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A B S T R A C T

Drinking water softening is an essential treatment step that provides multiple benefits, including public health, 
reduction of environmental impact, decrease in clogging potential and improvement in heating efficiency. With 
approximately 35 billion cubic meters of water being softened annually worldwide, the predominant methods 
are conventional lime/soda-ash softening, nanofiltration, ion exchange, and seeded crystallization through 
pellet-water softening. This study addresses the limitations in existing predictive models for calcium carbonate 
(CaCO3) precipitation kinetics in industrial-scale pellet-water softening by experimentally investigating the in
tegral and multivariate effects of particle-, fluid-, water matrix- and reactor properties, on CaCO₃ precipitation 
kinetics. Fluid characterization experiments were conducted at lab-scale continuous-stirred tank reactors (CSTR), 
pilot-scale plug-flow reactors (PFR), and full-scale fluidized bed reactors (FBR) at the Waternet Weesperkarspel 
treatment plant in Amsterdam, The Netherlands. In parallel, solid characterization was performed with image 
analysis software on pellets and SEM on fines extracted from water samples, where both pellet and water samples 
were collected during FBR experiments. The calcium removal data obtained from experiments were compared 
with modeled CaCO3 precipitation rates using and extending the most recently developed water softening model 
for pellet-water softening. The results predominantly highlight the critical role of mixing dynamics — between 
softening chemicals, hard influent water and seeding material — for accurate CaCO3 precipitation predictions 
across various reactor types and other reactor-specific properties such as the residence time of influent hard 
water. Additional enhancements can be achieved by targeting fluid properties, followed by water matrix prop
erties, and finally particle properties, though these factors exhibit a progressively smaller impact on overall water 
softening improvement. By implementing these prioritized optimization strategies, the operational control 
strategy for calcium removal will be enhanced, leading to improvements in cost-effectiveness, sustainability, and 
reliability in drinking water treatment processes.
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1. Introduction

Drinking water treatment includes a series of filtration, absorption, 
nucleation, crystallization, and fluidization processes prior to distribu
tion to consumers, where drinking water softening is an essential 
treatment step (Hofman et al., 2006; Kramer, 2021). It is beneficial for 
public health (Tang et al., 2019), the environment (Watkinson, 2008), 
social costs (Van der Bruggen et al., 2009), and client comfort (Mons 
et al., 2007; Mitchell, 2008). Currently, more than 35 billion cubic 
meters of water is softened worldwide per year and this volume con
tinues to increase (Eke et al., 2020). The predominant methods used in 
water softening are conventional lime/soda-ash softening using gravity 
clarifiers, nanofiltration, ion exchange, and pellet-water softening 
through seeded crystallization within fluidized bed reactors (FBRs). Of 
these, pellet-based softening has emerged as the prevailing method 
(Hofman et al., 2006). Pellet-water softening typically uses cylindrical 
FBRs filled with seeding material that is fluidized due to water upflow 
(Crittenden et al., 2012). Depending on the water alkalinity and the 
composition of the hardness-causing ions, the water softening process 
involves the precipitation of CaCO3 (calcite) via the addition of NaOH 
(caustic soda), Ca(OH)2 (lime) or Na2CO3 (soda ash) (Hofman et al., 
2006; Van der Bruggen et al., 2009). Water softening by addition of 
NaOH is represented by the following representative chemical equation: 

NaOH (aq) + Ca2+(aq) + HCO −
3 (aq)→CaCO3 (s)↓ + Na+

(aq) + H2O(l)
(1) 

The industrial pellet-water softening process has undergone signifi
cant modifications over the last decades to optimize the process’s con
trol, environmental emissions, circularity and costs (Barrios et al., 2008; 

Van der Bruggen et al., 2009; Palmen et al., 2014; Schetters et al., 2015). 
Major improvements often include the replacement of 
Australian-sourced garnet sand, widely used as seeding material in 
pellet reactors for calcium removal due to its relatively high density, by 
more locally-sourced and often relatively lower density material, such as 
reusable calcite pellets (Barrios et al., 2008; Schetters, 2013; Schetters 
et al., 2015). As a result, progress was made towards transforming the 
drinking water softening process from a linear to a more circular system 
(Palmen et al., 2014; Schetters et al., 2015; Tang et al., 2019). In addi
tion, this transition led to improved softening affinity conditions, due to 
the more similar atomic arrangement between the calcite pellets and the 
crystal lattice formed around the pellets, during CaCO3 crystallization 
(Lin and Singer, 2005a). Moreover, the bed voidage (ε) prediction was 
recently improved, where it is now linked to (macro-scale) multiphase 
characteristics (Kramer, 2021), rather than relying solely on the termi
nal settling velocity of particles (Richardson and Zaki, 1954) or mini
mum fluidization conditions (Kozeny, 1927; Carman, 1937). On top of 
that, site-specific improvements have often been implemented. Despite 
operational changes and process adjustments, pellet-water softening is 
not yet operating at optimized conditions, as it fails to achieve the 
CaCO3 thermodynamic equilibrium during the softening process. This 
results in reduced overall water quality and sustainability, as well as 
compromised safety standards due to the physical maintenance work 
required for scraping and cleaning softening reactors and downstream 
equipment. In addition, there are unnecessary high costs associated with 
softening chemical usage and plant-wide maintenance. It also leads to 
increased downtime due to maintenance, and reduced process flexibility 
due to the need for more active process control. Furthermore, these is
sues hinder progress in the development and improvement of reactor 

Nomenclature

Acronyms
AOC Assimilable organic carbon
CC Crushed calcite
CP Calcite pellets
CRES Corrosion-resistant steel
CSTR Continuous-stirred tank reactor
EC Electrical conductivity
EOP Experimental operating procedure
FBR Fluidized bed reactor
ISE Ion selective electrode
KPI Key reactor performance indicator
PFR Plug-flow reactor
SA Surface area
SEM Scanning electron microscopy
TOC Total organic carbon
WPK Waternet Weesperkarspel drinking water treatment plant 

in Amsterdam, The, Netherlands

Symbols
CCPPrel Relative theoretical calcium carbonate precipitation 

potential, –
Dr Cylindrical vessel diameter of pellet softening reactor, m
dch (Average) channel diameter between two adjacent 

particles, m
dim Impeller diameter, m
dp (Average) particle diameter of calcite pellets, m
Df Diffusion coefficient, m2 s− 1

fr Recrystallization factor, –
hr Fluidized bed height, m
Jp, Jc, Jn Precipitation, crystallization, nucleation molar rate, mol 

m− 3 s− 1

Kc Mass transfer coefficient, m s− 1

ms Total solid mass, kg
øs Solid volume fraction, –
raq Solution stoichiometry, –
r Kinetic rate, mol m− 3 s− 1

SA Total surface area, m2

SIcal Saturation index of calcite, –
SSAM Specific surface area per mass, m2 kg− 1

SSAR Specific surface area per reactor volume, m2 m− 3

SSAW Specific surface area per water volume, m2 m− 3

SSV Specific space velocity, s− 1

T Temperature, ◦C or K
tm Mixing time to achieve homogeneous particle-fluid system, 

s
tr Reaction time (of the ongoing CaCO3 precipitation 

reaction), s
vs Linear superficial fluid velocity, m s− 1

Vs Total volume, m3

Greek Symbols
ε Bed voidage, –
µ Dynamic viscosity, kg m− 1 s− 1

νk Kinematic viscosity, m2 s− 1

ρf, ρs Density of the fluid or solid respectively, kg m− 3

τr (Average) water residence time, s
χs Morphological particle shape factor, –
Ωcal Saturation degree with respect to calcite, –

Dimensionless numbers
Reε Voidage Reynolds number, ρfvsdch/µ(1-ε)
Sc Schmidt number, νk/Df
Sh Sherwood number, (0.5Reε

0.5 + 0.2Reε
0.667)Sc0.333
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design and process control strategy. Currently, there is no academic and 
scientific evidence of how these operational and process modifications 
affect the calcium removal performance during pellet-water softening.

In addition, there remains significant potential to enhance the kinetic 
modeling of calcium removal during pellet-water softening. Current 
models are often based on localized geographic and instrumental set
tings, assume instantaneous and homogeneous mixing of softening 
chemicals, influent hard water, and seeding material (Nijssen et al., 
2021), and involve linear calcium carbonate crystallization kinetics 
(Rietveld, 2005; Van Schagen et al., 2008). Earlier studies established 
that calcium removal through crystallization depends on the Ca2+ and 
CO3

2− concentrations and the total surface area of the seeding material 
(pellets) (Nancollas and Reddy, 1971; Reddy and Nancollas, 1971; 
Wiechers et al., 1975). However, these studies did not take into account 
the separation between desirable heterogeneous crystallization onto the 
seed material and undesirable homogeneous nucleation of CaCO3 into 
the fluid phase. Yet, this separation is essential, especially with regards 
to the operational and maintenance costs of downstream treatment 
processes. Recent research (Seepma et al., 2025) has incorporated this 
separation into a new calcium removal model, alongside efforts to 
overcome the limitations of localized settings. Nonetheless, model 
validation has so far been restricted to a single reactor type, leaving its 
broader applicability to diverse reactor configurations and operating 
conditions unexplored, thereby limiting its potential in improving 
operational strategies.

To address the operational and modeling knowledge gaps, we 
investigated the impact of various environmental and process conditions 
on the CaCO3 precipitation kinetics during pellet-water softening 
experimentally and extended Seepma et al. (2025)’s modeling approach 
to account for different reactor configurations. This was achieved 
through a series of experiments conducted in three different reactor 
types, thereby addressing the impact of reactor properties. In these ex
periments, temperature, particle size, fluid velocity and (initial) degree 
of supersaturation with respect to calcite, were systematically varied. 
This approach allowed us to test a broad range of physical and chemical 
conditions across the different reactor types. In addition, the effect of 
ozonation prior to water softening as well as inhibition by Mg, PO4, SO4, 
and total organic carbon (TOC) on CaCO3 precipitation kinetics were 
experimentally investigated. Furthermore, water and pellet samples 
during the FBR experiments were extracted and analyzed with regards to 
changes in calcite pellet (CP) size and shape during softening and to 
characterize CaCO3-nucleated fines, respectively. The modeling knowl
edge gap was addressed through comparison of our experimental data 
with model predictions by employing Seepma et al. (2025)’s mecha
nistic model approach and through model modifications to account for 
different reactor configurations, addressing the model’s flexibility in 
future reactor design applications.

Our multi-scale approach — from reaction-controlled conditions at 
lab-scale continuous-stirred tank reactor (CSTR) and transport-limited 
conditions at pilot-scale plug-flow reactor (PFR) to more balanced 
conditions in full-scale fluidized bed reactor (FBR), combined with 
model predictions for comparative analysis, as well as pellet and CaCO3 
particle fines characterization — allows for an integral qualitative 
impact assessment of the various physicochemical process parameters 
that influence the CaCO3 removal performance. This study provides new 
insights into design, improvement, and operational strategies for pellet- 
water softening, focusing on maximizing desirable crystallization and 
minimizing undesirable homogeneous nucleation. Ultimately, these in
sights contribute to improving the reliability, circularity and sustain
ability of drinking water production.

2. Materials and methods

The CSTR experiments were conducted at laboratory scale to provide 
high control and resolution of process variables, allowing for a detailed 
study of the precipitation kinetics. These experiments allowed for the 

independent investigation of respectively the impact of specific surface 
area per unit volume of water (SSAW) and temperature (T) on the pre
cipitation kinetics across a wider range of process conditions compared 
to PFR and FBR. While PFR experiments resembled practical applica
tions by balancing parameter control with the ability to investigate a 
wide range of experimental variables, such as T and pellet diameter (dp), 
they are less effective in isolating and analyzing the specific impact of 
SSAW compared to CSTR experiments. Conversely, FBR experiments 
provide insights under full-scale operational conditions, capturing the 
influence of practical uncertainties and upscaling effects characteristic 
of real-world applications. It is important to note that the flow dynamics 
in CSTR are dominated by the impeller velocity and reactor dimensions, 
resulting in a more turbulent flow regime. Conversely, in PFR and FBR 
systems, flow dynamics are less turbulent, where particle properties 
have a more significant impact on the system’s flow and mass transfer 
behaviour. The use of these three reactor types enabled the investigation 
of the mixing time (tm) across a series of estimated ranges: 0.1–1 s in 
CSTR, 1–10 min in PFR and 10–60 s in FBR. The selection of process 
conditions used for each experiment in this study was based on appro
priate model ranges for academic purposes, conditions found in soft
ening practices and those found locally at the Waternet Weesperkarspel 
treatment plant in Amsterdam, The Netherlands (WPK) where our ex
periments were conducted (Supplementary Information (SI)-I). In the 
following subsections, the experimental setup for each type of reactor is 
addressed, where the detailed experimental operating procedure (EOP) 
is found in SI-II. In Section 2.4 and 2.5, the general data handling and the 
specific adjustments made to Seepma et al. (2025)’s model to accom
modate for varying reactor type conditions are discussed.

2.1. Continuous-stirred tank reactor experiments

CSTR experiments were conducted with 1 L volume of WPK non- 
ozonated influent hard water extracted from the drinking water treat
ment plant. A typical composition for this WPK water is found in SI-III. 
For seeded CSTR experiments, CaCO3 Merck powder was subsequently 
added to the CSTR reactor before the addition of NaOH (SI-IV). Different 
total masses of CaCO3 powder (ms), ranging from 0 (unseeded) to 60 g, 
were used in the experiments to investigate the effect of surface area on 
the softening process. ms is directly proportional to the total surface area 
(SA) available for crystallization. Besides at different ms-loads, CSTR 
experiments were also conducted at three distinct temperatures; T = 5, 
20 and 40 ◦C. While T = 40 ◦C is not representative of standard drinking 
water softening treatment conditions, elevated temperatures are more 
commonly observed in industrial softening reactors (Zhang et al., 2020). 
Therefore, this study included T = 40 ◦C to assess the impact of T across 
a broader range, examine whether the impact on the softening perfor
mance is linear or non-linear, and identify potential operational limi
tations within our experimental set-up or approach.

To facilitate comparison of SSAW among the three types of reactor 
experiments, the SSAW in CSTR was calculated based on ms. According 
to Nilsson and Sternbeck (1999), the specific surface area per mass 
(SSAM) for this type of CaCO3 powder was estimated at 0.348 ± 0.004 
m2 g− 1, using the BET method with N2 gas adsorption. This information 
was used to calculate other relevant hydrodynamic process conditions 
(see SI-V for the calculation methods), such that the different experi
ments could be compared. In addition, the particle size distribution was 
measured by laser diffraction (SI-VI) and compared with the calculated 
(average) particle size. This comparison contributes to the accuracy of 
SSAW. The corresponding values are found in Table 1.

The CSTR set-up is shown in Fig. 1a. During the CSTR experiments, 
pH (±0.1 pH-unit, see SI-VII) and electrical conductivity (EC) were 
measured continuously at an interval of 1 s. In addition, both electrodes 
measured temperature with an accuracy of ± 0.1 ◦C. The stirrer was set 
at approximately 1000 rpm. Each CSTR experiment continued for at 
least four minutes, matching the (average) residence time of influent 
hard water during industrial pellet-water softening.
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2.2. Plug-flow reactor experiments

PFR experiments were carried out with the same WPK water as in the 
CSTR experiments (see SI-III). In addition, experiments were conducted 
with ozonated WPK water. These experimental results were compared 
and aimed to assess if pre-softening treatment processes, such as ozon
ation, impact the effectiveness of the subsequent softening process. 
Ozonation does not affect the concentrations in the water matrix 
significantly, but breaks down larger organic molecules to small organic 
molecules that may affect calcite precipitation (Meldrum and Cölfen, 
2008). Furthermore, PFR experiments were performed with CP, rather 
than the CaCO3 powder that was used in CSTR. This use of CP was 
adopted to prevent entrainment of fine particles into the effluent and to 
better simulate industrial-scale conditions. The particle size distribution 
for the sieved CP fraction of 1.00 – 1.12 mm, which was used in each PFR 
experiment, is found in SI-VIII.

The PFR experiments were performed in a transparent PVC column, 
with a column diameter Dr = 81 mm and a column height of 880 mm, at 
which the water outlet was positioned. The PFR experimental set-up is 
found in Fig. 1b. The incoming water was temperature-conditioned in an 
IBC tank (~1000 L in volume) and flowed with circa 420 L h− 1, 
resembling full-scale conditions of vs = 80 m h− 1. NaOH addition was 
established by a peristaltic dosing and metering pump. The pH and EC 
electrodes were initially positioned about 50 mm above the dosing head 
and recorded measurements at a five-second interval. Throughout 
continuous operation, additional CP-layers were added every 10 – 15 
min, such that a stable fluidized bed height of 0, 10, 20, 30, 35, 40 cm, 
and with larger additional heights above the inlet, was established 
during each experiment. At the start of each experiment, an initially 
measured pH of 10.0 was achieved, representing the conditions at the 
bottom of a full-scale pellet reactor.

Table 1 
Hydrodynamic process conditions. Note that, for model calculations, ms = 0.01 g/L was assumed when no CaCO3 was used to account for naturally present particulate 
matter and is a reasonable value according to Burton et al. (2013).

ms [g L− 1] Vs [cm3] øs [–] ε [–] SA [m2] SSAR [m2 m− 3 reactor] SSAW [m2 m− 3 H2O] Calculated dp [µm] Measured dp [µm]

0 0 0 1 0 0 0 0 0
1 0.369 0.000369 > 0.999 0.348 348 348 6.362 26.3
5 1.845 0.00185 0.998 1.74 1740 1743 6.362 26.3
10 3.690 0.00369 0.996 3.48 3480 3493 6.362 26.3
30 11.07 0.0111 0.989 10.44 10,440 10,557 6.362 26.3
60 22.14 0.0221 0.978 20.88 20,880 21,353 6.362 26.3

Fig. 1. Continuous-stirred tank reactor (a) and plug-flow reactor (b) experimental set-up.
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2.3. Pilot-scale fluidized bed reactor experiments

FBR experiments were carried out in a metal-coated column of 5 m 
height (Fig. 2) with a reactor diameter Dr = 310 mm. For each new CP- 
layer addition, one bucket of CP (Fig. 2a) was added to the column 
(Fig. 2b and c) every 10 – 20 min throughout continuous operation (see 
SI-IX for the exact weights of each used bucket) and, depending on the 
hydrodynamic process conditions, amounted to the addition of 150 – 
250 mm of fluidized bed. The FBR was equipped with pressure sensors at 
the bottom (Fig. 2d) to monitor potential clogging. During each exper
iment, the pH was monitored by multiple pH electrodes, both near the 
bed and at the top of the reactor near the water outlet. In addition, the 
depth or the height of the fluidized bed was measured with an ultra
sound bed height meter, which was placed in the middle of the column 

(Fig. 2c). Furthermore, the EC was measured near the top of the fluidized 
bed. The water discharge was monitored with an automatic control 
valve (i.e., ABB process automation system; see SI-II) and the NaOH 
dosing volume was monitored similarly to PFR.

During each experiment, four water samples were taken (Fig. 2f) for 
calcium measurements, serving as an additional verification method, 
and ‘crystallite area percentage’ analysis, using respectively a calcium- 
ion selective electrode (Ca-ISE, see SI-II and SI-X for calibration and 
concentration calculation methods) and scanning electron microscopy 
(SEM; SI-II). In total, 17 FBR experiments were conducted at systemat
ically varied NaOH dosing conditions, linear superficial fluid velocity 
(vs), dp and T (Fig. 2h). After each FBR experiment, the CP in the column 
was extracted at the bottom and three CP samples were collected, rep
resenting the bottom, middle, and top part of the fluidized bed (Fig. 2g). 

Fig. 2. Pilot-scale fluidized bed reactor (FBR) experimental set-up; calcite pellets distribution into buckets for experimental use (a), top-side view of the pilot-scale 
FBR (b), top-view into the FBR, showing the arrangement of monitoring sensors (c), bottom-view of the FBR, showing the pressure sensors for maintaining process 
control (d), internal view of the FBR at the bottom, displaying the water-NaOH dosing nozzles (e), extracted water samples (f), calcite pellet samples (g) and 
experimental conditions for each conducted FBR experiment (h). In (h), the red dashed lines indicate similar NaOH dosing concentrations.
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These CP samples were compared to CP samples taken at the same 
height before the experiment was conducted (Section 3.5).

2.4. Data post-processing

Our choice to use pH measurements for calcium concentration was 
driven by their relatively higher degree of stability, lower susceptibility 
to Mg2+ interference, and suitability for continuous monitoring (Van 
Schagen (2009)), compared to Ca-ISE measurements, which showed 
higher variability and required more frequent recalibration (Section 
3.4). The pH measurement data from CSTR, PFR, and FBR experiments 
were recalculated, under the assumption of a closed atmosphere (SI-XI), 
into calcium concentration and activity to improve the overall data 
quality. Furthermore, the kinetic calcium removal rates (r) and associ
ated mass transfer coefficients (Kc) were determined for the CSTR ex
periments (SI-XII) and the derived Kc-values were compared with 
modeled values. The CP data analyses were conducted on samples of 3 g 
and the crystallite area percentage of each sample was derived from a 
filter area of 0.25–1 cm2 and a 1 dm2 image analysis area. A more 
detailed handling of the data can be found in SI-XII.

2.5. Model modifications for application across various reactor types

The total calcium removal rate (Jp) can be defined in the following 
conceptual way: 

Jp = f
(

particle
properties ,

fluid
properties ,

water matrix
properties ,

reactor
properties

)

(2) 

where particle and fluid properties act as the (multiphase) system dy
namics occurring in the different types of reactor, impacting the 
pathway between influent and effluent total calcium concentration 
(Catot). Water matrix properties, such as softening chemical dosing, 
inhibitory effects, and impact of upstream processes, determine the 
(kinetic equilibrium) position of effluent Catot conditions in the system. 
The reactor properties allocate the mixing type and efficiency, as well as 
the reactor properties and dimensions, thereby impacting the fluid- 
particle interaction and flow dynamics. Ultimately, the reactor proper
ties in Eq. (2) impact the (prediction) accuracy of Jp and degree of ho
mogeneity within the system.

While Seepma et al. (2025) proposed a new relationship for calcium 
removal (see SI-V), it predicts Jp without considering water matrix 
properties, such as the solution stoichiometry of the lattice ions, the 
presence of inhibitors, and effects of plant-wide drinking water treat
ment, which can significantly reduce Jp. Most notably though, their 
model does not take into account the reactor properties, such as the 
mixing dynamics of softening chemicals, influent hard water and seed
ing material. Therefore, to identify the level of impact of water matrix 
and reactor properties on calcium removal, Seepma et al. (2025)’s 
model was modified specifically for comparing our experimental cal
cium removal data with precipitation predictions across the different 
reactor types. In summary, for CSTR, the model was modified in terms of 
Reynolds number calculation (flow dynamics), leading to a different 
definition for Sherwood number (mass transfer) and ultimately impacts 
Jp. A more detailed discussion on the model modification is found in 
SI-V.

3. Results and discussion

In Sections 3.1 and 3.2, we discuss key experimental and model 
findings from CSTR experiments, focusing on the impact of varying T 
and SSAW. Section 3.3 presents our PFR experimental findings, high
lighting the impact of dp, T, SIcal, and upstream processes (i.e., ozona
tion), and compares these with CSTR results to elucidate the impact of 
mixing dynamics. Section 3.4 covers the FBR experimental work, where 
we varied T, dp, vs and SIcal. Sections 3.5 and 3.6 discuss insights from 

the particle analysis of CP and CaCO3 fines, respectively. In Section 3.7, 
we provide an integral qualitative impact assessment, critically exam
ining the pivotal role of mixing dynamics in calcium removal across 
different softening experiments and evaluating the level of impact of the 
various studied physicochemical parameters. Finally, Section 3.8 pro
vides the academic and societal implications of this study.

3.1. Effect of temperature and seeding material in CSTR experiments

The pH of the solution within the CSTR decreased with reaction time 
(tr) at all three temperatures (i.e., T = 5, 20 and 40 ◦C) upon the onset of 
the CaCO3 formation reaction (Fig. 3a–c). Similarly, the Catot and Ωcal 
decreased with tr (Fig. 3d–i). The total calcium removal rate (ΔCatot/Δtr) 
versus Ωcal is shown in Fig. 3j–l. The different colours represent different 
ms (Table 1). We show the results for the first 240 s, because it corre
sponds to the typical reaction time of influent hard water with CP in 
pellet-water softening treatment, where it generally ranges between 
2.25 – 4.5 min.

We observed four main trends in the CaCO3 reaction kinetics in the 
CSTR results. Foremost, more CaCO3 powder led to faster crystallization 
reaction kinetics. The effect of ms, determining the SSA (Table 1), on the 
crystallization kinetics is well-known and has been described thoroughly 
(Wiechers et al., 1975; Van Schagen et al., 2008; Kramer, 2021; Seepma 
et al., 2025). Secondly, we observed a significantly larger variance, up to 
50 % (Fig. 3e), in the kinetics of experiments performed without added 
CaCO3 powder (unseeded) and in the experiment with 1 g/L of added 
CaCO3. This variance is likely attributed to the dominance of primary 
homogeneous nucleation at these conditions, coupled with increased 
uncertainty in SSAW at low ms. According to Equation S8 in SI-V, 
adjusted for CSTR applications, homogeneous nucleation accounts for 
> 65 % of the total calcium removal at ms = 0 g/L, and between 1 – 2 % 
at ms = 1 g/L, regardless of T. In contrast, heterogeneous crystallization 
is the prevailing mechanism in seeded experiments with ms > 1 g/L. The 
slower reaction kinetics observed at 0 g/L seed can be attributed to the 
higher kinetic energy barrier, as nucleation is more reaction-controlled 
compared to crystallization (Mullin, 2001). The uncertainty in the 
already low SSAW at low ms is exacerbated by the polydisperse and 
non-spherical nature of the CaCO3 seed particles, as well as by the higher 
sensitivity to particle distribution inhomogeneity in the CSTR. Thirdly, 
we observed that, at T = 5 ◦C compared to T > 5 ◦C, the reaction pro
ceeded much slower, where ms = 5 g/L is not enough to reach the 
thermodynamic equilibrium in 240 s at T = 5 ◦C, while it does for T > 5 
◦C (Fig. 3d versus 3e and f). The observed temperature-dependent 
CaCO3 precipitation kinetics is in line with earlier work (Gilmour 
et al., 1977; Østvold and Randhol, 2001; Carino et al., 2017 and refer
ences therein). Lastly, at T = 40 ◦C, we observed that thermodynamic 
equilibrium with respect to calcite was not reached within 240 s in any 
experiment. This observation may result from the more kinetically 
favourable conditions for aragonite formation at these elevated tem
peratures (Wray and Daniels, 1957; Ogino et al., 1987; Ma et al., 2010), 
before transforming into more (thermodynamically) stable calcite. This 
effect is evident in the pH and Catot data deviating further from the 
calcite equilibrium line, as aragonite has a higher solubility product 
compared to calcite (Fig. 3c and f). In addition, the slower precipitation 
rate of aragonite compared to calcite at lower supersaturation (Burton 
and Walter, 1987) and the slightly higher degree of CO2 degassing at 
elevated temperatures may have contributed to this observation.

Fig. 3j–l shows that the precipitation rate has a maximum value at 
the start of each experiment when the supersaturation degree is high (i. 
e., Ωcal > 100), and the rate decreases over time when Ωcal is smaller. In 
addition, at ms ≤ 5 g/L and T ≥ 20 ◦C, we observed that calcium pre
cipitation rate is almost linear with Ωcal until equilibrium, while at ms >

5 g/L, it can be approached as a bi-linear rate with a fast (rhigh) and slow 
(rlow) rate. The critical point where the ‘high’ rate changes into a ‘slow’ 
rate is dependent on ms and is located at increasingly lower Ωcal with 
decreasing ms (Fig. 3j–l). The high (rhigh) and low (rlow) rates were 
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subsequently translated to mass transfer coefficients (Section 2.4) and 
the numerically averaged values are shown in Table 2. The FBR model 
shows that Kc ranges roughly between 10− 4 – 10− 6 m s− 1 (i.e., Fig. S23c 
and e in Seepma et al. (2025)). However, the calculated Kc-values from 
the CSTR experiments are consistently larger. Continuous agitation in a 
CSTR ensures that reactants are consistently brought into contact with 
the particles, leading to improved mass transfer rates (Levenspiel, 1999; 
Towler and Sinnott, 2021). Table 2 also shows that rlow is more influ
enced by SSAW compared to rhigh, and is especially pronounced at T = 5 

◦C. This translates also to the calculated Kc-values, where, for example, a 
five-fold increase in ms did not lead to a five-fold decrease in Kc. In other 
words, at conditions far from equilibrium, mass transfer is driven by the 
concentration gradient, while at conditions near equilibrium, it is driven 
by surface area (Levenspiel, 1999).

Fig. 3. CSTR experimental results at different temperature (column) and varying total seed mass (colour). The top row shows the pH measurement data (a-c), the 
second row the total calcium removal with time (d-f), the third row the decrease in supersaturation degree (Ωcal) with time (g-i) and the bottom row the calcium 
removal rate with supersaturation degree (j-l).
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3.2. CSTR calcium removal measurement calculations versus model 
predictions

With the model adjustments, proposed in SI-V, the calculated SIcal- 
values, based on pH measurement data of the solution, were used to 
obtain model predictions for the calcium removal with reaction time. 
The predictions were compared with the calcium removal rate derived 
from the measurements (Fig. 4). Note that {Ca2+} is shown rather than 
Catot, because Equation S8 in SI-V is based on free calcium activity, that 
most experiments were done in triplicate and that Fig. 4a–c illustrate the 
comparison at varying temperature. Fig. 4a–c shows that at low SSAW (i. 
e., at ms = 0 – 1 g/L), the model underestimates the calcium removal rate 
by up to 30 %. In contrast, at high SSAW (i.e., at ms = 30 – 60 g/L), the 
model significantly overestimates the calcium removal rate by up to 100 
%. This applies across all three temperature categories. Secondly, we 
observed that, in all cases, the initial decrease in {Ca2+} was much larger 
in the measurements compared to the prediction.

The large disparities between the measurement- and model-derived 
calcium removal are explained by hydraulic system dynamics, 
different reactor properties in CSTR compared to FBR, and environ
mental properties, which were not considered in the model. The un
derestimation at low SSAW originates from (1) an underestimation of 
SSAW, because it increases during the reaction time due to the formation 
of newly formed particles creating new nucleation sites for calcium 
removal, (2) point saturation at the beginning of the experiment due to 
NaOH addition by pipetting, leading to a steeper initial decrease 
compared to the model prediction and (3) the wall effect, which creates 
additional surface for faster calcium crystallization than is accounted 
for, and was evidenced by the need to clean the CSTR (with HCl acid) 
between experiments. The overestimation at high SSAW originates from 
(1) more transport-limited conditions, instead of reaction-limited con
ditions, due to an increased local depletion of calcium near the particles, 
which likely occurred faster than the bulk mixing of the solutions 
(Kockmann, 2008), (2) a more pronounced inhomogeneous distribution 
of particles, with more particles residing in dead mixing zones within the 
reactor (Hurtado et al., 2015), which effectively reduces the available 
SSAW, (3) the lack of metastable-zone conditions in the model (Elfil and 
Roques, 2004; Sobhan, 2019), (4) increased aggregation conditions due 
to increased particle collision frequencies (Smoluchowski, 1916), lead
ing to a further decrease of effective SSAW (Kramer et al., 2020) and (5) 
inhibition by other ions present in the water matrix, especially TOC and 
Mg (SI-XIV). Finally, the highly turbulent flow conditions in the CSTR 
likely impact the pH measurements in a more negative way (McMillan 
and Cameron, 2004), as it will have more challenges to provide equili
brated values compared to PFR and FBR. Ultimately, the mixing process 
and turbulent flow conditions impact the fluid-particle interactions 
differently in CSTR compared to FBR and lead to increased inaccurate 
model predictions.

3.3. Influence of key process parameters on softening efficiency in CSTR 
and PFR experiments

PFR experiments were conducted alongside CSTR experiments. 

Despite similar conditions of T and NaOH dosing concentrations in both 
CSTR and PFR experiments, dp and vs varied significantly (i.e., dp = 26.3 
µm and vs ~ 380 m/h in CSTR and respectively ~ 1.1 mm and 80 m/h in 
PFR). The effect of NaOH dosing, temperature, the type of seeding ma
terial, and the influent water matrix are discussed in the following 
subsections followed by a comparison of the reaction kinetics in CSTR 
and PFR.

3.3.1. Effect of NaOH dosing
The effect of NaOH dosing shows that an optimum is found at 2.0 

mmol/L for both raw and ozonated WPK water for this PFR column and 
its water residence time (τr) of about 40 s for vs = 80 m/h. This is 
observed by the green-coloured lines reaching near-equilibrium at 
maximum fluidized bed height conditions (Fig. 5a). At NaOH dosing 
concentrations below 2.0 mmol/L, the Catot concentrations at maximum 
fluidized bed height conditions progressively deviated from equilibrium. 
Notably, at NaOH = 2.5 mmol/L, near-equilibrium conditions were 
reached at tr ~ 20 s. However, operational challenges arose, including 
clogging in the PFR set-up, which limited data collection beyond this 
point.

3.3.2. Impact of prior ozonation on softening performance
Non-ozonated water is softened more efficiently than ozonated 

water, with up to 10 % more calcium removal at NaOH = 1.5 mmol/L 
under identical process conditions (Fig. 5a). This difference is reflected 
in the smaller distance to the equilibrium line for non-ozonated water 
across all NaOH dosing conditions. One explanation is the larger ca
pacity to inhibit CaCO3 precipitation by an increased number of small 
organic molecules (Meldrum and Cölfen, 2008), which are more abun
dant in ozonated water. Ozonation enhances the formation of more 
easily degradable organic material such as assimilable organic carbon 
(AOC) and interacts strongly with the seeding material by promoting 
biological activity that consumes AOC (Hammes et al., 2011). This effect 
is particularly relevant for WPK water, which contains relatively high 
concentrations of TOC, attributed to the natural presence of humic acids 
(SI-III). Additional experiments using synthetic water with varying 
concentrations of TOC showed that a longer tr is required to reach 
equilibrium (Fig. S9 in SI-XIV) and supports the observation of increased 
inhibition by TOC in ozonated WPK water.

3.3.3. Effect of temperature effect and seeding material on reaction kinetics 
in PFR

The PFR experiments at T = 40 ◦C approached equilibrium initially 
at a faster rate compared to T = 10 and 20 ◦C (Fig. 5b), which is 
consistent with our CSTR findings (Fig. 3). However, at fully fluidized 
bed conditions, the experiments at T = 40 ◦C approached equilibrium 
more closely than at lower temperatures, contrasting the CSTR results. 
One possible explanation is the reduced CO2 degassing during operation 
at 40 ◦C, which reduces the systematic error for the pH-derived Catot in 
PFR compared to CSTR. In addition, despite the presence of a static 
mixer at the inlet, the PFR inherently exhibits local supersaturation 
gradients in both the axial and radial directions. These gradients pro
mote localized precipitation, where supersaturated water precipitates 

Table 2 
Average calculated kinetic calcium removal rates (r) from the measured CSTR data in Fig. 3 and calculated mass transfer crystallization rate coefficients (Kc).

ms T = 5 ◦C T = 20 ◦C T = 40 ◦C

rhigh rlow Kc, high Kc, low rhigh rlow Kc, high Kc, low rhigh rlow Kc, high Kc, low

[g] [mol m− 3 m− 1] [m s− 1] [mol m− 3 m− 1] [m s− 1] [mol m− 3 m− 1] [m s− 1]

0 2.10 0.140 9.45 0.630 3.17 0.340 15.3 1.64 2.70 0.240 15.1 1.34
1 2.63 0.170 0.118 0.00765 3.37 0.353 0.163 0.0170 3.05 0.340 0.171 0.0191
5 2.50 0.485 0.0225 0.00436 3.77 1.83 0.0363 0.0176 3.87 1.43 0.0433 0.0160
10 2.70 0.705 0.0121 0.00316 3.35 2.10 0.0161 0.0101 4.80 1.20 0.0268 0.00670
30 2.50 1.47 0.00371 0.00218 4.17 3.30 0.00663 0.00525 5.57 0.880 0.0103 0.00163
60 NA NA NA NA 5.80 5.03 0.00456 0.00395 6.65 0.755 0.00607 0.000689
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rapidly in certain zones before mixing with less supersaturated water 
downstream, following an internal bypass effect within the reactor. 
Following from Fig. 5b, the temperature-dependent trends were inde
pendent of particle shape and size, with both larger, rounded CP parti
cles and smaller, angular crushed calcite (CC) showing similar 
behaviour.

3.3.4. Comparison of reaction kinetics in CSTR and PFR
A comparison of PFR and CSTR experiments (Fig. 5c) shows that 

CSTR experiments exhibited faster reaction kinetics, reaching near- 
equilibrium conditions more rapidly. This difference is primarily 
attributed to differences in reactor design and spatial scales. In PFR set- 
ups, the conversion yield is typically higher than in CSTR under identical 
process conditions (e.g., T, τr, SSAW) for equal volumes of softened water 
(Levenspiel, 1999). However, our calculations indicate that, with some 
assumptions, vs in the CSTR was significantly higher, averaging 4 to 5 
times that of the PFR (SI-V). In the CSTR, the entire volume (1 L) is 
softened simultaneously, whereas the same volume is processed in the 

Fig. 4. CSTR calculated {Ca2+} based on measurement pH data versus model predictions for T = 5 ◦C (a), 20 ◦C (b) and 40 ◦C (c). The horizontal black dashed lines 
show the equilibrium activity lines. Note that in (b) some data were omitted for clarity and that the figure containing all data is found in SI-XIII.
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PFR every ~8.6 s at vs = 80 m/h. The higher vs in the CSTR promotes 
faster mass transfer, contributing to the observed differences in reaction 
kinetics. In addition, the higher vs in the CSTR leads to increased tur
bulent flow conditions, favouring reaction-controlled mass transfer 
conditions. Contrastingly, the PFR setup operates in the transitional flow 
regime (based on Re and Sh calculations; i.e., Figs. S8a and S23b in 
Seepma et al. (2025)), where transport-controlled mass transfer may be 
more pronounced. An exception to this trend was observed at NaOH =
2.0 mmol/L, where the difference in reaction kinetics between CSTR and 
PFR experiments was negligible. In this case, transport limitations were 
likely overcome due to the high NaOH dosing concentration.

3.4. Full-scale FBR experiments: measurement-derived calcium removal 
versus model predictions

The measured calcium carbonate precipitation rate in the lower 
sections of the full-scale FBR was five to ten times higher than the model 
predictions (Fig. 6a; showing experiments #S2 and #S7 that respec
tively have the worst and best CaCO3 removal model predictions 
compared to the experimental data) and was consistent across the entire 
range of process conditions tested (i.e., vs = 50 – 110 m/h, dp = 1.0 – 1.9 
mm, T = 5 – 21 ◦C, initial SIcal = 1.73 – 1.92) in the FBR experiments 
(Fig. 2h and SI-XV for the results). The deviation is explained by model 
assumptions on homogeneous and instantaneous mixing of hard water, 
caustic soda and seeding material, while experimental observations 

Fig. 5. Total calcium removal (Catot) with fluidized bed height (FBR) and equivalent reaction time (CSTR) for non-ozonated versus ozonated water at varying NaOH 
dosing conditions at T = 20 ◦C (a), for well-rounded calcite pellets versus angular crushed calcite (CC) at varying temperatures (b) and for CSTR versus FBR at varying 
NaOH dosing conditions at T = 20 ◦C (c). The vertical dashed lines and dashed-dotted lines show the equilibrium conditions for the corresponding experiment(s).
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suggest that ideal mixing was not fully achieved in any case (Fig. 6a). 
Under the assumption of ideal mixing, calculations estimated an initial 
Ωcal = 1.7 – 2.0. However, based on the difference between measured 
and modeled {Ca2+} at the reactor bottom, the initial Ωcal is more likely 
between 2.3 and 2.5, and overcomes the observed difference in Catot at 
the reactor bottom. Midway and at the top of the reactor, the model 
overpredicted precipitation rates by approximately 2 to 3 times. This 
overprediction is likely explained by inhibitory effects (see SI-XIV for 
results and discussion on experiments conducted with inhibitors), due to 
the presence of TOC and magnesium. While PO4 is known to inhibit 
CaCO3 formation (Lin and Singer, 2005b) and SO4 slightly promotes it 
(Zhu et al., 2022; Fig. S7 in SI-XIV), these ions are present only in minor 
fractions (Tables S3 and SI-III). Furthermore, the raq increases from 
approximately 3 up to 40 toward the top of the reactor (SI-IX), likely 
slowing down CaCO3 formation kinetics negligibly within this range of 
raq (e.g., Wolthers et al., 2012; Seepma et al., 2021). Other factors 
contributing to the model’s overestimation at the top include: (1) the 
assumption of a linear decrease in CP diameter with fluidized bed 
height, which was based on only three CP samples per experiment, 
despite Kramer et al. (2021) demonstrating that this linearity is inac
curate; (2) the use of an average vs and T for the axial locations of pH 
measurements; and (3) variations in maintenance of the dosing nozzles 
and the FBR column during experiments.

In summary, although slight nuances were found between the FBR 
experiments (SI-XV), the range of process conditions used in FBR water 
softening do not seem broad enough to reveal significant impacts of 
process conditions on fluid characteristics beyond the bottom sections of 
the reactor. Yet, comparisons between measured and modeled CaCO3 
removal rates at varying process conditions highlight the significant 
impact of factors such as mixing dynamics, uncertainties related to axial 
uniformity and the accuracy of pH measurement devices on process 
performance. Although fluid characterization showed that T (i.e., winter 

versus summer experiments) had a moderate impact on the CaCO3 
removal rate, it remains challenging to conduct a qualitative impact 
assessment based on fluid characteristics alone. Therefore, particle 
characterization of CP (Section 3.5) and CaCO3 fines in water samples 
(Section 3.6) was carried out to provide additional insight.

3.5. CP sample analysis

Particle size, shape, and the resulting calculated specific surface area 
and specific space velocity (SI-V) did not change significantly during the 
experiments (see SI-XVI, SI-XVII for raw and processed data and images, 
and SI-XVIII for processing methods). Still some systematic changes 
were observed, which are discussed in SI-XVI.

3.6. Fines formation via homogeneous nucleation

In all FBR experiments, the area percentage of CaCO3 fines showed 
an optimum at a fluidized bed height (hr) < 1.50 m, and decreased 
significantly to < 20 % at 1.50 < hr < 4.50 m (Fig. 7, see also SI-XIX and 
SI-XX for detailed methods and image results). Seasonal variations were 
observed, with summer experiments exhibiting a higher proportion of 
CaCO3 fines at the top of the FBR compared to winter experiments (i.e., 
7.4 % ± 4.6 % versus 2.8 % ± 1.7 %). This trend indicates a larger carry- 
over of fines to downstream treatment processes and a lower conversion 
yield during summer. This observation aligns with the retrograde solu
bility behaviour of calcite, where higher temperatures in summer pro
mote greater fines formation by nucleation relative to the increase in 
crystallization (SI-XXI). Furthermore, during the end of winter/early 
spring, the TOC concentration in WPK water is largest, while at the end 
of summer/start of fall, it is generally at its lowest concentration. 
Therefore, it is plausible that more TOC is removed by incorporation 
into CP and in CaCO3 fines, which may explain the lower concentration 

Fig. 6. Fluidized bed height versus total calcium for the worst (#S2) and best (#S7) case scenarios with regards to the match between derived measured Ca 
conditions and model predictions. The pH-derived total calcium concentrations, total calcium activity and total calcium concentrations derived from Ca-ISE mea
surements (see SI-X for calibration and calculation methods) are shown in respectively grey, red and blue. The red solid lines represent the model predictions of Ca 
removal (as CaCO3) using the model of Seepma et al. (2025) and the red-shaded area as its confidence interval. More details are found in SI-XV.
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during late summer in the aqueous phase of the softening effluent (SI- 
XXI). The experiments conducted with the largest average CP diameter 
(i.e., dp = 1.8 – 1.9 mm in #W10 and #S7) exhibited the second-highest 
CaCO3 fines area percentages at the top of the FBR when grouped by 
season. This suggests that dp plays a significant role in recrystallization 
efficiency during pellet softening (Seepma et al., 2025).

3.7. Classification of investigated physicochemical parameters

Our experimental findings allow us to qualitatively assess the rela
tive importance of different drivers (i.e., investigated physicochemical 
parameters) for calcium removal during softening. The impact of these 
parameters on the CaCO3 removal rate (Jp), indicative for the softening 
performance, is reflected by five key reactor performance indicators 
(KPIs; Seepma et al., 2025), and each parameter may impact one or more 
KPIs. This is summarized in Table 3. The most critical parameters for Jp 
in CSTR are vs, the mixing time necessary for achieving an instantaneous 
and homogeneous particle-fluid system (tm), and the NaOH dosing. In 
PFR and FBR, other factors such as SSAW and residence time τr 
contribute to a larger degree as well, besides vs, tm and NaOH dosing. 
While improving factors with lower influence may enhance the soft
ening performance, prioritizing the high and moderate influencing 
factors is recommended. Our findings, summarized in Table 3, may aid 
in future softening reactor design and operations as well as improving 
current softening operations and may lead to reduced operational costs.

3.8. Implications

The new insights, summarized in Table 3, have broader implications 
for the field of water treatment and reactor engineering. By under
standing the hierarchical importance of various physicochemical pa
rameters, engineers are able to design more efficient, sustainable and 
future-proof reactors, tailored to specific environmental conditions 
and treatment goals. Furthermore, the qualitative impact assessment 
method presented here can be adapted for evaluating other complex 

(multiphase flow) systems, where numerous interacting parameters in
fluence performance outcomes. Future research could expand on these 
findings by exploring the interplay between these factors in different 
reactor configurations and scaling up experiments to real-world indus
trial-scale applications.

The practical application value of our integral impact assessment is 
demonstrated in the site-specific case of WPK. Combined with scenario 
modelling (Seepma et al. (2025)), the assessment identified recrystalli
zation efficiency as the key limiting factor in the softening process 
performance. Enhancing this KPI offers the greatest potential for 
improvement. Our cost-benefit analysis (SI-XXII) supports the business 
case for increasing the pellet-softening reactor height to 10 m, thereby 
extending the water residence and provide more flexibility to meet 
future water demands (Kramer, 2021). With an estimated return on 
investment of approximately 7 years, this modification aligns with the 
expected operational lifespan of 15–20 years, ensuring long-term 
viability and operational sustainability.

4. Conclusions

Our multi-scale experimental findings have elucidated the impor
tance and impact level of various particle, fluid, reactor, and water 
matrix properties on calcium (as CaCO3) removal during water softening 
practices. Our key findings from the integral qualitative impact assess
ment are: 

• The linear superficial velocity (vs), the mixing time to achieve a 
homogeneous particle-fluid system (tm) and NaOH dosing are the 
high influencing factors driving the softening process in continuous- 
stirred tank reactor conditions.

• The specific surface area per water volume (SSAW) and residence 
time (τr) are more significant in plug-flow reactor and fluidized bed 
reactor conditions, besides vs, tm and NaOH dosing.

• Application of Seepma et al. (2025)’s model to our experimental 
findings shows two major shortcomings: 

Fig. 7. Fluidized bed height versus total CaCO3 fines area [%] based on experimental data (SI-XIX and SI-XX). The black dashed line shows hr = 0 (no pellet bed). A 
more detailed version of this figure, distinguishing between individual experiments, is available in SI-XIII.
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○ The assumption of instantaneous and homogeneous mixing be
tween softening chemicals, influent hard water, and seeding ma
terial, leading to inaccurate calcium removal predictions at 
reaction time < 10 s in CSTR or the bottom section in PFR and FBR.

○ The model’s applicability to reactor designs with highly turbulent 
conditions, such as continuous-stirred tank reactor conditions, is 
limited.
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the Sherwood number indicating the convective mass transfer compared to diffusional mass transfer, CCPPrel the calcium carbonate precipitation potential relative to 
the initial concentrations and fr the recrystallization factor and where NI stands for negligible influence, LI for low influence, MI for moderate influence, HI for high 
influence and NA for not available.
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CSTR (XI), data post-processing (XII), alternative figures (XIII), inhibi
tion effects (XIV), FBR experimental data on all 17 experiments (XV), 
calcite pellet analysis discussion and raw and post-processed data (XVI- 
XVIII), CaCO3 fines raw and post-processed data (XIX+XX), 
temperature-dependent CaCO3 fines productions (XXI) and feasibility 
analysis on proposed softening operations modification at WPK (XXII).
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