standard procedures on an empirical basis

For groundwater treatment, empirical design equations have been developed in the past,
in which the chemical and flow-related influences are implicitly included. Parameters
relevant to the design are specified, such as the permissible filtration velocity when
specifying the filter dimensioning, the inlet and the effluent condition to be observed.
KITTNER et al. (1975) stated for the permissible iron removal rate of the ferrous iron
filtration vg, Eq. (10.2-1) fy is a hardness-dependent safety factor (0.8...1.8) which is not
explained further here. The safety factor fu = 0.7 originally used resulted in numerous
capacityreserves in the application.

1,28

3-(pH-6,2)- Temp®® L

d
¢y’ +In [SOJ v
L

Rathsack (1996) revised the design of ferrous iron filtration, describing the temperature
dependence by the activation energy Ea. He added the ionic strength influence I as an
additive quantity, Eq.(10.2-2).

v, =f, (10.2-1)
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07 exp E—A+ 2,04- ! to (10.2-2)
RT Imol/L

The removal of manganese was described by LAMM (quoted in KITTNER et al. 1975)
and BoHM (1992), Eq.(10.2-3).

Mn +1/, 0, + H,0 — MnO, + 2H* (10.2-3)

Lamm's older design equation takes into account the competing adsorption of
manganese with the other cations on the catalytic surface, Eq.(10.2-4),

0,91

Ay, - (PH=6,2)-(28-¢pyco; +50)-(14+0,206-Temp ) L

Ve =M d_ (10.2-4)
10-111{%]-08’72 et N
CL
with the term Kat, Eq.(10.2-5).
Kat = 0,042(5,6 - ¢y — 2.8 C ey )+ 0,097 — N4 10,0042 Mo (10.2-5)

mg/L mg/L

The design equation developed by BOHM (1992) and BOHM (1992A) can also be used
for half-fired dolomites, Eq.(10.2-6).

1,6

_ Kyin n,-B- (pH —5,6)- Chicos '(12’5 el — ¢, — CMg)OJ L
Vvn =M )
n 5280 c, d,
CXp T In| —
CL

The activity of the surface is described by the degree of coverage B.

(10.2-6)

Chemical removal of carbon dioxide via half-fired dolomite represents a mineral
dissolution process (WIEGLEB, quoted in KITTNER et al. 1975), Eq. (10.2-7) The reaction
is not limited by calcite saturation.

CaCO, - MgO +3CO, + 2H,0 — Ca** + Mg + 4HCO; (10.2-7)

Parallel to removal of carbon dioxide, iron and manganese can also be removed in lower
concentrations, whereby the activity Aco> takes into account the formation of deposits
on the surface, Eq.(10.2-2) The design equation converted to the filter velocity vr for the
required carbon dioxide removal effect is usually far below the iron removal velocity v
and cannot be specified with certainty due to the periodic additions to the material.
Limescale separating properties in the filter can cause considerable operational
disruptions due to material bonding. For this reason, decarbolite filtration was usually
only used for iron removal/manganese removal Eq.(10.2-9).
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A .e0,0S~Temp L
C, =C,-exp| — Los o 1 (10.2-8)
05 CC Vf' w
(1+2’8'Ks4,3)'co’ 73
Mg
15
0,04-Temp .
vo=| A, mO2p0) L (10.2-9)

L

d
(1+2.8-Kqy5 )¢ - In (CO] v

All design equations are based on a temporally stable, stationary concentration profile
and apply within specified limits of use, Tab. 10.21.

Tab. 10.21: Areas of application of the designs Eq.(10.2-1) to Eq.(10.2-9).
Removal of] Fe Mn CO,
Materialof filtration | Sand Decarbolith|Sand Decarbolith

Permissible filter velocity | vt m/h | <30 <30 3...20 <30
Length L m | 05..3 0,5...3 0,5...3 0,5...3
sphere diameter dw mm | 1..2 1.3 1.3 1..3
Temperature Temp| °C | 6...18 3..17 8... 14 3..17
pH pH 1 [68..73] 5.73 |66..KKGI).| >59
Concentration, inflow Co mg/L| 0,5... 10 <20 <2
Concentration, outflow |cp mg/L| 0,1 0,1 0,05 KKGI.
*) Calcite saturation

10.2.2.2  Process Engineering Evaluation of Empirical Design Equations

The processing processes described above take place on the shear surface of the
granular material used. Different filter designs can be compared with the same mass
transfer conditions using the filtration parameter FP, Eq.(3.3-25) The exponential
concentration curve according to the layer length L refers to a transport-controlled
reaction of Ist order. Accordingly, the empirical design equations can be split into a
chemical, a mass transfer and a filter-specific term FP, Eq.(10.2-10).

1n(CC—XJ = f(Temp,pH.,...)- FP - v (10.2-10)
X0

The chemical term f(pH, Temp, ...) summarizes the reaction-specific quantities. The
layer length and grain diameter in the filter-specific term FP determine the grain
surface. The filter velocity stands for the residence time. The additional filter velocity
term is used to formulate its influence on the mass transfer. The term describing the
filter design in the design equations is replaced by the filtration parameter under
simplifying assumptions:
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» The equivalent grain diameter dx is transferred from the effective grain diameter dyw
determined by screening with the form factor fo = 0.85 and the pore volume of
flushable filter sheets is assumed to be np =~ 0.35.

» The quantities with specified dimensions are to be inserted into the design
equations. This results in a factor of 10 for the grain diameter in millimeters.

» The flow state that determines the mass transport to the grain surface depends
mainly on the filter velocity, as the grain diameters of the filter materials used are in
a narrow range. For the limits of application of the filtration processes (Tab. 10.21)
follows their Reynolds number range:

o Re= 3 for dy =3 mm, vr=30m/hand
o Re=90 fordw=1mm, vr=3 m/h.

The flow dependence of the mass transfer coefficient [ describes approximately
Eq.(10.2-11) in the given Reynolds number range.

B~Vf0,5 (10.2-11)
The design equations can be reformulated accordingly, Eq.(10.2-12) and Tab. 10.24.
L 1 FP ~ 0,85

d,-v, 6-(-n,)  6-(1-035)

w

-FP~0,2-10" -FP (10.2-12)
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Tab. 10.2-2: Design equations converted to the concentration ratio and substituted by FP.
c 6-10"*(pH —6,2)- Temp **

Inl St |=— (P > ) P 02 pp Iron removal, (102-13)
c, et : KITTNER

2:10" -k, -(pH, - 6,2
~Lo(— 0 (p 0 ) V(f)SFP

Iron removal,
exp E, +2,04- S S RATHSACK (102-14)
RT Imol/L

C8,72 .eKat removal, (10.2-15)
LAMM

(140,206 Temp )- v;*' - FP

m(C_LJ 2 107 Ay, -(pH - 6,2)- (298 "Chcos T 5’0) Manganese

-4 0,2
[ e ) _ 2:107 Ky, ny-B-(pH-506)-cjico
c, 5280 Manganese
eXp T removal, (10.2-16)
BOHM
.(12,5 ol _ ¢ —cMg)O’3 -v{?” . FP
2 . 1 0—4 . A . 0,05-Temp
lr{c—l‘) =— 02 °© o7 FP Carbon dioxide
Co C i removal, (10.2.17)
(1"' 2a8'Ks4,3)'COC’(§20(Cca ] WIEGLEB
Mg

(10.2-18)

ln(C—L] — 2.107A,, e % Te™ In (0,22 . pH) 3 Bp Iron removal,

03 025 'E
Co (1+2,8-KS4,3) Croo WIEGLEB

The temperature functions are defined in activation energies Ea (chapter 6.1.2), Tab.
10.2-3.

Tab. 10.2-3: Activation energies Ea and flow influence of the filtration processes (SCHOPKE 2007).
Verfahren Bemessung E, Stromung
kJ/mol
Autokatalytische Enteisenung Sand KITTNER et al. (1975) 50 vi%22
RATHSACK (1996) 12...<10 | y03
Decarbolith | KITTNER et al. (1975) 25 yi0:333
Autokatalytische Entmanganung | Sand Lamm zit. KITTNER et. al (1975) 128 viol
BoHM (1992) 44 v{0:375
Entséuerung Decarbolith | zit. KITTNER et al. (1975) 31 v

The flow term can be used to assess whether the reaction at the grain surface or the
transport through the diffusion layer determines the reaction rate. For the transition area,
Eq.(6.1-3).

In the design formulas, the influence of the filter velocity by vi** is somewhat lower
than theoretically expected in the case of iron removal/manganese removal, Eq.(10.2-
11) This is also confirmed by the results of SCHOPKE" (1984), who found practically no
usable treatment effects during the shutdown of iron removal filters.

The solution of semi-calcined dolomite is not flow-dependent in the defined area, i.e.
the solution reaction on the surface controls the reaction rate.
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The activation energies converted via the temperature terms fluctuate considerably, as
was to be expected from empirical approaches. The temperature and ionic strength
dependence summarized in one term by RATHSACK (1996) represents the activation
energy very inaccurately. In transport-controlled reactions, the temperature dependence
of the viscosity and the diffusion coefficients is implicit in the converted (apparent)
activation energy. The design formulas transformed in this way can be used in the scale
transfer of test results.

10.2.2.3  Filter resistance development of iron removal filters

In the iron removal standards of the GDR (WAPRO), nomograms were given to
estimate the average filter running time. IN his revision, Wingrich (2002) states the
relationship between the filter running time t. [h] to a maximum pressure head loss
hfmax [m] at a drain iron concentration of Fer = 0.1 mg/L, Eq.(10.2-19).

370 h0’8 -dl’3 1/0,92
t, = Ry (10.2-19)
vi Lecpl-(pH-5,6)

From this, an approximate linear increase in filter resistance can be derived, Eq.(10.2-
20).

v L e (pH - 5,6 .
" ( oo 0 50) (10.220)

In Eq.(10.2-20) the exponential concentration profile is implemented. This empirical
correlation also shows the positive influence of the filter velocity and the dependence on
the water column H = vrtL. For practical application Eq.(10.2-20) not accuratly.

10.2.3 Reaction model of iron removal

10.2.3.1 Homogeneous ferrous iron oxidation
After the addition of the oxidant, the chemical oxidation processes take place in a series
of mostly radical sub-steps, Eq.(10.2-21).

Fe** +0,250,,,+H" - Fe’ +H,0 (10.2-21)

2(aq)
In further steps, iron(IIl) first hydrolyzes to amorphous iron hydroxide, Eq.(10.2-22).
Fe* +3H,0 - Fe(OH), (a)+3H" (10.2-22)
After exceeding the critical germ size, they grow over the colloid size to micro- and
later macroflakes, chapter 6.3.3.4.

SINGER & STUMM (1970) determined the law of time, Eq.(10.2-23).

ac 2+
_ 8Ft = (k+k-c3yy-pO, )-c . (10.2-23)
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From Eq.(10.2-21) combined with Eq.(10.2-22) follows the reaction kinetics of the first
order with regard to ferrous iron and oxygen, as well as the second order reaction
kinetics after the hydroxyl ion concentration with the reaction constant k = 1.33-10!2 L2
/(mol? atm-s, 25°C). Because at pH < 3.5 the reaction only proceeds according to the
first order with regard to ferrous iron, occasionally (e.g. JONES et al. 2014) the constant
k' <<k in the time law Eq.(10.2-23) The hydroxylion concentration is substituted by the
pH value and the oxygen partial pressure is substituted by the concentration of dissolved
oxygen (e.g. DAVISON & SEED 1983), Eq.(10.2-24).

- —E—kec . oCo, 107 | k =2,53:10"% L/(mol's) (10.2-24)

10.2.3.2  Precipitation of ferrichydroxide phases

In the neutral range, a process chain begins after oxidation that leads to the formation of
stable freeichydroxide phases, GRUNDL & DELWICHE (1993). The surface of the colloid
and flake phases catalyze the oxidation reaction that continues to take place. SHENG et
al. (2020) refer to ferric iron, which is in equilibrium with the solution and can also be
measured analytically, as labile iron. The transition of the labile iron and amorphous
ferrichydroxide into the more stable (usually) goethite phase is summarized together
with the water separation under the term sludge aging, Eq.(10.2-25).

Fe’' —tusFe)l ¢«—biin; Fe(OH), " —tu— Fe(OH), (a)—— Goethite ~ (10.2-25)

Kox Oxidation of ferrous iron to dissolved ferric iron

Khnyarotys ~ Ferrichydroxide nucleation equilibrium in supersaturated solution
Kam Autocatalytic colloidal and (micro)flocculation

Kait Sludge aging

Depending on the examination, the concentration of colloidal and microcrystalline iron
phases is considered suspended iron

Csusp al’ld/OI‘ CFe3

The formation of ferrichydroxide nuclei, from which iron colloids and flakes arise,
proceeds according to the mechanisms known from gypsum setting,chapter 6.3.3.4. As
a result of an increase in pH due to carbon dioxide outgassing, this process begins after
the induction time Eq.(6.3-29) With alkalis, blue-green ferrouscarbonate and -hydroxide
phases spontaneously precipitate at the addition site at high supersaturation and
determine the further, predominantly heterogeneous oxidation process. In intermediate
tanks (mixing reactor), catalytic iron hydroxide particles (colloids and flakes)
accumulate during operation, which make it difficult to predict the ferrous iron
concentration in the tank effluent.

10.2.3.3  Influence of ferrous iron complexes

Ferrous iron complexes exhibit different oxidation behavior. Many organic complexes
reduce the oxidation rate by masking the concentration of reactive ferrous iron
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complexes. The simple inorganic complexes react differently, Tab. 10.24. In addition,
there are numerous organic complexes, chapter 6.2.4. SCHOPKE (2024) demonstrated the
complexation of ferrous iron and calcium by fulvic and humic acid using model
calculations. Oxidation-stable, i.e. masked, iron remains as residual iron during
oxidation tests, chapter 9.3.3.

SALMON & MALMSTROM (2002) and SALMON & MALMSTROM (2004) investigated the
oxidation of ferrous iron formed during pyrite oxidation by atmospheric oxygen and
concluded from the pH dependence of the oxidation kinetics that the ferrous iron
species present in homogeneous solution react according to different time laws

Eq.(10.2-26).

_ aCFeZ

Thom = ot = _(kFe *Crezs + Kreon * Creons + Kreom2 * CFe(OH)z)' Co2 (10.2-26)

However, different, contradictory values are given for the individual rate constants.
PHAM & WAITE (2008) determined the kinetics in the pH range from pH = 6.0 to 8.0.
Overall, Eq.(10.2-24) SANTANA-CASIANO et al. (2006) investigated the oxidation of
ferrous iron in the nanomolar concentration range with Oz, H2O> and their mixtures,
while SALMON & MALMSTROM (2004) focused on the acidic leachate in mining dumps.
Up to pH < 8, the contribution of the FEOH* ion dominates alongside the FeCOj3 neutral
complex. At pH values above 8, the Fe(OH), and Fe(CO3),> species contribute more
than 20% to the rates. These investigations cannot be generalized, Tab. 10.24.

Tab. 10.24: Inorganic complex formation equilibria of ferrous iron. YPARKHURST & APPELO (2006),
YPHAM & WAITE (2008) and logarithmic rate constants (log_k;) of relevant ferrous
species. “PHAM & WAITE (2008), cited in YKing (1998), “Santana-Casiano et al.
(2004), PSALMON & MALMSTROM (2004), PSANTANA-CASIANO et al. (2006).
Negligible rate constants are marked in red.

Bildungsgleichungen der log K log Koxi [-log(mol's)
Komplexspecies a b c d e f g
Fe+2 -0.90|-6.40|-2.35|-5.10| -1.23
Fe+2 +H20 = FeOH+ + H+ -9.50| -951| 1.6] 048] 1.05| 1.4] 0.60
Fet+2 +2H20 = Fe(OH)2 + 2H+ |-20.57|-20.60 | 5.4| 5.58| 7.24| 6.9| 7.84
Fe+2 + CO3-2 =FeCO3 4.38] 5.69 -1]-2.13 2.38
Fe+2 + H+ + CO3-2 =FeHCO3+ | 12.30| 11.80 -1]-2.13 -2.78
Fet2 +2C03-2 = Fe(CO3)2-2 7.45| 3.6| 3.68| 4.35 1.91
Fe(OH)CO3- ? 23| 1.86] 2.53 0.092
Fe+2 + Cl- = FeCl+ 148 0.30 -3 -31-2.35

Fe+2 + SO4-2 = FeSO4 4.04] 242 -3 -31-2.35

10.2.3.4  Microbiological and heterogeneous oxidation
For acidic leachate in mining dumps, SALMON & MALMSTROM (2002) added another
term for microbial iron(II) oxidation, Eq.(10.2-27).

Thio = —Kpio * Cpat " Crezs *Co2 " Chs Chakt [g/L], pH>2 (10.2-27)
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Ferrous iron adsorbed on mineral phases (lepidocrocites, y-FeOOH(s) or labile iron) is
oxidized heterogeneously. The oxidation process is preceded by an adsorption
equilibrium, Eq.(10.2-28).

+0,250, +2,5H,0
) ) (10.2-28)
Fe) <« Fe, 3 Fe(OH), +2H"

ads

The heterogeneous oxidation rate kst is normalized to the phase surface. When
transferring to the solution, the respective surface/solution volume ratio O/V must be
taken into account. The strongly binding sites (strong: Hfo sOH, around 0.06 mmol/g,
PARKHURST & APPELO 2006) play a negligible role in ferrous iron oxidation compared
to the weak: Hfo wOH, around 2 mmol/g). The surface complexes react differently,
Eq.(10.2-29) and Tab. 10.25.

0)

I-surf = ; . ksurf . (CFeoiFe+ + CFeOfFeOH ) C02 (102‘29)

DZOMBAK & MOREL (1990) attribute a sorption area of around 600 m?/g to the
amorphous ferrichydroxide, which initially precipitates .

Tab. 10.25: Adsorption equilibria and their equilibrium constants (logK) for lepidocrocite (y-
FeOOH) compared to those of amorphous ferrichydroxide (Fe(OH)3(a)) (PARKHURST &
APPELO 2006).
Reaktion logK Eq.
Lepidocrocit | Fe(OH)3(a)
Hfe OH =Hfe O-+ H+ -8.27 -8.93 (10.2-30)
Hfe OH + H+ = Hfe OH+2 6.45 7.29 (10.2-31)
_ sOH: -0.95
Hfe OH + Fe+2 = Hfe OFe+ + H+ -2.00 WOH: -2.98 (10.2-32)
Hfe OH + Fe+2 + H20 = Hfe OFeOH + 3H+ -8.39 wOH: -11.55](10.2-33)

10.2.3.5  Ferrichydroxide Porengel in the treatment filter

The reaction products in various modifications of ferrichydroxide are deposited at the
phase interface of the grain structure and form the autocatalytically active mineral
Porengel, Fig. 10.22 (see also chapter 4.2.5.2). During aging under water release, the
deposits become more compact (KITTNER et al. 1975) and form a compact ferric oxide
hydrate layer about 10 um thick. A solid porous layer of hydroxide particles smaller
than 5 pm lies on top. The particles are diffusively accessible and do not form a smooth
interface to the laminar pore flow. The loosely bound layers are partially removed with
filter regeneration.
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Filter material, basic substance

Grain coating with ferrichydroxide
Approximately 600 m?*/g
Approximately 2 mmol/g CEC
Shear surface

Grain diffusion 0,02 mm™

.........
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Fig. 10.22: Section through a filter material with the fine structure of the ferric hydroxide coating
(detail from Fig. 4.213 left, cracks probably due to preparation).

10.2.4 Modelling of autocatalytic iron removal filtration

10.2.4.1  Model approach

The decrease of the ferrous iron concentration before entering the pore system below
the critical value of the ferrous iron filtration can be checked by the homogeneous
oxidation rate rthom, Eq.(10.2-34).

I.susp = _ksusp ’ (CFeO_Fe+ + CFeO_FeOH ) CFe_susp (102'34)
The rate constant ke was estimated using model calculations.

The heterogeneous reaction rsurf takes place on the reactive surface, which is generally
expressed as the surface/pore volume ratio (O/V), Eq.(10.2-29) For the rate of iron
removal, only the layer of deposits limited by grain diffusion is effective (middle
effective layer), Fig. 10.23. Part of the surface of the pavement is blocked hydraulically
or by other mineral formations. This means that only a part of the hydraulic shear
surface is also involved in the mass transfer. The microorganisms embedded in the
microporous grain coating contribute to the iron removal, Eq.(10.2-27).

Properties of the active Porengel:

» Reactive surface Osp (reakt) [m?/g]
» Concentration of binding sites Cads [mol/kg]
with the mass fraction of the effective layer

» on the shear surface Wreakt [g/m?]
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From this, the specifications for the dimensioning of the mixed cells in a transport
model are calculated (Fig. 6.61) as a concentration with respect to the pore solution,
Eq.(10.2-35) and Eq.(10.2-36).

O, ;W
c(reakt ) = 2% " (10.2-35)
Z
c(surf)=c,, -c(reakt) (10.2-36)

The material transfer to the flowing pore solution takes place via a diffusion layer on the
hydraulically effective shear surface. The boundary layer d is determined by the flow
state (Reynolds number, Re). The molecular diffusion coefficient and the film thickness
are calculated in the mass transfer coefficient § in Eq.(3.6-6) The mass transfer
velocities are also derived from the diffusion coefficient (contained in the Sherwood
number Sh) and the individual concentration gradients according to Eq.(3.3-18).

The total reactions at the shear surface ro consists of two subreactions of the first order
of the film and surface reaction and is formed from their harmonic mean of the rate
constants. These are kqur for the surface reaction and 3 for the transport-controlled mass
transfer, Eq.(10.2-37).

1 1 1

T N U (10.2-37)

+ + +
ksurf B ksurf -C B.C 1.surf B'C

The surface reaction is related to the entire shear surface, but only takes place on one
Xfrei-St part. At these points, the reaction must be faster. However, this increase must be
taken into account when referring to the total area (surface blockage), Eq. (10.2-38)
Effectively, the change in the reactive surface has an effect on the limiting effect of the
transport. Since the calculation of the mass transfer coefficient also contains
uncertainties, these are calculated freely by the fictitious factor x.

— Xfrei
I, = T 1
X (10.2-38)
I.surf B -C
Tab. 10.2-6: Constants of the laws of time according to SALMON & MALMSTROM (2002).
Symbol | Einheit Wert Eq.
kre L/(mol's) 7.9-10°°
Kreon L/(mol's) 25 (10.2-26)
krecomz | L/(mol's) 7.9:10°
Ksure L*mol'm?%s?! | 5.0 (10.2-29)
Kbio L3> mol?g s | 2900 (10.2-27)
Ksusp L>mol''m?s! | ~ 10 ksurf nach Modellrechnungen
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Fig. 10.23: Diagram of the reactive interfaces on the iron removal grain. Left: Detail Fig. 4.213,

right: Scheme.

10.2.4.2  Calculation via a mixed cell modell

In autocatalytic oxidation reactions, the oxidation states must be defined as separate
master variables (Fe di and Fe tri). This prevents the spontaneous adjustment of the
redox equilibrium. Subsequently, all iron species are also reformulated and a suspended
ferric iron phase (Fe susp) is defined.

SOLUTION MASTER SPECIES
Fe di Fe di+2
Fe tri Fe tri+3
Fe susp Fe susp 011

0.0 55.847 55.847
0.0 55.847 55.847
SOLUTION SPECIES

Fe di+2 = Fe di+2: logk 0

Fe tri+3 = Fe tri+3; logk 0

Fe di+2 + H20 = Fe diOH+ + H+; log k -9.5; delta h 13.2 kcal
PHASES

Fe (CH) 3 (a)

Fe tri(OH)3 + 3H+ = Fe tri+3 + 3H20; log k 4.891

The mixed cell reactor with a layer length of L = 2 m was divided into ncen = 50 cells
and different dispersives ar. The specified discretization resulted in o = 0.01 m. This
was increased to o = 0.11 m by inserting mixing steps (mixrun = §).

— Dichte

0 002 004 006 008 01 012 t[h]

Fig. 10.24: Influence of different dispersivities on calculated breakthrough curves for ncen = 50 and
or=0.01 m and or =0.11 m, normalized to 1.0, according to chapter 10.1.2.
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The reaction mechanisms describe a pseudo-first-order reaction to iron with hydraulic
and pore-specific rate constants, the quantities of which must be empirically corrected.
In comparison with the assessment approaches (chapter 10.2.2.1) according to KITTNER
et al. (1975) Eq.(10.2-1) and RATHSACK (1996) Eq. (10.2-2) the following factors were
chosen:

Kre Faktor = 1,5
Ko Faktor = 10

Simulated deviations from the exponential concentration curve are based on changes in
the pH value with insufficient buffering and slightly varying adsorption behavior. With
the cell length of AL =4 cm, half-life lengths L1 cannot be resolved in the case of the
dispersives oL relevant for water treatment filters, Fig. 10.25.

Fe [mmol/L]

009 ar (AL=4cm)|cm|0,3]|1,0] 11] 20
0,08

o1 =0,013 m L1, simulated |cm 3,5/3,5
Ly, calculated |[cm |3,7(4,1]7,21]8,9

0,07

0,06

0.05 — ¢ =0,110 m

0,04
0.03 — o1 =0,010 m
0,02

0,01

or =0,110 m

0,00 +
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 L [m]

mmol/L t,=48,0h

0.6 Om_Hfe wOCa+

0.5 om_Hfe wOFe diOH

= 0.4
Hfe_w0F=_di- : mm Hfe wOFe di+
0.3
Bm_Hfe wO-

Hfz wOFz d0OH 0.2

Hfe_w0H 1,02% Em Hfe wOH

0.1

Hfe_w0Ca+ mm_Hfe wOH2+
0.27% 0 L=2m
Fig. 10.25: Top: Exponential concentration profiles for vi = 10 m/h and vf = 5 m/h, as well as

different dispersivities. The dispersivity of the filter section slightly dampens the
exponential decrease (left). Comparison of simulated half-life lengths L, with those
calculated according to chapter 8.2.1 (right) Bottom: Composition of the surface species
[%] at the filter surface (left) and in the flow section profile with respect to the water
phase [mmol/L] (right) for Feo = 10 mg/L, pH = 6.8 and vi=5 m/h.

10.2.4.3  Filter resistance behavior

The filter resistance follows from the (numerical) integration of Eq.(5.2-16) for laminar,
or Eq.(5.2-17) for turbulent flow conditions (chapter 5.2) and filling of the pore space
with reaction products @in the particle diameter di, Eq.(10.2-39).

i v (eng+ngo,) (1 0y 2
he(o,,L)=1k, -—-v,- pG TG "Win) | P .. dL 10.2-39
f((Pmt ) ?'). ! g Vi nf,G.(l—(pim)3 dg +1_nPG d; | )

¢int follows from the simulation calculation of place L and time t in the filter. The
precipitated products are already ascribed a representative particle diameter di. With a
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temporally constant flow profile and filtration conditions (cx, v ...), @in(L)
proportionally flowed water column H, or Eq.(10.2-40).

09} __ Vion [OCk m’ mol 1
(at jL - ot ), molm3-h h (10.2-40)

Dpg
With Molvolume VFreon, possibly deviating from Tab. 5.2-2 (Fe(OH)s(a) * 5 H,0).

For a steady-state concentration profile, the filter resistance increase can be
approximated using a mixed cell approach using a spreadsheet (EXCEL). A simplified
analytical solution for the exponential concentration profile has not yet been found. In
addition, the filter resistance can be superimposed by sieving iron hydroxide flakes
formed after aeration, chapter 5.3.

Unfortunately, the measurement results of related iron filtration tests are no longer
available. Alternatively, for the calibration of the hydraulically relevant deposited
particle diameters dreon and their fictitious molar volume Vreon to Eq.(10.2-20)), Fig.
10.26. The particle diameter and molar volume behave in opposite directions, i.e. the
grain structure is not smoothly coated.

r

' be [m]
7.0

6,0 T dreos= 2pum, Ve.0u=0,15 L/mol

dreos= , Vreor=0,35 L/mol
301 dreon= . Vreor=0,60 L/mol
4.0
301
2,0 WINGRICH (2002)

104
0,0
0 20 40 60 80 100 t[h]
Fig. 10.26: Filter resistance behavior for Feo = 5 mg/L, ve = 10 m/h, L =2 m (AL = 1.33/m, ncell =

50, ar = 0.01 m), different iron hydroxide particle configurations compared to
WINGRICH (2002, red) Eq.(10.2-20).

10.3 Reactions and balances between the Porengel and the pore
solution

10.3.1 Stability of complex composed Porengels

The Porengel in filter sections of water treatment or in the aquifer is formed when the
solid phase interface interacts with the mobile solution. It is generally known that solid
humic acids increase in solubility with increasing pH and decreasing ion concentration.
In the event of a change of milieu, the resulting instabilities can lead to the mobilization
of parts of the Porengel. With the exception of stable minerals (iron, manganese
hydroxide), this Porengel can be imagined as colloid particles held together by weak
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interactions (electrostatic and van der Waals forces, hydrogen bonds) that have to
withstand the shear forces of the mobile solution phase. The soil pH value is determined
in a potassium or magnesium chloride suspension because colloids mobilized in pure
water cloud the supernatant solution.

The stability is based on the reactions (chapter Fehler! Verweisquelle konnte nicht
gefunden werden.) with the complex material systems (chapter 7). The aggregation of
low-molecular organic substances into insoluble humic substances, as well as adapted
biofilms (with EPS) and inorganic aggregates, such as clay minerals and hydroxide
deposits, play a major role in this, Fig. 10.31. GUSTAFSSON (2020) describes solid
humic phases as a mixture of humic and fulvic acids in the form of thunder rods,
chapter 7.4.2.4. It can also contain various particles, such as clay minerals, etc. Negative
charges on the particle surfaces stabilize aggregates by complexing with (usually)
multiply charged cations or they are destabilized if they are absent. The volume of
Donnan gel phases shrinks with increasing ionic strength, increasing their stability
against shear forces, Eq.(6.5-65).

Abbauprodukte und Metabolite von %
Lignin, Polysacchariden, Peptiden, anthropogenen Kontaminationen ...
R

] ] j§
AN . . CHy
L > | — [ |
[ ? f [ oM o OH
OH CH, OH OH
R
L om

Komplexierung
e -
(ca*) — 3\'|
CPNCT-

Mg
e
Kolloide, Tonminerale, EPS,

Bakterien, Phasengrenzen, ...

Oxidation

Chinone

| Kondensation I

l

Porengel

Fig. 10.31: Reaction scheme for the formation of humic substances and Porengels from different
starting materials. The reversal of the reaction pathways causes the mobilization of
substances fixed in the pore gel. (Revised according to SUTRADHAR et al. 2023).

10.3.2 Mobilization of Porengels from dump aquifers

In various laboratory and pilot tests, the mobilization of organic (humic) substances was
observed even at low pH increases. As expected, the mobilized substances had a higher
aromaticity and higher molar masses, FigFig. 10.32. KocH et al. (2006), SCHOPKE et al.
(2007) and SCHOPKE (2024) developed models based on experimental results for the
stability of humic aggregates at increasing pH, which could be used to construct
substance distributions according to a solubility constant. However, the results do not
yet have any practical relevance.

In the case of drastic pH increases due to the addition of alkalis, the bonds between clay
mineral particles are also loosened and these are discharged with the pore solution
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stream, Fig. 10.33. Since the affinity of polyvalent cations to acid residues (silicate,
aluminate, ...) is greater than to monovalent cations, these colloids can be destabilized
by adding magnesium ions (MgCl,) and weighed after separation. The mobilized humic
substances (DOC, UV spectra) remain in the solution..

The electron microscopic examination of the discharged solids (4g/kg Dry Solids, Loss
on ignition = 69.9%) showed platelet-shaped particles with a maximum edge length of
600 um and clear erosion phenomena on their surfaces. The composition of the mineral
particles (microbeam analyses EDX) came close to the clay mineral illite, Fig. 10.33.

Aromaticity

254 &2
[m¥e] + m¥mol] Building Blocks 12,4 Mobilized Porengel
Neutrals -
T84 Humic substances = _
6172 L2 == Groundwater
- -
speo 7 24
448 /4 1.2 Humic substances

336 Byilding Blocks

224

1 _l%\"lethanol Polysacharide
o 14 g 20509
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Fig. 10.32: Top: Comparison of the LC-OCD investigations of a sulfate-reduced groundwater
(methanol = residual substrate) with the alkaline soluble fraction of the corresponding
Porengel (indication of the DOC in mg/L). Bottom: UV spectra of mobilized humic
substances (left) and a dump groundwater (right: KOCH et al. 2006).
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Fig. 10.33: Top left: Profile cutting surface of an ash column produced in the pilot plant and
produced by injection of a fly ash suspension. The alkaline remaining area was stained
red with phenolphthalein. In the marginal edges, the alkaline mobilized fine grain was
deposited again after neutralization. Bottom left: Mass discharge from a dump sand
filter by adding alkaline [mmol/kg] as Ess4 and DOC (humic substances), as well as
magnesium chloride precipitable mobilized solids (Abf). Bottom right: Electron
microscopic view of the mineral particles precipitated with magnesium chloride and
their inorganic composition compared to illite. Organic components were not recorded
due to preparation. The effluent pH value of the column between pH = 4 to 7 does not
represent the mobilization pH value on the flow path, SCHOPKE et al. (2007).

10.3.3 Plaque formation (Porengel) due to contaminants typical of gasworks

Water-soluble pyrolysis products, which include substances typical of gasworks,
contain substituted aromatic and phenolic substances that tend to polymerize under
oxygen consumption, similar to the humification process.Fig. 10.31. Here, too, water-
insoluble phases - Porengels - form together with inorganic precipitated products.
SCHOPKE" et al. (2011) investigated such a Porengel in the laboratory, which caused
malfunctions in pump and treat groundwater remediation plants on the Schwarze Pumpe
plant site in the form of deposits.

Das anaerobe Grundwasser enthielt anorganischen und organisch gebundenen
Sulfidschwefel. BEERBALK (2011) formulierte einen Bindungmechanismus zwischen
Eisensulfiden-, Schwefel (Ss) und Heterocyclen als Arbeitshypothese. Elektronen-
mikroskopisch zeigten sich filigrane Strukturen aus Eisensulfiden, -carbonaten und -
hydroxiden, zwischen denen sich organische Gele befanden, wahrscheinlich
huminanaloge Polymere, Fig. 10.34. Diese wurden aus den nachgewiesenen
leichtfliichtigen Alkylpyridinen und -phenolen, sowie weiteren Heterocyclen mit
mikrobieller Unterstiitzung gebildet.
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Fig. 10.34: Top left: Ground crustal particles (coating, Porengels) with a filigree structure
recognizable by electron microscopy. The fine-grained phase mixture is referred to as
the basic substance. Top right: Bond between iron sulphide, sulfur (S8) and
heterocycles postulated by BEERBALK (2011). Bottom right: Bacteria stained by light
microscopy (yellow) in the crustal particle.

Das an der Belagskruste (Porengel) stromende Grundwasser wurde LC-OCD- und
gaschromatografisch untersucht. Dabei konnten den Neutralstoffpeaks X1 bis X6 des
LC-OCD-Chromatogramms gaschromatografische ermittelte Stoffe und Stoffgruppen
zugeordnet und im Molmasse-Aromatizitits-Diagramm zusammengefiihrt werden, Fig.
10.35. Diesen enthielten auch Stickstoff. Den LMW-acids, Huminstoffen und deren
Vorstufen (HS+BB) lieen sich keine gaschromatografisch identifizierten Stoffgruppen
zuordnen. Sie sind wahrscheinlich mit aromatischen und heterocyclischen Kontami-
nanten Verbindungen eingegangen. Beiden Analysenverfahren entging allerdings ein
erheblicher Anteil des h6hermolekularen organischen Kohlenstofts (HOC).

Das im Kontakt mit den Beldgen stehende kontaminierte Grundwasser triibte sich nach
geringer Sauerstoffzufuhr innerhalb weniger Tage ein, interpretiert als Beginn
mikrobiologischer Gelphasenbildung. Diese nach Sauerstoffzufuhr einsetzenden
biochemisch unterstiitzten Polymerisationsreaktionen wurden durch Zugabe von
Kondensationskeimen in Form pulverisiertem Eisenhydroxid (Ferrosorp®), Zeolith und
Aktivkohle unterstiitzt. Die UV/VIS-Spektren lieBen sich mit geringfiligig nachjustierten
Elementarbanden , Spezl, Spez2 und in Spuren Humkont anpassen. Wéhrend der
kurzen Beobachtungszeit von vier Tagen wurde der DOC im Grundwasser und den
ferrosorp- und zeolithangereicherten Proben von 160 mg/L auf ca. 90 mg/L gesenkt.
Adsorption an polaren Oberfldchen spielte keine Rolle. Anders bei der Aktivkohle. Dort
wurden die unpolaren Aromaten adsorbiert und es verblieben die polaren Anteile von
DOC=7mg/L, wodurch die Bande Humkont erst nachweisbar wurde. Die
experimentelle Aufkldrung dieser Prozesse war nicht vorgesehen.
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Fig. 10.35: Top: Merge of LC-OCD and gas chromatography. Evaluation of the LC-OCD

ISOOiEh [L/m]

chromatogram (left) and interpretation in the aromaticity-molar mass diagram (right).
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molar mass diagram of low-boiling substances in groundwater (left) and (volatile)
substances distilled from the solid (right).
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Fig. 10.36: UV/VIS spectral measurements of groundwater. Top: Groundwater (left) and readjusted

elementary bands. Bottom: Humification-analogous processes initiated after aeration
with condensation particles. Ferrosorp Iron Hydroxide Powder and Activated Carbon
Powder.
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10.3.4 Treatment of wastewater containing aromatics by stimulating
humification processes

10.3.4.1  Pyrolysis Wastewater

SCHOPKE (2007) already investigated the question of whether the humification
processes of nature initiated by the oxidative polymerization of different aromatics can
be transferred to similarly constituted wastewater. The tests with wastewater from
residue smoldering and cellulose digestion yielded no results. The latter mainly
contained lignin fragments.

KocH et al.” (2007) investigated the inadequate COD degradation of pyrolysis
wastewater (SVZ-Schwarze Pumpe) also from the point of view of the use of
humification processes. The condensation water produced during the entrained flow
gasification of waste was pre-cleaned, then the phenol was extracted and ammonium
was expelled. The remaining highly contaminated organic pyrolysis wastewater, which
was pre-cleaned in an intensive biology laboratory with the addition of oxygen and then
treated in a wastewater treatment plant together with municipal wastewater,
nevertheless still contained a refractory residual COD (> 210 mg/L O) above the
legally prescribed discharge value. Already in GDR times, the Schwarze Pumpe gas
combine was held responsible for part of the organic base load of the Spree near Berlin,
SCHOPKE et al.” (1985).

Together with previous investigations, a concentration pattern typical of biologically
stabilized pyrolysis wastewater emerges. The problematic refractory substances
(Watertreatment-related substances, WWR) consist of aliphatic components,
presumably branched hydrocarbon chains in the molar mass range between 250 and 750
g/mol, which are linked to each other via ester and ether bonds and are only partially
biodegradable. They cannot be assigned to humic substances, but to non-ionic
surfactants (indication: foaming). This is also indicated by the low proportion of acid
functions, Tab. 10.32. Screening analyses of the operator were combined with LC-OCD
studies, UV/VIS spectra, titrations, biodegradation and treatment trials in the laboratory,
Tab. 10.31. The remaining consumption behaviour BOD(t) after intensive biology has
already been described, chapter 9.4.3 with Fig. 9.42 and Tab. 9.41.
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Tab. 10.31:

Tab. 10.32:

Test results: Pyrolysis (waste) water (Pyr) after dephenolization, after intensive biology
(I-Bio), double determination of watertreatment-related substances (WWR1/2) and after
treatment together with municipal wastewater in the sewage treatment plant (GKA).

Parameter Pyr I-Bio | WWR(1) | WWR(2) | GKA
Temp °C 34 28 20 20 25
pH 1 7.83| 6.66 7.05 6.97| 7.65
LF mS/cm | 14.24|14.28 15.31 15.19] 7.54
TOC mg/L 3013 2024 2226 | 211
DOC mg/L 5422 | 2678 2016 1876 207
DIC mg/L 190 465 390| 173
DIC mmol/L 15.8 38.8 32.5] 144
DN mg/L 572 433 385] 40.2
DN mmol/L 31.8 24.1 214 2.2
CSB-uf | mg/L 13850 | 8505 5150 6010| 615
CSB-f mg/L 13600 | 8295 4885 5215| 545
Eos4 1/m 3990 | 3982 4162 3911] 502

Derived parameters: Pyrolysis (waste) water (Pyr) after dephenolation, after intensive
biology (I-Bio), double determination of watertreatment-related substances (WWR1/2)
and after treatment together with municipal wastewater in the wastewater treatment
plant (GKA).

Parameter Pyr I-Bio WWR(1) WWR(2) GKA
CSB/DOC 1 1,88 2,32 1,82 2,08 1,97
€254 m?mol | 8,8| 17,8 24,8 25,0 29,1
Titrations
DIC mmol/L| 13 13 30 31 8
mg/L 151 156 360 374 96
R-COOH pK 57| 54 5,7 5,6 6,1
mmol/L | 4,3 18 18,5 18,6 8,4
NH3+ArOH pK 9,5 9,2 9,5
mmol/L| 13 28 15
DIC-titrated % 82 77 96 55
NH3+ArOH-tititized | % 88 672
R-COOH/DOC 1 0,024 0,034 0,036 10,354
NH3+ArOH/DOC 1 0,125 0,870
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Fig. 10.37: Interpretation of the composition of pyrolysis wastewater. Top: Two-dimensional COD

distribution (logKow-M) of 80 to 90% of the substances detected by gas
chromatography in the boiling range C5 to C18. The density shown in color
(log p chapter 9.1.2) in the selected grid (AM = 13,2 g/mol; AlogKow = 0.37) marks
their concentration distribution (left). (a) acetone, acetonitrile, (b) simple aromatics of
various polarities, (c) pyrrole, phenol, benzene, toluene, pyridine, pyrazine, 2-
methylpyrazine, n-butanol (hydrolysis product of the phenol extractor used) and
alkylphenols with M > 100 g/mol. The maximum around M = 144 g/mol is formed by
naphthol and derivatives. Higher polycyclic alcohols were no longer recorded. To the
right of them are the higher molar mass ranges of unknown polarity. Bottom: LC-OCD
chromatogram of the pyrolysis water after dephenolization with reference to the molar
mass ranges shown above.

The proportions of carboxyl functions in the DOC (R-COOH/DOC) determined by
titration are much smaller in the treated pyrolysis wastewater than those of humic
substances (= 0.22 chapter 7.4.1), in contrast to the one treated with urban wastewater,
Tab. 10.32. It is likely that the refractory fraction (WWR) consists of higher molecular
weight polar condensates with a high aliphate content and is therefore not accessible to
humification processes. The molecules are too large to penetrate the activated carbon
pore system, do not bind to hyroxide surfaces via hydrogen bonds due to a lack of acid
functions, and are not yet large enough for coagulation (flocculation). The results can
probably be generalized to pyrolysis wastewater and gas plant contamination.

A condensation wastewater from the smoldering of paper residues (Spuckstoffe) had a
high consumption potential due to biologically available phenols, which appeared in the
UV spectrum by a local maximum of A = 278 nm. Here, too, the substances in the range
of M <400 g/mol could not be stimulated to humification, Tab. 10.33.
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Fig. 10.38: Left column: Aromaticity molar mass representations of LC-OCD chromatograms

(DOC [mg/L]). For the effluent of the community wastewater treatment plant (GKA),

the

DOC

of watertreatment-related substances

(WWR)

and that of non-

chromatographable hydrophobic substances (HOC) is given. Right column: UV/VIS
spectra with elementary band decomposition. Top: Pyrolysis (waste) water after
dephenolation and before intensive biology treatment. Middle: after intensive biology.
Bottom: after treatment with municipal wastewater in the wastewater treatment plant

(GKA).
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Tab. 10.33: Smoldering wastewater from residues of paper applications (Spuckstoffe) with phenols.
Left: Organic sum parameters with LC-OCD evaluation. Right: UV spectrum with
adapted elementary band decomposition, SIEBER* (2001).
Organic UV- Spectra Amax diff Enmax Eint
Sum parameter mg/L | KRT=3.5% nm 1 1/m 1/(m*nm)
TOC 32600 194 | 18] 41085 12
Phenolindex 900 | Humkont 229 | 43 8378 8,5
Aromaizitat QEL [1/m]
. 35000 _
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10.3.4.2  Lignin-containing wastewater

The alkaline digestion of textile hemp produces a dark-coloured alkaline wastewater,
Schwarzlauge, during the production process. SCHOPKE et al. (2002) and KocCH et al.
(2006) tested their application as a substrate for microbial sulfate reduction. For this
purpose, the colouring lignin fragments would have had to be removed beforehand, e.g.
by incorporation into the chemically similar humic substances. Here, too, the substances
in the range of M <400 g/mol could not be stimulated to humification, Tab. 10.3-4.

Tab. 10.3-4: Hemp digestion water (Schwarzlauge). Left: Organic sum parameters with LC-OCD
evaluation. The depletion attempt was faulty and other parameters could no longer be
found. Right: UV spectrum with adapted elementary band decomposition, SCHOPKE et
al. (2002) and KOCH et al. (2006).

Organic UV- Spektren Amax diff Emax Eint
Sum parameter mg/L KRT=13% nm 1 1/m 1/(m*nm)
TOC 12551 194 10 73976 38
CSB nicht mehr auffindbar Spezl 223 17 9651 2,5
BSB;s > 1000 | Spez2 245 12 8859 3,0
Phenolindex Humkont 287 4.5 10007 7,7
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10.3.4.3  Evaluation of the attempts to stimulate humification

The use of humification processes under near-natural conditions was unsuccessful
overall. Near-natural means the temperature range of drinking water and municipal
wastewater, atmospheric pressure and no drastic changes in the environment, i.e.:

pH changes in the range pH =3 - 10,

Oxidation with oxygen, hydrogen peroxide and ozone far below total oxidation,
electrochemically via a diamond electrode,

conventional flocculation and adsorption,

Stimulation of polymerization reactions, e.g. by formaldehyde, etc.,

YV V V V VYV V

Biodegradation.

Only the highly concentrated contaminants typical of the gasworks tended to condense
into mechanically stable deposits, chapter 10.3.3. Some of the non-chromophore
components were able to condense on hydroxide surfaces (iron hydroxide, zeolite)
under microbiological influence. The components causing the continuous UV spectra
remained in the solution and were partially activated carbon adsorbable. The treatment
effect remained unsatisfactory and humification reactions could not be detected. The
formation of traces of mucus-like products, which is not relevant to the process, makes
the untested application of membrane processes appear pessimistic.

10.3.5 DOC oxidation in mine-acidified Lusatian open-cast mining lakes

FRIESE et al. (2002) attributed the low DOC concentrations in mining-acidified Lusatian
opencast lakes, which are fed by humin-contaminated dump groundwaters, to
photochemical oxidation according to the Fenton mechanism, FigFig.10.39. In the
acidic oxic water layers, up to more than 90 % of the total iron (around 1 mmol/L) is
present as ferric iron. The oxidative attack on m-electron systems also leads to a
reduction in aromaticity.
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Fig.10.39: Photochemical DOC degradation. Top: The LCOCD chromatogram of the dump

groundwater (GW: AN2-2 SCHOPKE et al. 2007) converted into the €54 molar mass
diagram in comparison with that of the lake water (Lake/See: RL111, PREUB 2004).
Both samples do not correspond with each other, but illustrate the degradation of high-
molecular humic substances to lower molecular weight acids (S red), building blocks
(BB green), neutrals (Neut blue) and humic acids (HS brown) with lower aromaticity.
The DOC proportions are indicated in black for groundwater and red in red for acidic
seawater. Among them are the associated band decompositions of the UV spectra.

10.4 Porengels of Biofiltration

10.4.1 Artificial groundwater recharge and slow sand filter

Slow sand bank filtration and artificial groundwater recharge for water treatment, as
well as trickling filters and constructed wetlands in wastewater treatment represent
biochemical filtration processes. If there is insufficient groundwater supply, well
galleries are often built near the banks of bodies of water with the aim of obtaining
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additional bank filtrate. Shore filtrate is groundwater that forms through natural
processes after infiltration of surface water by the river bed. In the case of artificial
groundwater recharge, additional infiltration systems will be installed. In the infiltration
area of these near-natural processes, processes analogous to those in the slow sand
filters, which also have a biological effect, take place, Fig. 10.41.

The formation of groundwater from the infiltrate takes place in several phases:

1. Filtering (sieve and filter effects) of particulate matter on the basin surface or the
water bed.

The filtered substances form an increasingly less permeable filter cake on the filter
surface. The colmation layer that forms at the bottom of the water is cleared away by
occasional floods. On the seepage basins, this so-called Schmutzdecke must be cleared
away using various regeneration processes. In the case of planted seepage basins for
drinking water and wastewater treatment, one relies on the natural degradation of the
predominantly organic deposits.

The sum parameters watertreatment-related substances WWR for the rest after soil
passage and drinking water-related substances after activated carbon treatment were
defined with regard to these technologies, chapter 7.1.1.

2. Vertical passage or seepage section or aeration zone (gas exchange with soil air).

This is where the essential aerobic degradation processes take place, right down to the
substances relevant to the waterworks. In the process, biomass is formed as well as
respired.

3. Transition to the anoxic environment with the reductive solution of manganese and
iron oxide hydrates and the horizontal passage to the production wells.

If the remaining waterworks-relevant substances do not comply with the required
quality criteria, further treatment steps (ozonation, flocculation, activated carbon, ...) are
required.

Enriched groundwater for

freatment : .
/ Kolmation Infiltration basin

River/Lake — s

Seepage section

Infiltrate

Bank filtrate f]
> real groundwater
Fig. 10.41: Bank filtration (left) and artificial groundwater recharge (GWA, right).
10.4.2 Influence of oxygen concentration on infiltrate composition

The decisive treatment reactions take place in the slow sand filter under the
Schmutzdecke. The biologically active biofilms in this zone metabolize biodegradable
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substances and adsorb colloids and dissolved trace substances. This biofilm feeds on the
dissolved and colloidal substances of the flowing pore solution, including wastewater-
borne microorganisms. Inorganic particles such as clay minerals, humic substances and
iron hydroxide colloids are embedded in it and stabilize the EPS gels. In contrast to
wastewater treatment, biomass build-up and degradation processes stabilize its low
layer thickness with negligible hydraulic effect.

At high water temperatures, the biomass formed is quickly metabolized again and
accumulated under colder winter temperatures. As temperatures rise again, this leads to
an increased demand for oxygen, which must be covered by the flowing pore solution.
Under oxygen deficiency, the aerobic Porengel loses its stability as a result of reductive
dissolution of iron and manganese oxide hydrates and the death of aerobes, releasing the
substances trapped in the Porengel and microorganisms that are still active.

The quality breakthroughs summarized by SCHOPKE (2007) consisted of increased
concentrations of ferrous iron, manganese, organic substances, including humic
substances, as well as bacteria (colony-forming unit CFU, Coliforms) and probably also
viruses. Once mobilized, they were transported with the pore solution to the production
well. To ensure the operational safety of these plants, anaerobies must therefore be
avoided in the biochemically active slow sand filter layer.

10.4.3 Oxygen depletion in the aerobic zone

The biologically active layer must be completely oxygenated by the pore solution. For
the oxygen consumption on the biofilm/Porengel surface, a film kinetics (1st order) is
postulated and the flow time or the flow path of different filter configurations is
replaced by the filtration parameter FP. SCHOPKE" et al. (1985) formulated boundary
conditions for the avoidance of anaerobic filter processes, which can be transferred to
different filter configurations via the integral oxygen depletion rate Roz, Eq.(10.4-1):

» aerobic flow Cop > 1Img/L: Stable drain quality
» Oxygen deficiency Cop < Img/L:  Texture breakthrough

Die integrale Sauerstoffzehrungsgeschwindigkeit eines Filters Ro> wird aus seiner
Sauerstoffzehrung und dem zugehdrigen Filtrationsparameter FP als Roz [mg/(m>h)] in
Versuchen bestimmt, Eq.(10.4-1).

_ Acy,

= firc~, > 1 mg/L -
EP 02 g (10.4-1)

02

Experimental slow filters required at least six months of training for the accumulation of
a reproducibly stable biofilm (Porengel) compared to technical systems. Rapid filters
had a higher integral oxygen consumption (up to 12 mg/(m*h)) compared to parallel
slow filters (up to 1 mg/(m*h)).

From the integral oxygen depletion rates Roz, minimum filtration velocity vimin were
derived for different filter configurations, up to which anaerobic states are not to be
expected, Eq.(10.4-2).
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6-(1-n,)-L
Co, —Img/L)-d,,

Vemin > Roy - ( (10.4-2)

10.4.4 Application examples

10.4.4.1  Quality problems in the slow sand filtration of water from Miiggelsee

In the 1980s, the filtration velocity in the slow sand filters of the Miiggelsee water
treatment (Berlin/Friedrichshagen) fell below the minimum filtration velocity vemin at
high plankton concentrations, with subsequent severe impairments of the filtrate quality
(SCHOPKE" et al. 1980). Schopke et al. (1990) demonstrated the reductive mobilization
of humic substances from the filter sand after three weeks of incubation with methanol
and sucrose as substrate. First, manganese went into solution, followed by humic
substances, qualitatively proven by their UV spectra. The problem was temporarily
solved by pre-filtration via sand filters for hydraulic relief of the slow sand filters.
Direct seawater treatment was completely shut down after 1990.

10.4.4.2  Formation of organically highly polluted water bodies (Huminwolken)

SCHOPKE® et al. (1985) documented the transfer of mobilized Porengel components into
the aquifer and their subsequent migration as so-called humic clouds in experiments on
the groundwater recharge of Spree water near Berlin. Under high water temperatures,
anaerobic conditions developed in the infiltration area after a short flow time (< 1 d), as
a result of which the pH value dropped and the infiltrate temporarily enriched with iron,
manganese, humic substances and bacteria (colony-forming unit increase). The so-
called Huminwolken migrated with the infiltrate stream to the catchment over the course
of months. The different migration of the individual parameters was due to dispersion
and chromatography effects.

These processes, which are only documented at great expense, usually go unnoticed
under the conditions mentioned in bank filtration and artificial groundwater recharge.
This was indicated by the short-term exceedances of the bacteriological findings of the
bank filtrate wells observed during the same period.

10.4.4.3 Recommendations for the use of biofilters with soil passage for water
treatment

Prowa Cottbus™ (1989) summarised the experiences from several groundwater recharge
trials in an unpublished draft of the WAPRO 1.17 groundwater recharge:

The colmation of the upper sand layer limits the operating time of sand basins, chapter
5.3. Most elimination processes take place under aerobic conditions, whereas
remobilization processes are possible under anaerobic conditions. The quality of the
enriched groundwater, in particular its hygienic load, is determined by the oxygen
supply of the slow sand filter-analogue infiltration area. Accordingly, pre-treatment
steps must be provided. Peatty aquifers are not suitable for soil passage because of
their oxygen-depleting potential and with their high content of mobilizable humic
substances.



282
Ralph Schopke

10.5 Adsorption Filtration

10.5.1 Adsorbent

10.5.1.1  Activated carbon

Adsorption of activated carbon has been used technically in drinking water treatment
since the 1920s. Originally, the goal was only to remove odor- and taste-impairing
substances. Today, adsorption is used to separate dissolved organic substances
(KUMMEL & WORCH 1990). In addition, activated carbon is also used for dechlorination.

The size of the sorption surface and its accessibility to water constituents are determined
by the pore radius distribution. Depending on the activated carbon, the maximum pore
radius distribution is between 0.2 and 0.8 nm. Macromolecular humic substances or the
like can sometimes compete with micropollutants or impair the treatment performance
of the activated carbon by blocking the micropores.

Special abrasion-resistant activated carbons with high adsorption capacities are used for
activated carbon filtration. In practice, filters are operated with layer lengths of 1 - 3 m
and fictitious contact times of 10 - 30 minutes. The filtration velocities are therefore in
the range of 5 - 20 m/h. Oxygen consumption must be taken into account, especially at
low filtration velocities (DVGW W239). Due to the unavoidable colonization of the
grain surfaces, activated carbon filtration in drinking water treatment must always be
followed by disinfection. The microorganisms can extend the filter running time
(operating time between two coal changes) through biochemical degradation of
adsorbed substances.

Tab. 10.5-1: Characteristics of activated carbons.

Particle size distribution curve, effective grain diameter, uniformity coefficient

Density of grain

Bulk density

Flowable porosity

BET-surface

Pore radius distribution (Hg-Porosimetrie)

Iodine number [mg/g fiir 20 mmol/L concentration of equilibrium]

Phenolaufnahme [mass-% for 1 mg/L Gleichgewichtskonzentration]

Adsorption isotherms

Diffusion constants for Film and grain

10.5.2 Concentration breakthrough

The first occurrence of a substance to be adsorbed at a specific location on the filter bed
or in the effluent is called a breakthrough, Fig. 10.51. The breakthrough curves of
mixtures of substances are determined by their different isotherms and their adsorption
kinetics and form complex breakthrough fronts that migrate through the filter layer,
chapter 8.3. The moderately adsorbing substances initially penetrate into deeper layers.
The highly adsorbable substances, which advance more slowly, displace the moderately
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adsorbable substances, which means that they appear in the filter outlet even in higher
concentrations than in the inlet, Fig. 10.51.

| 4  Weakly adsorbable

moderate

adsorbable

ighly'adsorbable

B

Bed volume BV

Fig. 10.51: Diagram of activated carbon filtration and breakthrough curves of water constituents
with different levels of adsorbability.

The filter breakthrough is defined differently:
» Stoichiometric breakthrough

Assuming the adsorption equilibrium, the filter reaches the stoichiometric load q(co)
with respect to the inlet concentration. In simple cases, this is reached after ¢ = co/2 in
the sequence.

» Complete breakthrough

The complete breakthrough of the adsorber is achieved when the entire adsorption
material is in equilibrium with the inlet concentration in terms of loading. (¢ = co).

» Target value breakthrough

In this process, a specified target value is reached as a termination criterion in the
process.
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10.5.3 Adsorption filtration modeling
10.5.3.1 Basics
Adsorption kinetics are determined by the following processes:

» External mass transport: Transport of the adsorptive from the free solution to the
edge of the boundary layer of the adsorbent grain, chapter 3.3,

» Film diffusion: Diffusion velocity from the solution to the grain surface through the
flow-dependent boundary layer, chapter Fehler! Verweisquelle konnte nicht
gefunden werden..

» Surface complex formation (adsorption reaction often negligible),

» Grain diffusion: Diffusion rate of the surface complex into the grain interior to still
free adsorption sites, chapter Fehler! Verweisquelle konnte nicht gefunden
werden..

The modelling of these processes is difficult despite various simplifications. In the case
of negligible grain porosity, e.g. granular iron hydroxides (ferrosorp®), the mixed cell
equilibrium model can be applied while neglecting the kinetics, SCHOPKE et al. (2013).
Calibration is carried out via filter tests.

10.5.3.2  Use of dimensionless numbers

Another possibility is the scale transfer of filter tests to technical systems via
dimensionless numbers, chapter Fehler! Verweisquelle konnte nicht gefunden
werden.. SONTHEIMER et al. (1985) and BAHR (2012) thus reduced the number of
parameters to be taken into account for the design, Tab. 10.52.
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Tab. 10.52: Dimensionless quantities of an adsorption filter according to SONTHEIMER et al. (1985)
and BAHR (2012).
Ps o\
Kapazititsfaktor Cr CF =2 'M (10.5-1)
N, G
T t V-t H
Reduzierte Filterlaufzeit T = = = 10.5-2
t.-C, L-C, LC, (10-52)
Reduzierte Losungskonzentration | X X=— (10.5-3)
Co
| vod
Reduzierte Beladung Y =— (10.5-4)
qo
L
Axialkoordinate des Filters Z Z= L_ (10.5-5)
F
2-r
Radialkoordinate (Korn) R |R= e (10.5-6)
w
4.D,-C, -t
Diffusionsmodul Ed Ed | Ed= % (10.5-7)
w
. 2-(1-n,)t, B
modifiziert STANTON-Zahl s | ST = (=n,) t, (10.5-8)
n,-d,
. St™ (I-n,)-d, -c
BIOT-Zahl Bi |Bi=—= (P)—WO . £ (3.7-10)
Ed 2'ps'qo(co) Dy
FREUNDLICH-Exponent n q= KFreundlich .c" (10.5-9)

The difference between Eq.(3.7-10) and Eq.(3.7-11) consists in the use of bulk density
instead of grain density, which is converted by (1-np)!

In the dimensionless form, the breakthrough curve is described by a function of
dimensionless quantities, Eq.(10.5-10).

X = f(T,C,,St",Bi,n) (10.5-10)

This is based on a friendly isotherm for a single substance. BAHR (2012) recommends
the software FAST - Fixed-bed Adsorption Simulation Tool.

10.5.3.3  Influence of adsorption on longitudinal dispersion oL

According to the transport model of WORCH (2004), adsorption processes lead to an
increase in the dispersivity of concentration fronts. To this end, he extends the balance
equation Eq.(3.1-9) on the loading of the filter material q, Eq.(10.5-11),

oc oc 0 o’c
Vf'g—l_nP'a—l_pS'@_?:DL'nP'E (105-11)

and the linear adsorption isotherm Eq. (6.5-16) Used Eq.(8.3-10).
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« R Ve c
R, =—F= =1+Ps. Kd=1+M (10.5-12)
n, n,-v, n, c

This is described in Eq.(10.5-11) Eq.(10.5-13) to Eq.(10.5-16).

v, Oc Oc o’c
n_f'i - (His KJ:DL-E (10.5-13)
P P
v, oc R, éc o’c
n, 6L n, ot = oL ( :
thus
oc oc D, o
VA'a_L+E_nP.R_.E (10.5-15)
F
with
. D
D :nP-R—L (10.5-16)

Rewritten from Eq.(3.1-19) follows Eq.(10.5-17).

c(Hp,v, -t) 1 ( b= Vg* t)
- L rf 10.5-17
c, 2Dt (1017

WORCH (2004) and SCHOENHEINZ & WORCH (2005) adopt analytical solutions from the
literature, Eq.(10.5-18) and Eq.(10.5-19).

e

For the increase in dispersivity by the distribution equilibrium Eq.(10.5-20),

_ n, - v, B '
O =0 + =0, +

ks-O ‘R -
sp pS F ks'osp-ps (1_'_55 KdJ (105 19)

P

and with ki Eq.(3.7-8) follows simplified Eq.(10.5-20).

d2 -v,
Oey =0 + m (10.5-20)
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Tab. 10.53: Surface diffusion coefficients of chelated exchangers and granulated iron hydroxide
(GEZ). ¥BAHR (2012), YGENZ (2005).
Water Adssorbent Versuch | Ds Zitat M
m?/s g/mol
Modellwasser Chelataustauscher | DKR a
Berliner TW Chelataustauscher | DKR a
GW Eisenberg Chelataustauscher | DKR a
GW Eisenberg Chelataustauscher a
NOM GW-Berlin GEH KFA 9.6E-15 b 1000
NOM GW-Berlin GEH KFA 4.8E-14 b 3000
NOM (GW Fiichtenfeld) | GEH KFA 4.8E-15 b 1000
GEH KFA 6.7E-14 b 3000
SRNOM GEH KFA 4.8E-14 b 1000
GEH KFA 54E-14 b 3000
Salicylséure GEH KFA 4.9E-13 b
Arsenat GEH KFA 3.5E-14 b
Phosphat GEH KFA 1.6E-14 b

10.6 Applications of surface filtration

10.6.1 Artificial groundwater recharge

On the surface of infiltration basins of artificial groundwater recharge or slow sand
filters with surface water, its sieved particles form a colmation layer, the so-called
Schmutzdecke. The particle load of surface water can fluctuate greatly within hours.

The planning of infiltration basins, their regeneration effort and the necessary pre-
treatment require lengthy pilot tests. Their effort can be statistically secured by frequent
filter tests in all condition situations, chapter 9.2.

During ongoing treatment experiments for artificial groundwater recharge with Spree
and Neisse water, the colmation points determined on individual test days were
combined into sieve curves, Fig. 10.61. At that time, the Neisse was heavily
contaminated with suspended coal and ash particles, as well as fibers from Sphaerotilus
colonies (bacterial colonies. referred to as Abwasserpilz). The inorganic particles
occurred especially during floods and the bacterial colonies in the cold season. The
Spree was affected by algal blooms.

From the determined colmation points Hx, minimum operating times for the planned
infiltration basins were derived. The determined colmation coefficients y, on the other
hand, could only be transferred with a high degree of uncertainty, as they were
influenced by the compression behavior of the Schmutzdecke and/or biochemical long-
time effects. Only the results from the Spree near Neuzittau (SCHOPKE et al. 1985) were
specified by parallel pilot tests.
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H,_[m]
10007
Spree bei Sdier,

1004 1087/88

10 4

Spree, bei Neuzittan, 1984

0.1 T T >
0.1 1 ds [mm]

Fig. 10.61: Sieve curves Hg(ds) of river waters intended for infiltration. Neisse near Gorlitz,
(SCHOPKE" et al. 1982 and SCHOPKE" 1989a), Spree near Berlin near Neuzittau,
(SCHOPKE" et al. 1985) and the Spree below Bautzen near Sdier (SCHOPKE" 1989).

10.6.2 Municipal wastewater

In Vorbereitung einer Filtration gereingten Abwassers bestimmten BALKE & SCHOPKE"
(2009) orientierend das Siebverhalten von vier Kldranlagenablaufproben. Die
Kolmationsbeiwerte y zeigten insgesamt eine stark streuende potenziell-abnehmende
Tendenz, die die Einzelmessungen nicht reprisentierten.

A Hg [m] .
Siebe x o a o & v [h/m] o [}
0 10
1007 Glaskugel- R P . o " R
schiitung 01 “o.1 ds [mm]
10¢ 0.1 ° RC
g 0.01 cL
g 0,001 ) .
0,0001 ox
.
0,1 >
0,01 0,1 ds [mm]
Fig. 10.62: Four samples of the effluent of the Cottbus wastewater treatment plant with the double

logarithmic-linear dependence between the colmation point and the sieve diameter.

Tab. 10.61: Parameters of the Eq.(5.3-17) for screening curves of the wastewater treatment plant
effluent in Cottbus.
Datum A B | R?
m 1 1

06.03.2009 | 1310 1,65 0,83
19.03.2009 [ 4010|2,17]0,98
14.04.2009 | 3190 | 2,35 | 0,98
07.07.2009| 681|1,50]0,91

Initially, it is not possible to assign an exact screen diameter ds to technical filter
materials. The few tests with surface and treated municipal wastewater have shown a
relatively close relationship between the screen diameter and the effective grain
diameter. The determined ratios are just above the theoretical grain spacing of the
densest spherical fill (chapter Fehler! Verweisquelle konnte nicht gefunden werden.)
between 4 balls of 0.14 (BUSCH et al. 1993), Tab. 10.62.
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Tab. 10.62: Determined ratios between screen diameter and effective grain diameter with equivalent
hydraulic action.
Wasser ds/dyw | Quelle
NeiBe/Gérlitz 0,27 | SCHOPKE" (1989a)
Spree/Sdier 0,19 | SCHOPKE" (1989)
Kliranlagenablauf Cottbus | 0,25 | BALKE & SCHOPKE" (2009)

10.6.3 Colmation of swallowing wells

The water level in a wetland was stabilised by means of infiltration wells, among other
things, whose output fell relatively quickly below the target value and required regular
regeneration, SCHOPKE & PREUB" (2010). For practical reasons, the specific colmation
resistance was related to the volume flow Qg for the structurally identical wells,
Eq.(10.6-1)

. : h Ah | h

Kolmationswiderstand = —— = — (10.6-1)
AF ' Vinf QBr m

with the well filter area Ar and Ah of the water level increase compared to the ground

state. The colmation course Ah/Qp: was evaluated with regard to the water volume V

[m®] infiltrated after regeneration with the colmation volume Vk. The colmation

behaviour of the 20 infiltration wells over a longer period of time was statistically
evaluated, Fig. 10.63.

Z

— Ab/Qg: nicht auswertbar

nicht auswertbar

el
pe

200V [1000 3]

0 50 100 150

0 20 40 60 80 100  V[1000m]
Hy(ds) [mm] :

2000+
1500+
1000+

500+

0

0 0,01 0,02 0,03 0,04

Fig. 10.63: Top: Colmation course of two wells marked with regeneration [R]. The adjusted
colmation curves are marked in red and non-evaluable phases are covered. Bottom:
Screen curve of the inlet water (left) and screen dS = 0.02 mm after a test (in the
background the carrier screen).
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10.6.4 Membrane filtration
The various membrane processes use very large surfaces in relation to filters at high

transmembrane pressures (1 bar = 10.2 m WS). The low filtrate capacities in the range
of 150 L/(hm?) is compensated by the large, usually coiled membrane area, MELIN &
RAUTENBACH (2007).

In experiments by KOCH et al. (2009) with a nanofiltration system, gypsum scaling
limited its performance according to HK =~ 9 m. The evaluation of screening processes
made the process optimisation more precise, Fig. 10.64 and Fig. 10.65.

porenverstopfende Deckschicht (Filterkuchen)

Filtratstrom

Modellvorstellungen fiir die
Membranpassage mit
Kuchenbildung

Fig. 10.64: Cross-section through a membrane with surface layer particles that restrict the cross-
sectional area flowing through.

0.001

8000
0.0012

6000
0.0008

Arbeitsbersich von 4000

0.0004 Membranwverfahren

2000

t + t + 0
00 20 40 60 80 ' 100 H[m]

Fig. 10.65: Colmation behavior of a nanofilter membrane KOCH et al. (2009).
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11
11.1

Directories

List of abbreviations and symbols

Multiple assignments of symbols in different subject areas cannot always be avoided.
However, there is no risk of confusion within the subject areas. This avoids
unnecessarily confusing indexing.

Symbol | Parameter Unit Reference/Eq.
Ar Area of the flow cross-section m?, dm? Tab. 2.2-1
Bo Bodenstein number 1 (3.2-5)
b molecular cross-section, Barn 100 fm? Cpt. 7.1.2.1
c Concentration mmol/L

CK Grain (number) concentration m? Tab. 3.4-1
dr Diameter of filter m Tab. 10.1-1
diff Reciprocal value of absorption band width 1 (9.6-5)
dk Ball diameter, grain diameter mm Tab. 3.4-1
DL Axial diffusion coefficient m?/s (3.1-9)
dm Average grain diameter mm (4.1-)
Do Fractional dimension of the distribution 1 Cpt. 4.1.2.5
dp Diameter of the cylinder pore mm (3.4-17)
dp min Still passable pore narrowing mm (3.4-3)
dyw Effective grain diameter mm Tab. 3.4-1
Ex Extinction at A (=SAK3) m’! (7.1-8)
EPS Extracellular polymeric substances Cpt. 7.5
F Faraday constant J/(V-mol) Tab. 2.1-2
Fo(d) Surface function 1 (5.2-32)
fL Tortuosity 1 (4.3-10)
fir Tortuosity of the pore system 1 (3.7-1)
fo Form factor 1 Tab. 3.4-1
FP Filtration parameter h/m (3.3-23)
g Gravitational acceleration m/s?

g Free Enthalpy J Cpt. 2.3.1
G Molar free Enthalpy kJ/mol Cpt. 2.3.1
H Water column flowing through m (2.2-4)
H Henry constant atm'm’/mol (6.5-11)
he Filter resistance m (3.5-14)
h Enthalpy J Cpt. 2.3.1
H Molar enthalpy kJ/mol Cpt. 2.3.1
Hfo wOH | weak binding site Cpt. 6.5.5
I ITonic strength mol/L (2.3-47)
IAP Ton Activity Product (2.3-17)
L Length m, dm Tab. 2.2-1
Mpr Solids (sample) mass kg Tab. 2.22
n Amount of substance, cumulative material passage mol (2.2-12)
Ny Number of bed volumes flowed through (BV) 1 (2.2-13)
Neell Number of mixed cells 1 (3.2-8)
np Porosity of bulk 1 (2.2-6)
npp Porosity of the particle 1 Tab. 2.22
npy Number of pore volumes flowed through 1 (2.2-14)
Nhift Number of transport steps 1 (3.2-12)
Or Surface-to-reactor volume ratio m?*/m3 (34-21)
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Or Interface between mobile and immobile phase (shear surface) m? Tab. 2.22
Oy Specific interface dm?%kg (3.4-10)
Ogp(ads) | Sorption adsorption surface m?/g Tab. 6.57
Pe Peclet number 1 (3.2-5)
Qr Volume flow m?/s, m/h Tab. 2.2-1
qv(c) Volume-related capacities of the stationary phase mmol/L (8.3-4)
qo(c) Surface-related capacities of the stationary phase mmol/m?
r Rate of reaction mmol/(L'h) (3.3-18)
R Ideal gas constant J/(mol'K) Tab. 2.1-2
Re Reynolds number 1 (3.5-3)
Rr Retardation 1 (8.3-8)
] Entropy JK Cpt. 2.3.1
S molar Entropy J/(K'mol) Cpt. 2.3.1
SAK. Spectral absorption coefficient at A (=Ex) m’! Cpt. 7.1.2.1
Sc Schmidt number 1 (7.3-28)
Shesr effektive Sherwood number 1 (7.3-34)
t Time s,h, d
Temp Temperature °C
TWR Trinkwasserrelevante Stoffe Cpt. 7.2.3
tr Space-time d,h (2.2-3)
VA Distance velocity m/d, m/h (2.2-7)
VA Fortpflanzungsgeschwindigkeit des Konzentrationssprunges m/h (3.1-8)
Ve Filtration velocity m/d, m/h (2.2-1)
Vp=Vw | Pore volume m?, dm’ Tab. 2.22
Vr Reactor volume m?, dm? (2.2-1)
VWZ Residence time d,h (2.2-8)
WWR Watertreatment-related substances Cpt. 7.2.3
Y Yield factor - (6.1-28)
z Phase Ratio dm’/kg (2.2-10)
z Spatial coordinate m
z Number of charges Cpt. 2.3.6.4
AX Cell length m (3.2-10)
o Dispersivity m (4.3-11)
B Mass transfer coefficient m/s (3.6-6)
r Sites concentration nm Cpt. 6.5.5
) Boundary layer mm (3.6-2)
o Thickness of the diffuse electric bilayer ~ 10®*m (6.5-55)
€ Relative dielectric constant for water 1 Tab. 6.59
€0 Dielectric constant for vacuum As/(Vm) Tab. 6.59
® Proportion of the reactive surface 1, % (8.1-11)
® Sum of all particle volumes per solution volume 1, % (5.2-2)
n Dynamic viscosity Psss, kg/(m's) Cpt. 0
AL Length coefficient 1/m (8.1-9)
M Time constant 1/h (8.1-9)
u Rate of growth constant 1/d (6.1-18)
VA Stoichiometric coefficient of A 1 Cpt. 2.3.2
v Kinematic viscosity m?%/s Cpt. 0
p(1) Residence time density function (3.1-12)
ps Bulk density kg/dm? (2.2-5)
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Pss Solids (grain) density kg/dm? (2.2-9)
c Varianz

o Surface Charge from the charge Balance As/m? Tab. 6.5-8
b4 Surface potential from the charge balance \Y (6.5-55)
& Reaction run number mol, mol/L Cpt.2.3.2
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