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ARTICLE INFO ABSTRACT
Keywords: Drinking water softening has primarily prioritized public health, environmental benefits, social costs and
Plant-Wide integral water treatment enhanced client comfort. Annually, over 35 billion cubic meters of water is softened worldwide, often utilizing

Multiphase flow systems

Fluidized bed reactor

Mechanistic prediction model
Calcium carbonate crystallization and
nucleation

three main techniques: nanofiltration, ion exchange and seeded crystallization by pellet softening. However,
recent modifications in pellet softening, including changes in seeding materials and acid conditioning used post-
softening, have not fully achieved desired flexibility and optimization. This highlights the need of an integral
approach, as drinking water softening is just one step in the drinking water treatment chain, which includes
ozonation, softening, biological active carbon filtration (BACF) and sand filtration among others. In addition,
pellet softening is often practiced based on operator knowledge, lacking practical key reactor performance in-
dicators (KPIs) for efficient control. For that reason, we propose a newly and improved integral mechanistic
model designed to accurately predict (1) calcite removal rates in drinking water through seeded crystallization in
pellet softening reactors, (2) the saturation of the filter bed in the subsequent treatment step, (3) values for the
KPIs steering the softening efficiency. Our new mechanistic model integrates insights from hydrodynamics,
thermodynamics, mass transfer kinetics, nucleation and reactor engineering, focussing on critical variables such
as temperature, linear velocity, pellet particle size and saturation index with respect to calcite. Our model was
validated with data from the Waternet Weesperkarspel drinking water treatment plant in Amsterdam, The
Netherlands, but implies universal applicability for addressing industrial challenges beyond drinking water
softening. The implementation of our model proposes five effective KPIs to optimize the softening process,
chemical usage, and reactor design. The advantage of this model is that it eliminates the application of numerical
methods and fills a significant gap in the field by providing predictions of the carry-over (i.e., the produced
CaCOs fines leaving the fluidized bed) from water softening practices. With our model, the calcium removal rate
is predicted with an average standard deviation (SD) of 40 % and the consequential clogging prediction of the
BACF bed with an average SD of 130 %. Ultimately, our model provides crucial insights for operational man-
agement and decision-making in drinking water treatment plants, steering towards a more circular and envi-
ronmentally sustainable process.
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Nomenclature

Acronyms

AOC Assimilable organic carbon

BACF Biological activated carbon filtration

FBR Fluidized bed reactor

KPI Key reactor performance indicator

SD Standard deviation

WPK Waternet Weesperkarspel drinking water treatment plant

in Amsterdam, The Netherlands

Roman Symbols

A, Empirical prefactor related to activity calculations mol /2
m3/2

A; Total softening reactor cross-sectional area m?

ABAcF Total BACF reactor cross-sectional area m?2

B, Nucleation barrier constant -

ag,, by,  Sherwood coefficients -

co—c4 Voidage fitting coefficients -

CCPP Theoretical calcium carbonate precipitation potential mol
m?

CCPP,.; Relative theoretical calcium carbonate precipitation
potential -

D¢ Diffusion coefficient m? s

D, Cylinder vessel diameter of pellet softening reactor m

den Channel diameter m

d, (Average) particle diameter of calcite pellets m

fa Activity coefficient -

f(vs, hy)  Recrystallization factor -

g Gravitational acceleration constant m s>

hAS: BACF bed height saturation by AOC m
h$a%:  BACF bed height saturation by CaCO3 m

hy Fluidized bed height m

Lot Total ionic strength mol m?

Jp, Je, Jn Precipitation, crystallization, nucleation molar rate mol m
341

kg Boltzmann constant m? kg s2 K!

ks, k; Diffusional mass rate constant, surface reaction rate
constant m s’

K. Mass transfer coefficient m s!

K, Nucleation rate constant m™ s

Ksp, calcite Solubility product of calcite mol? m*®

Ksp, vaterite Solubility product of vaterite mol? m™®
m Particle mass kg
My Molecular weight kg mol™
Qmu,0 Water discharge m3s?
Taq Solution stoichiometry -
rgi(é% BACF bed height saturation velocity rate m s
Svat Saturation degree of vaterite -
Sleal, Slyae Saturation index of calcite or vaterite respectively -
SSAR Specific surface area per reactor volume m? m™
SSAw Specific surface area per water volume m? m™
Ssv Specific space velocity s
T Temperature °C or K
t Reaction time s
vaoS, BACF bed height saturation velocity by AOC m s™
V508 BACF bed height saturation velocity by CaCO3 m s
Vs Linear superficial velocity m s™
Ve Molecular cluster volume m®
Vi,0 Water volume m?®
Vi Molar volume m® mol™*
Greek Symbols
Bgs Geometric nuclei shape factor constant -
B¢ Formula units in a cluster -
€ Bed voidage -
EBACF Voidage of BACF bed -
e Dielectric constant -
Reaction order coefficient -
p Dynamic viscosity kg m™! s
Vi Kinematic viscosity m? s™
Pt Ps Density of the fluid or solid respectively kg m™
c Standard deviation -
[ Specific surface free energy kg s
Ty (Average) water residence time s
s Particle shape factor -
Dimensionless Numbers
Frp, Densimetric Froude number vy/[(ps/ps — l)gdp]o'5
Re, Particle Reynolds number pvyd,/p
Re. Voidage Reynolds number pvid,/p(1-g)
Sc Schmidt number vy/Ds
Sh Sherwood number (0.5Re2'5 + 0.2Ref§'667)Sc°'333

1. Introduction

Water softening practices form an essential component in drinking
water production, where drinking water production encompasses a se-
ries of treatment processes prior to distribution to consumers: Me-PO4
coagulation and sedimentation, rapid sand filtration, ozonation, soft-
ening, biological active carbon filtration (BACF) and slow sand filtra-
tion. In this chain of treatment processes, drinking water softening
significantly enhances public health, environmental conservation, social
costs and client comfort by improving the hardness taste, odor and
appearance of drinking water (Graveland et al., 1983; Van Ammers
et al.,, 1986; Van Dijk and Wilms, 1991; Hofman et al., 2006). The
softening process not only precipitates heavy metals due to induced
alkaline conditions (Twort et al., 2000), but also plays a vital role in
environmental conservation by reducing residues, such as phosphates,
in drainage water. Additionally, it mitigates issues like clogging and
limescale deposition in household and industrial water systems, thereby
enhancing heating efficiency (Mitchell, 2008) and reducing the need of
warm water equipment maintenance and washing powder usage
(Hofman et al., 2006).

Nowadays, a worldwide annual drinking water volume of well over
35 billion cubic meters, which continues to grow, is softened by over
16,000 installed treatment plants (Eke et al., 2020), predominantly
through three techniques: nanofiltration, ion exchange and seeded
crystallization. In recent years, seeded crystallization through
pellet-softening using fluidized bed reactors (FBRs) emerges as the
prevalent softening method (Kramer, 2021). For instance, FBRs are
recently being implemented on a large scale in Denmark (Tang, 2019)
and are currently built in numerous countries across the globe, including
Saudi-Arabia, South Africa and Australia (RoyalHaskoningDHV, 2024).
In the Netherlands alone, an annual volume of almost 0.5 billion cubic
meters of drinking water is softened by seeded crystallization (Kramer,
2021).

Pellet softening utilizes cylindrical FBRs filled with seeding material
that is fluidized due to water upflow. For the removal of calcium, NaOH
(caustic soda), Ca(OH), (lime) or NapyCOs3 (soda ash) is dosed based on
influent water alkalinity and the composition of hardness-causing ions
(Hofman et al., 2006; Van der Bruggen et al., 2009). The addition of
softening chemicals elevates pH, causing the solubility product of CaCO3
(calcium carbonate) to be exceeded, ideally leading to CaCOs
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crystallization onto the fluidized pellets.

However, despite advances in pellet softening techniques and prac-
tices, significant challenges remain. Current models used to predict and
optimize calcium removal via FBRs suffer from several critical short-
comings: (1) lack of an integral process approach, (2) failure to account
for recent process modifications, (3) absence of coherent key perfor-
mance indicators (KPIs) and (4) oversimplified mixing assumptions.

During pellet-water softening, a part of the precipitating CaCO3 may
also be formed spontaneously in the water phase, which will flush out
and is transported in the water to subsequent downstream filtration
processes, like BACF. Water flows downward in the BACF bed, and,
ideally, only small organic compounds, broken down by ozonation, are
filtered out by adsorption of those compounds onto the biologically
active carbon grains. However, flushed out CaCO3 particles from the
softening pellet reactors, known as fines, lead to problematic conse-
quences in downstream processes and, for example, accelerate the
decrease in operational lifetime of the BACF bed (Fig. 1). In addition, the
production of fines results in diminished efficiency of permanently
encapsulating biomass within the calcite pellets (Hammes et al., 2011).

Substantial advancements have been made and key changes in pellet
softening include the transition from (Australian) garnet sand to locally-
sourced and re-used calcite pellets (see supplementary information (SI)-I
for images of the calcite pellets) for calcium removal, reflecting a shift
towards more sustainable practices and the circular economy (Palmen
et al., 2014; Schetters et al., 2015; Tang et al., 2019; Micari et al., 2020).
In addition, significant updates in the softening chemical dosing tech-
niques and modifications in targeted total hardness levels post-softening
have been observed (Sobhan, 2019). Recent research suggests that
initial improvements in pellet softening models could be achieved using
bi-linear hydraulics and mass transfer kinetics (Van den Hout, 2016;
Chiou, 2018; Seepma, 2018). These efforts were further refined by
Sobhan (2019) and Bogels (2019), defining four operationally different
hydraulic and mass transfer kinetic zones relative to the fluidized bed
height. Also, the influence of supersaturation and calcite pellet bed
height on the CaCOs fines production from homogeneous nucleation
was studied (Bastiaan, 2020), and a larger production rate was found at
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high supersaturation with respect to calcite, colder temperatures and in
hydraulically more turbulent zones. However, due to the limited data
set, no generic relationship was established. Despite these advance-
ments, they are often not considered in existing current kinetic models
(Rietveld, 2005; Van Schagen, 2009) and, therefore, the existing models
are debatable for representing the complexities of industrial-scale
processes.

One of the critical barriers to improving the softening process is the
absence of coherent and standardized KPIs (Kramer, 2021). KPIs are
essential for monitoring and optimizing critical aspects of the process,
such as chemical dosing efficiency, calcium removal rates, and fines
production. Without well-defined KPIs, it becomes difficult to compare
performance across different water treatment plants or reactor setups, as
existing kinetic models often vary due to localized conditions — such as
specific reactor designs, water matrix variations, and measurement
methods. This lack of standardized performance metrics hinders both
process optimization and scalability. Lastly, challenges remain in the
assumption of uniform mixing between softening chemicals, influent
water and seed material within FBRs, leading to inaccurate predictions
of calcium removal.

The general need to concurrently manage homogeneous and het-
erogeneous CaCOs removal, implement the aforementioned recent
process changes, and address the lack of an integral approach, the
absence of coherent KPIs, and the oversimplified mixing assumptions in
current models, calls for a new holistic and flexible model approach to
improve softening process efficiency, reactor design and decision-
making (Rietveld, 2005). Therefore, we propose a new mechanistic
and predictive model. This model is mechanistic, because it is rooted in
existing fundamental principles of standard water treatment and very
often applied techniques such as filtration, absorption, nucleation,
crystallization and fluidization processes. In addition, it is predictive,
because it is designed to predict (1) CaCO3 removal rates in drinking
water more accurately through pellet softening, (2) assess the carry-over
of produced CaCOs fines during pellet softening leaving the FBR, and (3)
determine the saturation of the bed in the subsequent (i.e., downstream)
treatment step of BACF. Our approach integrates insights from

Fig. 1. Top of the softening fluidized bed reactor (a) and the downstream BACF bed (b) at optimal operational conditions, contrasted with the top of the softening
fluidized bed reactor (c) and the BACF bed (d) at underperforming operational conditions with high amounts of fines.
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hydrodynamic, thermodynamic, mass transfer kinetic, nucleation, and
reactor engineering research fields, anchored on four critical indepen-
dent variables: temperature (T), linear superficial velocity (vs), pellet
particle size diameter (d,) and the saturation index with respect to
CaCOg (calcite; Slc,)). These four variables overlap among the mentioned
field disciplines, enabling the combination of research disciplines into
one overarching model. To account for the degree of non-uniform
mixing, Sl.-values were varied over a broad range. Our innovative
model provides predictions for KPIs in hydrodynamic, thermodynamic,
mass transfer kinetic, crystallization and recrystallization efficiency,
facilitating a deeper understanding of softening process performance,
chemical usage, and reactor design. Our model was tested and validated
by process and laboratory data on annual total calcite pellet removal and
CaCOs fines production, as well as operator expertise from the Waternet
Weesperkarspel drinking water treatment plant in Amsterdam, The
Netherlands (WPK) and confirm the model’s broad applicability beyond
the initial testing site. Ultimately, this approach marks a significant step
towards transforming drinking water treatment into a more circular and
environmentally sustainable process.

2. Materials & methods

In this section, we present the methodology used to develop and
validate the mechanistic model. Our approach encompasses theoretical
foundations, data collection and model validation to ensure the stability
and responsiveness of the model to variations in input parameters. While
the general description of the model is presented here, the detailed step-
by-step description is found in SI-II to SI-VII.

2.1. Heterogeneous crystallization

To describe the heterogeneous CaCOs crystallization rate during
pellet-based softening, we used the following improved overarching
relationship, which is based on Wiechers et al. (1975) and Van Schagen
et al. (2008a):

Amca -
Je = Arher?/(Ztr = Ko SSAw \/{Ca2+}{CO§ } — Kop. calcite
= K. SSAy CCPP )

where J. is the heterogeneous CaCO3 crystallization rate [mol m?3 s'l],
Mcaco, is the mass lost due to crystallization [kg], A, is the reactor area
perpendicular to the fluid flow [m?], h, is the height of the pellet reactor
in which CaCOs is able to crystallize [m], My is the molecular weight of
CaCoOs [kg mol'l], t; is the reaction time [s], K. is the mass transfer co-
efficient [m s'l], SSAy is the specific surface area per water volume [m?
m>] (i.e., the volume not occupied by solid particles), {Ca>"} and
{CO%’} are the activities for the calcium and carbonate free ions in so-
lution [mol m™®] and Ksp, calcite is the solubility product of calcite [mol?
m®]. Note that the reaction time t, in Eq. (1) represents the total dura-
tion of crystallization occurring within the FBR, which should ideally be
less than the water residence time (i.e., t; < Tp).

2.2. Homogeneous nucleation

Eq. (1) does not include the contribution of spontaneous homoge-
neous nucleation of CaCO3 nuclei that ultimately form larger CaCO3
particles in the water phase. Therefore, Eq. (1) was extended with an
additional term that describes the nucleation rate. While there are
various ways to quantify the nucleation rate of CaCO3, we selected the
expression based on single CaCOs3 ion pair formation (Verdoes et al.,
1992):
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AmCaco ArnCa\CO
J, = J Jp = > \
P et |:ArhrMWAtr:| ¢ |:ArherAtl':| n
= K. SSAy CCPP
(2)
v 105Tal 1 QKsp. vaterite —B,
+Kn V_m 10Ksp. calcite €xp 2

1 108kal 10%sp. vaterite
n By Gt
10%sp. calcite

where J,, is the CaCO3 nucleation rate [mol m> s’l], K, is the nucleation
rate constant [m™> s'l], V. is the volume of a single CaCOs cluster [m3],
Vm is the molar volume of CaCO3, Ksp, vaterite is the solubility product of
vaterite [mol? m'e], Sl is the saturation index with respect to calcite [-]
and B, is the kinetic nucleation barrier constant [-] (De Yoreo and
Vekilov, 2003).

2.3. Impact of CaCOs fines production on downstream treatment

Eq. (2) does not delineate the influence of CaCO3 removal via pellet
softening on the subsequent treatment step. To include that, differences
in reactor dimensions, downstream bed characteristics and the volume
expansion of the particulate material (i.e., CaCOs fines) compared to the
ion pair have to be considered. Our emphasis was directed towards
formulating a model to elucidate the impact on BACF (Van der Hoek
et al., 1999; Bandosz, 2006; Crittenden et al., 2012), presuming it to be

the subsequent treatment step. With the BACF bed height saturation

velocity rate r5ao0’, we established a new relation between the nucle-

ation rate J, and the eventual impact on BACF (Eq. (3)):

CaCo. My €pacr 2
roace. = f(vs, o) Jn e BACF
V. [10Ska 10K, vaterite
- f(vs, hr) Kn V_m W
3)
T
—B, Mw €pacr Aonce
P 2 fines
p

1 10%%cal 10Xsp. vaterite
N\ =% e
10"sp, calcite

where f(vs, hy) is the recrystallization factor [-], egacr is the average
voidage of the BACF bed [-], Apacr is the total cross-sectional area of
BACF bed [m?] and pfi"® is the average density of the CaCOs fine par-
ticles formed by nucleation [kg m™]. Unlike pellet softening, the water
flows downwards in BACF (i.e., it operates in fixed bed conditions) and
therefore, the voidage of the BACF bed (epacr) is constant and could
explicitly be used in Eq. (3).

2.4. Integral model overview

To summarize, Eq. (1) contains considerations related to tempera-
ture, hydrodynamics, thermodynamics and mass transfer kinetics con-
cerning heterogeneous calcium removal. Subsequently, Eq. (2) further
refines the model and incorporates a nucleation factor to account for
additional CaCO3 removal by homogeneous nucleation. To enhance
global optimization within the total drinking water treatment chain and
to serve as a validation method, Eq. (3) introduces a downstream
consequential factor: the BACF bed height saturation velocity rate. Eqgs.
(2) and (3) describe our mechanistic model and the relations are visually
summarized in Fig. 2. It illustrates the comprehensive integration of
temperature relations (in green), hydrodynamics (in red), thermody-
namics (in yellow), mass transfer kinetics (in blue), nucleation (in pur-
ple) and the BACF component (in orange) into our model, aiming to



S.Y.M.H. Seepma et al.

Hydraulics
Water ¢ T Calcium
softening removal
Chemistry
- Aquatic Hydrodynamics BACF bed
i chemistry ! y y 1 | height
i software H Thermodynamics ———— Calcium saturafion
removal velocity
Temperature rate rate
Mass transfer Kinetics > T
—>| Nucleation I Reactor &
conversion | | BACF

Water Research 268 (2025) 122781

Complex
“black-box”

Complicated

“white-box”

Influent water matrix

pST
—p| Re
A "4
dch
- AA

v
- -UQ‘

fu

Temperature
Hydrodynamics

Mass transfer kinetics
Nucleation

BACF

Ignored factors
Reactor & conversion

(caption on next page)



S.Y.M.H. Seepma et al. Water Research 268 (2025) 122781
Fig. 2. Conundrum of the mechanistic model as presented in Eqs. (2) and (3). Three hierarchical levels of the proposed pellet-water softening model are illustrated,
where model complexity decreases and model complicatedness increases from top to bottom. Therefore, this model transitions from an abstract “black-box” rep-
resentation to a more transparent “white-box” model. Each color represents a different research discipline, with each color containing multiple parameters. The
parameters within thicker-lined squares are directly shown in Eq. (3). The letters and symbols included are: In green — T (temperature), pf (fluid density), p (dynamic
viscosity), v (kinematic viscosity), e (dielectric constant); In red — g (gravitational constant), ps (calcite pellet density), Re, (particle Reynolds number), Fr,
(densimetric Froude number), v, (linear superficial fluid velocity), d, (particle size diameter), e (voidage of the fluidized pellet bed), co-c4 (fit coefficients belonging to
the Rep2Frp model; Kramer et al. (2020)), d., (channel diameter), Re. (voidage Reynolds number), SSAg (specific surface area in empty reactor volume), SSAw
(specific surface area in water volume), SSV (specific space velocity); In yellow — influent water matrix (i.e., characteristics of solutes and their concentration), pH
(pH of the water matrix), NaOH (concentration dosage of NaOH), Alk (alkalinity), A, (activity prefactor), I, (total ionic strength of the water matrix), f, (activity
coefficient of specific ions), Ky, (solubility product of calcite), Sl (saturation index with respect to calcite), CCPP (theoretical calcium carbonate precipitation
potential); In blue — 6 (reaction order constant), k, oo (reference reaction order at 20 °C), k, (surface reaction rate coefficient), k¢ (diffusional mass transfer coefficient),
K. (crystallization rate constant), Sc (Schmidt number), Sh (Sherwood number), D (ion pair diffusion coefficient), D¢, and Dco, (diffusion coefficient of respectively
Ca and COs3); In purple — 8z, (number of formula units), fgs (geometric shape factor), o (specific surface free energy), V. (cluster volume), Vy, (molar volume), kg
(Boltzmann constant), B, (nucleation barrier constant), K, (nucleation rate constant); In orange — pﬁ"es (density of carry-over particles), egacr (fixed bed voidage of
BACF), Agacr (total cross-sectional area of the BACF bed), t, (average water residence time); In black — D, (pellet reactor diameter), A, (pellet reactor cross-sectional
area), h; (pellet reactor height), mcaco, (CaCO3 mass), My (molecular weight), J,,, J. and J;, (molar nucleation, crystallization and precipitation rate) and rg:(égg (BACF
bed height saturation velocity rate due to CaCOj3 carry-over). In brown, parameters t, (reaction time), y, (particle shape factor), r,q (solution stoichiometry) and CO,
(i.e., CO; dosing after drinking water softening, but before BACF) are shown, which were not included in our model. The starting point in the most complicated model

CaCO3

is at one of the four independent parameters (indicated by “start”) and ultimately ends at the output model variables of J, and rg,cp°.

<

<

provide a holistic understanding of the water softening process practiced
by pellet bed fluidization and allowing for a more accurate and pre-
dictive model.

3. Results & discussion

In Sections 3.1 and 3.2, we elucidate our findings for the modeled

resultants J, and reseo’at T = 12 °C, which is the average water tem-

perature at WPK (Figure S6 in SI-VIII). However, the intermediate
modeling results, showing how the variables pg, p, vy, €, Rep, Reg, Fry, €,
SSAR, SSAw, SSV, CCPP, k;, Sh, J, and reae>’ depend on all their
respective independent variables, are found as Figures S7-S36 and dis-
cussed in SI-IX and SI-X (see nomenclature for the meaning of each
parameter). In our modeling effort, d, was constrained to a range of 0.5
to 3.5 mm and v; to 50 — 150 m/h. These ranges were selected, because
they cover a wide array of process conditions commonly encountered in
industrial settings and especially in drinking water treatment processes
that make use of FBRs (Graveland et al., 1983; Van Dijk and Wilms,
1991; Aldaco et al., 2008; Van Houwelingen et al., 2010; Hu et al.,
2017). Nevertheless, we also used our model to explore conditions
beyond these specified ranges, in terms of ¢ and SSV, and the corre-
sponding results (i.e., Figures S36 and S37) and discussion are found in
SI-XI. To provide context to our modeling results, we defined a model
range of process conditions for research purposes, a softening range for
engineering improvement opportunities and average WPK process
conditions for validation purposes (SI-XII). In Section 3.3, the approach
on the model validation is discussed and in Section 3.4, the five pro-
posed KPIs, SSV, CCPP,, Sh, J. / J, and f(vs, h; = 4.5 m), crucial to pellet
softening are evaluated. Thereafter, reactor process conditions recom-
mendations, to improve calcium removal by crystallization and to pre-
vent downstream BACF clogging, are proposed in Section 3.5, followed
by the uncertainty discussion (Section 3.6), model limitations (Section
3.7) and implications (Section 3.8).

3.1. Total calcium removal rate model predictions

The first of two overarching results of the model is the total calcium
removal rate in a fluidized bed setting: J;,. Fig. 3 shows J, at T = 0, 20
and 40 °C (columns) and at d, = 0.5, 1.1 and 3.5 mm (rows). Note that
Fig. 3 only shows J, for Slca; = 0 — 3 to highlight the transition of a
heterogeneous crystallization dominated system to a homogeneous
nucleation dominated system (Figure S25d), while Figures S26-S30 in
SI-X show J, for SIc; = 0 -5 and T = 0, 10, 20, 30 and 40 °C.

Expectedly, J;, generally increases with increasing T (i.e., Fig. 3a,
d and g versus Fig. 3b, c, e, f, h and i). However, at low J, this trend
seems slightly reversed, and is best observed when the most left contour

line in Fig. 3d is compared to 3e and 3f. The point of reversal in this
behaviour lies somewhere between 0.001 - 0.01 mol m>s™. In addition,
at small dp,, a significantly larger calcium removal rate is observed
compared to larger dj, for SIcy < 2.5 (i.e., Fig. 3a versus d and g, 3b
versus e and h and 3c versus f and i). For example, at Sl ., = 2.0 and T =
20 °C, this effect results in a 2.5 times larger rate at d, = 0.5 mm
compared to dp = 1.1 mm (i.e., ~ 0.45 versus 0.20 mol m3s?! respec-
tively). However at Sl., > 2.5, this trend becomes increasingly less
significant. Furthermore, at lower values of Jp, a change in v has a larger
impact on a relative change in Jj,, which is best observed when Fig. 3g is
compared to 3a.

In summary, water softening in terms of total calcium removal is
locally optimized by maintaining small d},, high vs and high initial SIcq
and, if possible, at higher T. However, for a global optimization in the
chain of drinking water treatment processes, the consequences of the
selected process conditions for the next step in water treatment should
be evaluated.

3.2. Model predictions of bed clogging in subsequent treatment process

Fines formed in the FBR that do not attach and recrystallize inside
the FBR are transported to the next treatment step, such as BACF. The
rS2%s describes the rate at which the BACF bed can become saturated

with fines and Fig. 4 shows the rg:%% versus Vs and Sl at T = 12 °C,
while Figure S36 in SI-X shows the influence of T. As long as SI ., < 1.8,
there is an insignificant build up of BACF bed saturation by CaCO3. At

SIcal ~ 2.0, CaCOs3 causes a rgig% of approximately 0.01 - 0.1 mm month”

Tgl according to our model. Note that at SI.; < 2.0, the BACF bed
saturation build-up is nearly independent of vg, while at SI., > 2.0, it
becomes increasingly more dependent on vs, where an increase in vg
leads to a faster rgf\(é%. To convert rgj_‘\%% into vgf\cc%, the total reaction
time ¢, for J;, is required. The difficulty is that t, is not constant and varies

with T and SI,). For average WPK conditions, we estimated ¢t ~ 16 s (SI-

XIID), resulting in v$a0? ~ 0.39 mm month™.

3.3. Model validation

In this work we propose a novel mechanistic model, making it crucial
to validate its quality. The model’s validation was conducted with long-
term data on annual calcite pellet mass removal at the WPK plant and
with laboratory particle count and size measurements to estimate BACF
bed clogging, complemented by operators’ estimations on CaCOj3 fines
removal from piping leading to BACF and the top of the BACF beds at
WPK. Detailed validation procedures and results are discussed in SI-XIII
and SI-XIV, which generally support the model’s predictions, indicating
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Fig. 3. Total CaCO3 precipitation rate (Jp) versus linear superficial velocity (v) and calcite saturation index (Slca)) for temperature (T) = 0, 20 and 40 °C (i.e., the
column variable) and d;, = 0.5, 1.1 and 3.5 mm (i.e., the row variable); J;, for d, = 0.5 mm and T = 0 °C (a), d, = 0.5 mm and T = 20 °C (b), d, = 0.5 mm and T = 40
°C(c),dp=1.1mmand T=0°C(d),dp=1.1mmand T=20°C(e),d, = 1.1 mmand T = 40 °C (f), d, = 3.5mm and T = 0 °C (g), d, = 3.5 mm and T = 20 °C (h)
and d, = 3.5 mm and T = 40 °C (i). The logarithmic color scale is the same for each figure and is blue at 0.00001 and yellow at > 1 mol m> 5%, The black contour
lines are a guide to the eye and the thicker ones are marked at each order of magnitude with base 10, while the thinner ones are placed at 0.02, 0.04, 0.06, 0.08, 0.2,
0.4, 0.6 and 0.8, respectively. Note that at low v for d, = 3.5 mm (i.e., g-i), undesirable fixed bed conditions apply. Simulated data of J, at other dj-values and at T-

values are found as Figures $26-S30 in SI-X.

reliability and applicability.

3.4. Key reactor performance indicators

Our model encompasses five key reactor performance indicators to
optimize pellet softening locally (Fig. 5). Firstly, the SSV evaluates the
hydrodynamic conditions, optimal within vs = 50 — 150 m/h and d, =
1.0 - 3.5 mm, but is significantly reduced at d,, < 1.0 mm, especially at T
< 5 °C (Figure S16). Secondly, thermodynamic conditions are assessed
by CCPP,, notably effected by T < 5 °C, demanding increased NaOH
dosing for 99 % efficiency. Thirdly, crystallization efficiency, evaluated

by the J. / J, ratio, shifts from heterogeneous crystallization to unde-
sirable homogeneous nucleation between Sl = 2 — 3. However, at high
T (i.e., T > 35 °C), undesirable homogeneous nucleation becomes more
dominant at Sl.y; ~ 1.8. Fourthly, Sh assesses the mass transfer kinetics
and a high Sh is most favorable for convective-driven mass transfer. Sh
becomes critically problematic near fixed bed conditions, but d, < 1.0
mm also leads to unstable conditions due to increased bed heterogene-
ity. Fifthly, the recrystallization efficiency, dependent on the water
residence time (tp), is effective at v, > 5 min, displays room for
improvement at 5 min < 7, < 3 min and declines sharply at 7, < 3 min. At
T, < 3 min, it negatively affects downstream CaCOs fines transport.
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These KPIs facilitate the evaluation of pellet water softening perfor-
mance with implications for local improvement and implementation and
a more detailed elaboration is found in SI-XV.

3.5. Reactor process condition recommendations for robust and flexible
pellet water softening practices

Our goal of achieving an integral optimization throughout the water
treatment process, including ozonation, softening, and BACF, is re-
flected in recommendations derived from our model and focus on pro-
cess condition optimization for pellet water softening with FBRs,
particularly those that make use of dosing nozzles at the bottom of the
reactor for mixing of softening chemicals with influent hard water. Fig. 6
shows the recommended vs at T = 12 °C and varying dp, with FBRs of
certain height. The v recommendations depend on the aimed CaCOs3
recrystallization efficiency and Fig. 6a and 6b show respectively the
scenarios targeting 90 % and 95 %. In addition, Figure S43 and S44 in SI-
XVI show the recommendations for those scenarios at T = 0 — 44 °C.
Minimal fluidization conditions were considered and is evident in
Fig. 6a and 6b by the white areas at large d,,. Interestingly, at average
WPK process conditions (i.e., vs ~ 80 m/h), the minimal fluidized bed
height in the FBR should be approximately 4.5 meter to maintain 90 %
recrystallization efficiency. A lower v of 55 m/h is recommended to
increase the recrystallization efficiency to 95 %, such that less CaCO3
fines end up in the BACF bed. Alternatively, if v; = 80 m/h is preferred,
FBRs should be constructed with a minimum height of 6.5 m rather than
4.5 m to reach 95 % recrystallization efficiency.
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Fig. 5. KPI evaluation of the hydrodynamic SSV (a), thermodynamic CCPP,, (b), mass transfer kinetic Sh (c), crystallization efficiency (d) and recrystallization
efficiency (e). The red marked areas represent the commonly encountered process conditions during pellet softening. The yellow areas in (a-d) are the most optimal
conditions and when T, increases toward 10 min (e). However, improving one KPI may lead to worsening another KPIL
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Fig. 6. Reactor process conditions recommendations in terms of v versus reactor height (h,) and particle size diameter (d,,). The black contour lines are a guide to the
eye and are marked every 1 m. Note that at large d, and low v;, fixed bed conditions apply.

3.6. Uncertainties of the model

First of all, our model is improved by integrating the latest voidage
(g) prediction model (Kramer et al., 2020). Unlike previous models that
relied on numerical methods (Carman, 1937; Ergun, 1952; Richardson
and Zaki, 1954; Wen and Yu, 1966; Foscolo et al., 1983; Van Dijk and
Wilms, 1991; Di Felice, 1995; Akgiray and Soyer, 2006; Van Schagen
et al., 2008b), this voidage prediction model significantly improves the
accuracy by accounting for heterogeneity within the fluidized bed.
Whereas the prediction error of past models is at best about 5 %, our
model prediction error for € is approximately 1.9 % (Kramer et al.,
2020). Secondly, we separated the thermodynamic part of the calcula-
tions from our model, because different thermodynamic databases
calculate slightly different values for Sl ;. We compared the calculated
Sleq for the llnl, wateqv4, phreeqc and minteqv4 databases and they
vary up to about 1 % at most (Figure S45 in SI-XVII). In addition, our
study focused on water softening through NaOH dosing and, therefore,
our thermodynamic calculations were performed with NaOH addition.
However, because our thermodynamic calculations are separated from
the model, NaOH can be replaced by Ca(OH); or NapCO3 in new ther-
modynamic calculations for Slc,. Thirdly, the largest uncertainties
within our model likely reside in Ky, 65, Sh and f(vs, hy = 4.5 m), where
K, has by far the largest absolute uncertainty. By fitting to fluidized bed
experimental data of Mahasti et al. (2017), we obtained a value for K,
which is roughly a million times larger than the value found by Verdoes
et al. (1992) with thermostat batch reactor experiments. While, this
difference seems large, it makes sense that more nuclei form in a more
turbulent and heterogeneous flow regime. Besides, our K, is still 7 — 13
orders of magnitude lower than a purely homogeneous nucleation
regime. Similarly, o5 in our model is close to the value suggested by
Verdoes et al. (1992) (SI-IL.5.). Fourthly, many different expressions for
the Sh number exist, derived from numerous data sets (e.g., Kunii and
Levenspiel, 1969; Whitaker, 1972; Upadhyay and Tripathy, 1975;
Tournie et al., 1977, 1979; Gunn, 1978; Ballesteros et al., 1982; Arters
and Fan, 1986; Boskovi¢ et al., 1994; Tai et al., 1999;
Boskovic-Vragolovi¢ et al., 2007; Derksen, 2014; Kalaga et al., 2014),
each defined by specific boundary conditions on fluid characteristics
and particle properties. We chose for the expression derived by Whitaker
(1972), because it is based on differently shaped particles (i.e., cubes
and spheres), as well as a wide range in bed voidage (i.e., ¢ = 0.34 —
0.78) and Reynolds number (i.e., ~ 10 < Re; < 10%). Whitaker (1972)
estimated that, despite the large range in Reg, € and y;, all of the

predicted Sh-values by Equation S27 in SI-II.4 lie within 25 % (i.e., ~ 3
SD). Fifthly, our fitting of the recrystallization factor f(vs, h, = 4.5 m) has
a relative SD of 2.8 % (Fig. 5e). However, it should be mentioned that f
(vs, hy = 4.5 m) is significantly influenced by various factors, including
reactor dimensions, type and concentration of softening chemicals used
for mixing with influent hard water and maintenance condition of the
FBR. Over time, partial clogging of mixing devices such as pumps, valves
and dosing nozzles can occur, further impacting f(vs). The relation of v
on f(vs) was largely based on the experimental data of Mahasti et al.
(2017) on mass transfer, nucleation and recrystallization behaviour in a
FBR setting, showing the effect of varying molar ratio (i.e., 7aqg = {Ca*}:
{CO%Y), initial SI .4 and t, on nucleated versus crystallized CaCO3 mass.
Though, the fluidized bed CaCO3 nucleation and crystallization studies
of Sioson et al. (2019) and Tiangco et al. (2019) generally supported the
findings of Mahasti et al. (2017), they did not investigate all of the
aforementioned effects and had less experimental data at hand. In
summary, while the mechanistic principles underlying the recrystalli-
zation efficiency are likely adequate, uncertainties persist regarding the
variability of f(vs) across differently operated FBRs, dosing and mixing
techniques and different maintenance levels.

With all the aforementioned uncertainties taken into account, the

propagation error of our model for J, and race’ was investigated

thoroughly (SI-XVII) and shows that for both resultants, the propagation

error is not constant and depends on the values for dp, vs, Slca1 and T as

well as the degree of mixing (os,, ). We estimated that J, and rgace® have

an average relative SD of respectively 40 % and 130 %.

3.7. Model evaluation and future considerations

Firstly, our model does not take into account particle shape or a
shape factor (i.e., ys, Fig. 1). Calcite pellets come in all shapes (Kramer,
2021) and the shape factor likely influences d,. When improvements of
our model were to be made by means of y;, then it should be included as
a factor to dp, just as we presented in Fig. 2. Circularity, solidity,
roundness or sphericity shape descriptors to represent ys may be useful
to implement. Secondly, our model does not include any processes that
are conducted between water softening in FBRs and BACF. One of such
practices is CO, dosage (Fig. 2) to limit CaCO3 precipitation after the
water softening process. However, after softening, SI., is often near or
well within the metastable zone (—0.25 < Sl 4 < 0.25) and therefore the
effect of CO; dosing is likely less significant on v§ice®. Thirdly, we did
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not implement or account for solution stoichiometry in our model. So-
lution stoichiometry (i.e., raq = {Ca2+}:{CO§'}) is known to have a sig-
nificant effect on CaCO3 formation and its formation is significantly
slowed down at more extreme ratios, especially at r,q < 0.01 and raq >
100 (Nehrke, 2007; Stack and Grantham, 2010; Sand et al., 2016;
Seepma et al., 2021). ryq directly effects both K, and K. (Fig. 2). During
softening, r,q varies from about 2 at the point of (homogeneous) mixing
to 50 after softening for an average water composition (Table S2) at
initial Sl¢q ~ 2.0 and T = 12 °C. Therefore, extreme ratios are likely
avoided and we don’t expect a dominant effect in J}, by raq. Fourthly,
inhibitory kinetic effects by other ions present in the water matrix
(Sobhan, 2019; Chiou, 2018; Seepma, 2018) have not been included, as
it would significantly reduce the universal applicability of our model.
Inhibitory kinetic effects could be included into the model similarly to
Tag, as they would lower K;, and K. by a quantifiable percentage. Lastly,
while Eq. (2) would suit any type of FBR, Eq. (3) (i.e., the validation step
with rgj;%%) was specifically validated for cylindrical FBRs with dosing
nozzles at the bottom of the reactor. Especially, small changes in Sy
have already a relatively significant impact on J, and 5> (Sections
3.1 and 3.2). Therefore, other types of FBRs, for example conical ones,
and/or with different mixing techniques between softening chemicals
and influent hard water, might lead to a larger discrepancy between
predicted values by our model and real-time measured data as well as
the prediction error.

3.8. Implications

Our work implies that mixing of softening chemicals and influent
hard water has a significant effect on the outcome of calcium removal
rates and BACF bed height saturation velocity, due to a sharp non-linear
increase at Sley = 2 — 3 (Fig. 4), as well as on the model’s prediction
error (Figure S46 and S47). Potentially, by insight and experience on the
mixing behavior in the FBR through experimental data, our model
framework may be adjusted accordingly to enhance current predictions
and the associated prediction errors (Section 3.6). In SI-XVIII, we pro-
vide a detailed example demonstrating how the model equations can be
applied using full-scale plant data, including a breakdown of variables
that need to be measured, calculated, or sourced from the literature.

Generally, our model has shown that by combining different research
disciplines, a more complete picture is provided on the mechanistic
principles of water treatment, and in particular, water softening. In our
mechanistic modeling, KPIs are retrieved to evaluate the system’s hy-
drodynamic, thermodynamic, mass transfer kinetic, crystallization and
recrystallization efficiency by means of respectively SSV, CCPPye1, Jc / Jp,
Sh and f(vs, hy) (Section 3.4). Immediate measures for improving local
pellet softening practices involve modifying the fluid properties, such as
chemical dosing volume or concentration, water discharge, and water
bypass, or changing the particle properties, such as the pellet particle
size and fluidized bed height. Intermediate options for process
improvement entail installation of alternative mixing devices or filters
that capture CaCOs fines. If improvements cannot be made by the
aforementioned strategies due to the current FBR dimensions or because
vs does not allow for further optimization, especially with regards to f(vs,
h;), then recirculation of the influent hard water may be a valuable
option, resulting in a twofold increase of t,. Alternatively, more complex
interventions such as energy-intensive temperature regulation methods
may improve softening operations.

To practice water softening in a more flexible manner in terms of v
(or aimed total water volume to-be-softened), future-build FBRs should
have a minimum reactor height to allow for maximum recrystallization
efficiency of homogeneously formed CaCOs3 fines. For example, when
FBRs are build containing a 4 meter high bed, it allows for flexibility of v,
up to 50 m/h for a near maximum recrystallization efficiency of 95 %,
while reactors of 6 m and 8 m bed allow for a flexible vs up to 73 m/h and
97 m/h with the same efficiency. With increasing future water demands
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and the need of more water production and treatment expansion (H,O
waternetwerk, 2021), one should take into account the long-term needs
as well as cost-benefit balance when building FBRs in relation to crys-
tallization and chemical removal purposes.

Beyond water softening, our model serves as a versatile framework
adaptable to a broad range of industries. By integration of fluid dy-
namics, particle growth, and chemical kinetics, it provides a solid
foundation for applications in biological treatment and nutrient removal
in wastewater treatment, chemical manufacturing, fermentation, crys-
tallization in the food and beverage industry, pharmaceutical dissolu-
tion rate prediction, mining and mineral processing, and energy
production. The model’s wide applicability makes it a powerful tool for
optimizing and enhancing processes across these diverse sectors.

4. Conclusions

Our new mechanistic model provides novel insights for enhancing
the performance of pellet softening practices and identifies the specific
areas of softening that may require optimization for maximum process
improvement. Our model’s key findings include:

e An integral plant-wide mechanistic approach is necessary that con-
siders the impacts on and contributions of both upstream and
downstream treatment processes for effective optimization.
Identification of KPIs, such as SSV, CCPPye, J. / Jp, Sh number and f
(vs, hy), for assessing the pellet softening performance, which reduce
multiple dimensions and enables the transition from a black box to a
more white box model.

The observation that the downstream BACF bed experiences signif-
icant saturation over time when softening is practiced with initial
Slca1 > 2.0 and that optimal process conditions for pellet softening by
FBRs are highly dependent on water residence time, determining the
recrystallization efficiency of CaCOs fines onto calcite pellets.
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