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Measuring sparingly-soluble, aqueous salt crystallization kinetics

Executive Summary

We present a methodology and results for measuring crystallization kinetics of sparingly-soluble salt
mixtures typical of reject/concentrate streams from membrane-based, inland water supply processes.
More usable water can be recovered (and lower disposal costs incurred) from these concentrate
streams through efficient crystallization. In this work, we present a steady state, continuous stirred
tank reactors (CSTRs)-in-series approach to study crystallization kinetics of a model solution
mixture that is supersaturated in CaCO3. We have used pH, conductivity and turbidity changes in
the system to monitor crystallization using six CSTRs with individual residence times of nominally 3,
5, and 11 min. This system operates in a steady state mode with total crystallization times from ~
15-68 min and was capable of handling up to ~0.59 L/min of hard water for the shortest residence
time studied. The supersaturation was depleted ~25% and over 50% with total reactor system
residence times of ~15 and 68 min, respectively, without any added chemicals. Using the metric of 5
NTU turbidity as being the point of discernible crystal formation, we examined how mixing energy
dissipation affects the induction times for crystallization. Notably, discernible crystallization could
only be advanced to the 1st CSTR by using a recirculation loop to "fine-tune" the effect of surface
area exposure-to-volume ratio as well as mixing energy dissipation. A rudimentary, semi-empirical
model was used to capture the parametric trends of our experimental results, using the Kolmogorov
mixing lengths, surface area-to-volume ratios, flow rates, and nominal diffusion coefficients. This
parameterization may be tested further for design scale-up guidance.

This paper was published in the following peer reviewed journal:

Sankaranarayanan A. Ravichandran, Jordan Krist, Dakota Edwards, Saied Delagah, John Pellegrino,
Measuring sparingly-soluble, aqueous salt crystallization kinetics using CSTRs-in-series:
Methodology development and CaCO:s studies, Separation and Purification Technology, Volume
211, 2019, Pages 408-420, ISSN 1383-58606, https://doi.org/10.1016/j.seppur.2018.09.084.

Appendix A contain this peer reviewed article in lieu of the body in this report.
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Measuring sparingly-soluble, aqueous salt crystallization kinetics using
CSTRs-in-series: methodology development and CaCOj; studies
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"Department of Mechanical Engineering, University of Colorado, Boulder, CO USA
*Department of Chemical and Biological Engineering, University of Colorado, Boulder, CO USA
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Abstract
We present a methodology and results for measuring crystallization kinetics of sparingly-soluble
salt mixtures typical of reject/concentrate streams from membrane-based, inland water supply
processes. More usable water can be recovered (and lower disposal costs incurred) from these
concentrate streams through efficient crystallization. In this work, we present a steady state,
continuous stirred tank reactors (CSTRs)-in-series approach to study crystallization kinetics of a
model solution mixture that is supersaturated in CaCOs. We have used pH, conductivity and
turbidity changes in the system to monitor crystallization using six CSTRs with individual
residence times of nominally 3, 5, and 11 min. This system operates in a steady state mode with
total crystallization times from ~ 15-68 min and was capable of handling up to ~0.59 L/min of
hard water for the shortest residence time studied. The supersaturation was depleted ~25% and
over 50% with total reactor system residence times of ~15 and 68 min, respectively, without any
added chemicals. Using the metric of 5 NTU turbidity as being the point of discernible crystal
formation, we examined how mixing energy dissipation affects the induction times for
crystallization. Notably, discernible crystallization could only be advanced to the 1st CSTR by
using a recirculation loop to "fine-tune" the effect of surface area exposure-to-volume ratio, as
well as, mixing energy dissipation. A rudimentary, semi-empirical model was used to capture the
parametric trends of our experimental results, using the Kolmogorov mixing lengths, surface
area-to-volume ratios, flow rates, and nominal diffusion coefficients. This parameterization may

be tested further for design scale-up guidance.
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1 Introduction

It is well accepted that a major drawback to widespread adoption of reverse osmosis (RO)
desalination for inland areas is the lack of economical and environmentally-satisfying solutions
for handling the concentrate streams generated from desalination processes[1]. Sparingly-soluble
salts from ions such as calcium, barium, strontium, magnesium, and silica, if present, limit the
amount of water that may be recovered due to them becoming supersaturated and depositing
(scale) on the membrane and other surfaces[2-6]. A number of inclusive reviews[1, 4-12] of
concentrate (brine) management methods are available. In many cases, these methods include the
controlled crystallization of the supersaturated salts, which brings the solution back to saturation,
thus, opening the possibility for further water recovery, and lowering the amount of concentrate
for ultimate disposal. Such crystallization (precipitation) processes[3, 13-18] have been
examined in prior research studies, with added chemicals and/or seed crystals, but uncertainty
remains about scale-up designs (and economic viability). To address this challenge, there are two
overarching technical questions: i) what are the least expensive (and most efficient) process
designs for a crystallizer to bring supersaturated concentrate streams back to saturation, and ii)
when you have a design idea, how can you best evaluate it on the bench-scale to obtain initial
process design metrics for preliminary technoeconomic analysis? This paper presents our
development of a methodology to address the latter question by means of obtaining nominal
kinetic parameters for preliminary design analysis and quantifying effects of mixing parameters.

We note that there is substantial literature studying scaling on RO membranes during
desalination[3, 19]. Among past work are approaches for monitoring scaling using normalized
flux decline[20], acoustic reflection signal analysis[21] and visualization techniques[22]. These
technologies allow for real-time monitoring of scale formation on membranes and possibly can
facilitate the optimization of anti-scaling/fouling interventions. Though these methods offer a
way to detect nominal scaling kinetics on membrane surfaces, their usefulness to measure bulk

crystallization Kinetics are unclear.

Insofar as crystallization process studies are concerned, an exhaustive coverage of prior literature
is outside the scope of this work. Rather, in Table 1 we have listed examples of bench-scale,

crystallization reactor configurations and studies performed, for both aqueous, sparingly-soluble
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Measuring sparingly-soluble, aqueous salt crystallization kinetics

salt precipitation, as well as, high value compounds, to illustrate the breadth of inquiry that has

informed and motivated our current research initiative.

Table 1. lustrative exanples of experimental crystallization process design studies’

crystallizing material
/composition
CaCO:s electrolyte 0.3-1.4
mg/1. Ca**;0.7-1.3 mg/L
HCOs5; 8.5-9.6 mg/L Na*

three types of compositions
# CaClL.2H,O (1 mol/L)
Na,CO; (1 mol/L);

7: Na,SOy4 added as 10
mol% of Na,COy3;

zz: 10 mol% of Na,COs
replaced by Na,SO,

2 part soln. mix (1) CaCl,
[0.200 mol/L; pH 5.15)] (2)
(NH4).COs5 [0.16-0.3
mol/L; pH 12.1-12.2]

configuration

stainless steel scaling
surface in contact with
supersaturated solution in
steady flow

batch expetiments w/ in-
situ small and wide-angle
x-ray scattering used to
study kinetics and
evolving of various
polymorphs ACC >
dehydrated ACC >
vaterite > calcite

batch and SFTR (a
modified PFR),
crystallizing liquor
boluses separated by gas
or immiscible liquid to
ensure greater degree of
plug flow behavior

LACC amorphous calcium carbonate

API active pharmaceutical intermediate
COBC continuous oscillatory baffled crystallizer
CSTR continuous stirred tank reactor

FRBM focused beam reflectance method
MSMPR  mixed-suspension-mixed-product-removal
PSD particle size distribution

PFR plug flow reactor

RTD residence time distribution

SFTR segmented flow tubular reactor

notes

studying heterogenous
nucleation using a well-defined
surface under steady flow
conditions

sulfate retards vaterite formation
and crystal growth kinetics but
does not impact ACC stage;
sulfate stabilizes vaterite
polymorphs

difference in calcium carbonate
polymorphs between batch and
SFTR was observed (batch:
calcite and vaterite @ 20°C;
SFTR: vaterite @ 30°C); xanthan
gum addition and changing levels
of supersaturation changed
presence of vaterite / calcite
polymorphs; mixing studied
qualitatively—a Y shaped tube to
introduce solutions provided less
mixing and less crystallization
than introducing the reactants
through opposing tubes in cross
shape

ref.

23]

[25]
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crystallizing material
/composition
CaCl; (2-1000 mmol/T)

(NH,):CO; 0.25-1 ¢ with 20

mL of water to generate
CO;

supersaturated solutions
with respect to [CaCOs] 0-

0.03 mol/L and [CaSO4] 0-

0.03 mol/L equivalents
were prepared using CaCl,
& NaHCOz and Nast4
(60, 70, 80°C)

CaCl, 0.1 mol/L in various
alcohols (methanol, ethanol,

propanol, butanol and

pentanol) [1.75-50 wt% on

total soln.]. CO, generated

from ammonium carbonate

and water

2 part solution (CaCl, and
NaHCO:;) was between

0.115-0.119 mol/L calcium-

to-carbonate activity ratio

was 0.99-1.01; pH adjusted

to 8.5 using NaOH; Mg*
introduced as MgCl,

[Ca(NO5),] ~0.0024-0.0032

mol/L [CaNO3),:
[NaHCOs]=1:1. 10%v/v

ethanol and other alcohols.
pH adjusted ~8.5 using 0.1
mol/L KOH; solution was

maintained at constant

supersaturation by tracking

pH changes and keeping
pH constant by adding
NaHCOs;, Na,COs and
Ca(N()s)z

Measuring sparingly-soluble, aqueous salt crystallization kinetics

configuration

batch type experiments,
CaCl, solutions of
various concentrations
exposed to changing
partial pressures of CO;
by varying (NH4),COs
used to generate CO»

batch type

batch type, similar to
sessile drop method;
SEM image analysis with
qualitative studies

flow-through system

steady supersaturation
experiment in a batch
reactor

notes

at low [Ca®"], thermodynamic
control limits precipitation; at
[Ca**] > 80 mmol/L. the partial
pressure of CO; influences
crystallization; at high partial
pressures system is kinetically
controlled with vaterite
polymorph and vaterite
crystallization increases with
increasing CO; partial pressure
the solubility (when compared to
pure salt) of CaCOs goes
through a minimum and then
increases with increased sulfate
concentration (>0.01 mol/L) but
then this effect levels off

addition of alcohol leads to
thermodynamically controlled
preferential calcite polymorph;
Hopper crystal formation is
kinetically controlled

Mg”" retards calcite
crystallization due to being
incorporated in the crystal lattice
causing increased solubility of
CaCO;

alcohol affects vaterite
precipitation, stabilizes unstable
vaterite and hinders more
thermodynamically stable calcite
polymorph.

ref.

[20]

28]

29]

[30]
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crystallizing material
/composition
CaCl, and NaHCO; pH 8.1

CaCl,-2H,0 and NaHCO:s,
[Ca®"] = 0.01-0.05 mol/L.

CaCl,, NaHCOs, 50 mM
NacCl, conductivity 7.5
mS/cm pH 6.8-8.1.

[Ca®"] = 0.03 mol/L [COs]
= 0.02-0.03 mol/L [SO4]
= 0.02-0.03 mol/L. @ 60
and 70 °C

0.5 -1.5 M NaCl, [CaSO.] =
0.06-0.15 mol/L, [CaCOx]
= 0.007-0.02 mol/L, [CO5
J:[SO4] ~2-8

Measuring sparingly-soluble, aqueous salt crystallization kinetics

configuration

batch stirred CSTR

batch type with particle
vision measurement and

FRBM to measure PSD

flow reactor with an
electrochemical setup;
once-through flow across
cathodic compartment
and anodic compartment
was in recycle mode;
accomplished using a
cationic membrane,
dimensionally stable
electrode and a stainless-
steel cathode plate

batch type, 600 h studies

batch reactor, membrane
pieces added to study the
precipitation

notes ref.

at 150 rpm, all vaterite [31]
transformed to calcite in 60 min;

at 1000 rpm, vaterite was

dominant polymorph; crystal

growth is rate limiting step to

reach calcite equilibria; addition

of polyelectrolyte stabilized

vaterite polymorph under slow

and fast stirring

nucleation and growth take place [32]
simultaneously, i.e., number of
particles and size of particles

increases; growth rate was found

to be an exponential function of

Ca concentration.

in CaCOs precipitation, the [33]
electrochemical cell’s cathode

provides alkalinity i.e. pH on a
boundary layer and the cathode

surface acts as a scaling surface;

by separating anode and cathode

layers by an appropriate

membrane, the alkaline region is

now in the bulk as opposed to a

thin layer adhering to the

cathode surface.

CaSOy and CaCO; co- [34]
precipitated and CaSOy

precipitated as monoclinic

dihydrate; as CaCO:s levels

increased CaSO, formed a more
tenacious scale and also the rate

of CaSOy precipitation

decreased; CO3” may be

impacting CaSOy solubility;

increasing precipitation increased
co-precipitation rates

increases in NaCl levels [35]
increased CaSOy precipitation

but only slightly affected CaCOs
precipitation; membrane-CaCOs
adheres strongly; CaSO, adheres
loosely; CaSO, adheres strongly

in the presence of CaCOs

13
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crystallizing material
/composition

[OH] = 5-100 mol/m’
[COy = 4.17 -15 m’/s;
inner cylinder rotating
speed = 26 -105 rad/s;
Ca(OH): soln flow rate x
10° = 5 m’/s; mean
residence time = 600 s

CaCl,, NaHCO;, ionic
strength ~0.111 mol/L, pH
adjusted to 8.5 using 0.5 N
NaOH

[Ca(OH),] = 1.96-5.66 wt%.

Ca(OH); slurry flowrate =
20 mL/min; CO, flow rate
of 25-65 Lph; residence
time 25-58 min.

CaCl,, NaHCO;

[Ca®"] = 20 mmol/L [CO5™]
= 20 mmol/L, mixing
CaCl,, Na,CO; and
NaHCO:s, pH-controlled
addition of NaOH.

glycine (API)

Measuring sparingly-soluble, aqueous salt crystallization kinetics

configuration

Couette -Taylor reactor,
modelled as CSTRs-in-
series

calcite crystal grown on a
crystal of Icelandic spar

continuous CSTR reactor
with ultrasound (240W &
20 kHz) probe
intensification

crystallization under
constant supersaturation
performed on Icelandic
spar under AFM analysis

single CSTR to study
effect of anti-scalant,
anti-scalant and
supersaturated solution
fed continuously

cooling crystallization
using MSMPR in cascade
operated in periodic flow
mode; not ideal steady
flow

notes

the flow rate of Ca(OH)z, COy,
shear stress and excess species
influence precipitation; particle
growth is retarded by excess
species due to their adsorption
on crystals; increased shear
stresses improve crystallization
by enhancing mass transfer and
by reducing excess reactant levels
at low supersaturations growth is
due to surface imperfections,
only spiral growth seen; as
supersaturation increases 2D
surface nucleation becomes
important

increasing [Ca(OH),| increases
particle size with and without
ultrasound; increase in Ca(OH);
flow rate decreases particle size;
ultrasound reduces particle size
across the board; calcite is the
dominant polymorph.

CO3” availability is rate limiting
step, surface diffusion controlled
mechanism is dominant, cation
adsorption on negatively charged
surfaces contributes to rapid
growth, overall growth of crystal
is dependent on rate limiting
steps governed by varied crystal
orientations

Unsteady state diffusion model
could relate anti-scalant
adsorption behavior on CaCOs
and scaling inhibition. Increased
residence time can greatly reduce
precipitation, i.e., longer the
residence time more the anti-
scalant adsorbs on the CaCOs
particle

controlling crystal properties
using RTD

ref.

[30]

[37]

[38]

[39]

[40]

[41]
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crystallizing material configuration notes ref.
/composition
acetaminophen (API) PFR with recycle under controlling crystal size by [42]
isothermal conditions manipulating recycle ratio and
axial position of crystal
extraction
unknown API (Astra- cooling crystallization in ~ system applies a forcing function  [43]
Zeneca) COBC on plug flow; using Re and S7as
design parameters
ketoconazole, fluefenamic anti-solvent model developed to correlate [44]
acid, glutamic acid (levo) crystallization using PFR  crystal size distribution to a
(API) with a static mixer dispersion based residence time
distribution study
benzoic acid (API) COBC continuous continuous spherical [45]
spherical crystallization crystallization obtained by
altering mixing through
manipulation of flow oscillation;
Re and §7 as design parameters
cyclosporine MSMPR in series with kinetic model with [40]
recycle with dynamic experimentally determined rate
temperature control. constants for nucleation and
crystal growth in terms of crystal
size and mass correlation
asparagine monohydrate PFR with gas-liquid tight control of RTD by [47]

(evo)

hydrodynamic induced
slug flow

separating slugs by inert gas to
ensure good control of crystal
size distribution.

It is important to note that fundamental studies on sparingly-soluble salt crystallization have
most often involved a batch process operating at unsteady state[48-52]. For example, Rosa and
Lundagrer Madsen[48] studied the kinetics of calcium carbonate precipitation from a
supersaturated solution formed by mixing calcium chloride and sodium carbonate solutions.
They performed experiments in a test tube using pH as a metric to track kinetic changes and
classified the crystal morphology at different temperatures for spontaneous crystallization
processes. Their results[48] indicated that at 25°C spontaneous crystallization yielded vaterite,
calcite at 30°C and aragonite at 37°C. Notwithstanding, Plummer and Busenberg[52] also
studied the solubility of aragonite, vaterite and calcite and their research showed calcite was the
most stable and vaterite the least. Thus, whereas thermodynamics may dictate the most stable
polymorph at equilibrium, the study of kinetics may not be restricted to only one polymorph of
the crystal, which follows from Ostwald’s observation that the first crystal polymorph to appear
is likely the most unstable[53]. Thus, besides actual depletion of calcium in the form of CaCOs

15



Measuring sparingly-soluble, aqueous salt crystallization kinetics

the transition in morphology adds another layer of complexity in the study of crystallization

kinetics, which we are not explicitly including in our current studies.

Batch reactor crystallization of gypsum, another sparingly-soluble salt, was done to elucidate the
effect of sand particles as seed materials for promoting crystallization kinetics[18]. In this case,
as well as others, ions such a magnesium were not present. The absence of ions such as
magnesium and sulfate combined with small volumes of solution makes comparison of bench-
scale results to large scale processes more uncertain[48]. In addition, it is important to consider
that using the titration of calcium ions as a metric to measure CaSO4 (gypsum) crystallization
kinetics, especially with EDTA (ethylenediaminetetraacetic acid)-based methods[18], can have

more artifacts when studying compositions that include divalent cations other than calcium[54].

Another approach to measure the induction time for crystallization is cryo-TEM[55], which was
used to posit the theory of formation of amorphous calcium carbonate (ACC) during the
induction stage[56, 57]. The drawback of techniques that use complex instrumentation such as
TEM is that they cannot be used in analyzing larger, more complex bench-scale processes, such

as the approach we will be describing.

Crystallization kinetics observed in batch reactors may not be indicative of kinetic processes
observed in flow reactors that are desirable at industrial scale. Researchers have recently studied
the effects of agitation i.e. mixing on induction time for nucleation[58] and the mixing
characteristics of flow reactors are considerably different from that of batch reactors. For
example, Liu et al.[58] developed correlating parameters relating agitation and crystallization of
butyl paraben and m-hydroxybenzoic acid. They concluded that the nucleation rate increases
with the energy dissipation rate to the power 0.45. They also found that specific nuances in the
way locally-high shear rates could be developed will influence the induction time (inversely
proportional to the nucleation rate).

Swinny et al.[59] used a mixed-suspension-mixed-product-removal (MSMPR) crystallizer to
study crystallization kinetics of calcium carbonate using a population balance model. They
observed morphology changes for different reactor residence times, for example, aragonite and
calcite were the dominant morphologies at lower (225 ppm) and higher (350 ppm) levels of
calcium concentration, respectively, and a transition from aragonite to calcite was observed as

the level of initial supersaturation was increased. The depletion in supersaturation was between
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74 and 90%. Zhu et al.[60] have also discussed an MSMPR system to study CaCOs precipitation
kinetics combined with a population balance model to study nucleation, agglomeration and
crystal growth. Nonetheless, techniques that use a population number model or a crystal size
growth-based kinetic measurement are highly instrument-intensive and less facile for early
process scoping. To evaluate procedures that can be applied to enhance crystallization, a robust
method to assess crystallization kinetics is desirable. Though the use of an MSMPR, a
continuous reactor, does provide kinetic analysis more closely akin to scaled-up processes, than a
batch reactor, the use of a single MSMPR isolates the crystallizing solution corresponding to

only one particular age and supersaturation characterized by the single residence time used.

Therefore, there is a justification to develop techniques to study the crystallization kinetics of
sparingly-soluble salts that can provide adequate scale-up design information to aid in
technoeconomic analysis for large scale systems associated with water production. In this study,
we have demonstrated a steady state, continuous stirred tank reactors (CSTRS)-in-series system
that offers a more facile method for kinetic analysis over multiple residence times within the
crystallizing system. This methodology also allows for a better approximation (and sensitivity to
process variables) for the induction time. We present results for crystallization of CaCOs from a
model, complex, supersaturated solution created by mixing two unsaturated electrolyte solutions
together. We used turbidity[61] as the key metric to quantify crystallization, as well as,
collecting precipitate and analyzing supernatant ion concentrations, to quantify the overall
CaCOgz material balance. We examine the effects of the residence time in each of the six CSTRs-
in-series and the specific energy (mixing) dissipation on the apparent induction time for
nucleation and the overall depletion of supersaturation. The uniqueness of our contribution is
twofold, firstly devising a steady state CSTRs-in-series experimental approach to study
crystallization kinetics and secondly, formulating an initial semi-empirical approach for
quantifying scale-up parameters in terms of Kolmogorov mixing lengths and other process-

specific variables.

2 Methods

2.1 Sampling and measurements
An Ecosense™ EC300 meter was used to measure conductivity and a Oakton pH 100 Series was
used to measure pH. Turbidity measurements were taken by extracting a sample of ~15 mL from
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the reactor in a cuvette and analyzing it in a Hatch™ 2100Q turbidimeter compatible with EPA
method 180.1 (detection normal to incident light). The solution in the cuvette was discarded after

measurement.

2.2 Crystallization using CSTRs-in-series

The experimental setup incorporates a Philips and Bird™ impeller fixture (including six
impellers) and a set of six acrylic jars. Masterflex™ peristaltic pumps equipped with appropriate
tubing (as per required flowrate) were used to transfer the crystallizing solution from one CSTR
to another. The volume in each CSTR (Vo) was maintained using a dynamic weir system. The
suction ends of the tubing were placed at a specified height from the base of the tank such that
the pumps remove and transfer the liquid only when the set volume has been reached in it.
Solutions 1 and 2 (each at x mL/min) were also transferred into the first reactor using separate

peristaltic pumps. The residence time in each CSTR was then defined as Tt = Vo/2X.

A schematic of the apparatus is shown in Figure 1 and an example of the development of
turbidity across the CSTRs-in-series is shown in Figure 2. Turbidity, conductivity and pH
measurements were taken after the CSTRs-in-series system reached steady state; that is, after the
final CSTR's operating time exceeded the estimated stabilization time, ts (this will be discussed

in the subsection 2.2.1).

solids

’ collection

ﬁ_—- peristaltic stage I—b

»|Permeate
collection

dynamic weir

legend
pump, x
) p=d mL/min
0 Pump, s
=4 mL/min

pH and turbidity readings taken at steady state mpeller 4347

" Speed, rpm

Figure 1. Schematic representation of CS'TRs-in-series setup.
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Figure 2. Sisc CSTRs-in-series running at steady state (t~11 min). Observe the increase in turbidity from left to right.

Crystallization experiments were primarily done for three nominal CSTR residence times of 3, 5,
and 11 min (with a few additional ones to address specific questions). Table 2 presents some
relevant system metrics associated with these CSTRs-in-series experiments. The final column
includes the nominal surface area-to-volumetric flow ratio since crystallization kinetics are
expected to include surface interactions. During baseline experiments, the impeller speed was set

at ~45 rpm. More details on mixing will be discussed in subsequent sections.

Table 2. Nominal CSTR metrics during crystallization experiments

nominal residence CSTR wetted CSTR volumetric flow Ar/qo,
time (1) in each volume, m®* x sutface area (Ar), rate (qo), m’/s x s/m x 10*
CSTR, min 10° m? x 10? 10°

3 1.75 7.43 9.74 0.8

5 1.75 7.43 5.83 1.3

11 1.75 7.43 2.66 2.8

2.2.1 Modeling CSTR start-up

To guide experimental operating procedures, we estimated when the system may reach steady
state after startup. We empirically considered the kinetics to be first order, with rate constant k,
and assumed the CSTRs to be ideal with an average residence time, t. Using the unsteady-state
analysis of a CSTR[62], and defining the stabilization time (ts) as being when the concentration
1S 99% of its final steady state value, then

;- 461
o1+ 73 1)
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and for a slow reaction rate constant, k, ts = 4.6t. Note, as k increases ts decreases, thus, we can
safely estimate that steady state is achieved by waiting at least 5t for any CSTR. This was

experimentally confirmed during screening experiments not included in this manuscript.

2.2.2 Modeling mixing effects
Our baseline experimental set-up contained two sources of mixing after introduction of the two
electrolyte solutions into the 1 CSTR. Each CSTR has a stirring impeller, and between each

CSTR we used peristaltic pumps to transfer the solution and maintain the dynamic weir.

Peristaltic pumping involves subjecting a flexible tubing to a sinusoidal forcing wave and the
consequent crests and troughs generated allow for fluid transport, including secondary flows
(eddies)[63]. For our purposes, these secondary flows likely contribute to mixing thereby helping

overcome rate limiting mass transfer resistances in the crystal nucleation and growth process.

Even though the fluid dynamics of peristaltic pumping are complex, and beyond the purview of
this paper, we wish to include (and compare) it on a somewhat equivalent basis with the impeller
agitation, so our approach involved simple methods of estimating the power consumption and
subsequent energy dissipation for each type of mixing, followed by estimation of the
Kolmogorov mixing length scale[64]. We note that a dynamic weir may cause periodic two-
phase (slug flow), which can complicate the calculation of a mixing length scale due to energy
injection from any recirculation regions within the tubing[25, 47], but we have ignored this effect
at this time.

The Kolmogorov mixing theory envisages that the macroscale eddies cause mixing through
constant energy dissipation resulting in smaller and smaller eddies which then ultimately reach a
very small scale where turbulence is universal, i.e. at the Kolmogorov scale all eddies have the
same characteristics. This universal scale can be estimated using dimensional analysis.
Kolmogorov scales depend only on energy dissipation and the kinematic viscosity (v) of the

process fluid. The Kolmogorov mixing length was calculated by the expression[65]:

2
n=—
Eot (2)

where ¢ is the total mixing energy that is dissipated into any system volume.
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For peristaltic pumping, initially we simply used the work to overcome friction in the tubing as
the power dissipation associated with the pumping action and did not include any flow
peculiarities that may be associated with the specific compression and expansion of the tubing.
(Note, this was later modified in our empirical model fitting, which will be discussed in the
Results.) The tubing inside diameter and length between each CSTR was 7.9 mm and 1.2 m,
respectively. Across all residence times the flow in the tubing was assumed laminar. The total
pressure drop in the tubing was obtained using the Darcy-Weisbach equation[66].

a'd
L

2
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D ©)

N
o

Where Ap is the total pressure drop along length of the tubing (L); the crystallizing liquor's
density, p (and viscosity) were estimated using the OLI Stream Analyzer[67]; uavg iS the average
velocity of fluid in the tube; D is the inside diameter of the tube; and the Darcy friction factor fp
can be calculated by the empirical relationship between the friction factor (fo) and Reynolds

number (Re).

&
Re 4)
Power dissipated due to flow in tube (Pwbe) is obtained by using the pressure drop of the fluid

(Ap) in transport and the volumetric flow rate (q).
P, =Apxgq ()
Thus, the energy dissipation during the pumping action inside the tube (epump) IS given by,

Lase

£ = _fube
s (6)

pump
Mupe refers to the control mass of crystallizing liquor in each tubing stage (~59 mL) preceding
each CSTR. To estimate the power associated with impeller agitation, we calculated the Newton
number (Np) using the empirical formulations developed by Furukawa et al.[68]. The power

associated with the impeller (Pim) is given by the expression:

P, =NpN°D, -
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where, N is impeller rotation speed in s, and Dim is the diameter of the impeller. Similarly, as
above, the energy dissipation of the impeller can be calculated as eim = Pim/Mcstr (Where mcstr

is the mass of solution in the CSTR).

Power dissipated due to the momentum of fluid entering the CSTR (Px) is given by

1
F= quuwg ®)
Note, for the 1%t CSTR the feed enters through 2 tubes each with a flow rate of g/2.
Dissipation due to fluid momentum in each CSTR (&k) is given by
& =P [megm 9)

Therefore, bulk energy dissipation in a tank is given by gk = &im + &

2.2.3 Collection of crystal precipitate

For several experiments, the suspended crystal precipitate was collected from the final CSTR
after the system reached steady-state. About 1.3 to 1.8 L of liquor from the 6th CSTR in the
CSTRs-in-series reactor configuration was pumped through a 0.2 um ePTFE filter (Donaldson
AX09-059, pre-wetted by isopropanol) encased in an acrylic membrane crossflow cell but used
in normal (dead-end) filtration mode. This filtration took ~10 min. The permeate was carefully
collected in a vessel connected to a vacuum. The membrane was pre-weighed after drying. The
membrane with the CaCOs precipitate was dried overnight and the mass of the membrane and
precipitate was measured and thus the mass of CaCOs per L of permeate was ascertained. Some
of the selected permeate streams were also sent for ICP-OES/or MS (inductively coupled plasma
optical emission spectrometry/or mass spectroscopy) analysis to measure the concentration of

Mg?* and Ca?" ions.

The mass balance over calcium is obtained as [CaZie] = [Cadéimeate] + [Cabrecipitate]. I the
case of suspended precipitate collection, [Caf,;“ecipitate] Is determined by direct precipitate
collection and in the case of ICP-OES [Ca3t meate] is known and then [CaZt, ipitate] Can be
calculated using the known inlet concentration of calcium ions. As per our solution preparation

scheme, [CaZ¥:]~532 ppm (mg/L) and in the temperature range of the experiments conducted
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(~20-24°C), the amount of CaCOs precipitate theoretically predicted at equilibrium is ~470 ppm
(0.47 g/L) (see Figure 3).

2.2.4 Mixing using peristaltic pumping recirculation

To assess the effect of peristaltic pumping on nucleation in the initial CSTR of the
crystallization, a separate set of experiments were performed with recirculation-based mixing
carried out only in that CSTR using a peristaltic pump. These experiments used a pump similar
to those used to transfer liquid from one CSTR to another. However, this pump merely
recirculated the liquor in the 1st CSTR of the series setup. The crystallization process was
allowed to reach steady state without this recirculation; measurements of turbidity, conductivity
and pH were taken, and then the recirculation was started. Once again, the system was allowed to
reach steady state and the same measurements (with an ~30 min lapse in between) were taken.
Permeate and precipitate from the 6th CSTR were also collected. These experiments were
conducted with several average CSTR residence times (note, the additional fluid volume in the
recirculation tubing was included when calculating the actual residence time) and different

recirculation rates.

2.3 Electrolyte solution
We used a model water composition based on a water desalination pilot project done in Brighton,
CO (see Table 3).

Table 3. Brighton water quality analysis for model water.

parameter raw water - Brighton, CO
calcium mg/L 107
magnesium | mg/L 24

sodium mg/L 121

chloride mg/L 125

sulfate mg/L 213
bicarbonate | mg/L 179

silica mg/L 19

pH 7.02

T °F 62
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An initial water recipe (see Table 4) based on mixing together Na25SO4, NaHCO3 and CaCl2, with
the other constituents—SiO2 was eliminated due to difficulty getting it solubilized, which would
result in artifacts from variable seed particles—has been determined, using OLI Stream Analyzer[67]
software and trial-and-error calculations, to rationalize the main water quality composition from this
Brighton water quality analysis. The mixture equilibrates to a supersaturated solution with respect to
CaCO3. The rapid mixing of this mixture into the 1st CSTR tank allows us to unambiguously set the

initial time, t = 0, for the crystallization rate measurements.
Table 4. Model electrolyte solutions mixed to achieve supersaturation.

species solution 1 | solution 2
water 500 ¢ 500 g
calcium chloride (CaCly) 1.4760 g
magnesium sulfate heptahydrate (MgSO4 7H,O) | 1.2078 ¢
sodium sulfate (Na,SO,) 1.5624 ¢
sodium bicarbonate (NaHCQO3) 1.5624 ¢

According to the equilibrium calculation (using OLI Stream Analyzer)[67], at 22°C and 85 kPa
(the nominal conditions in our lab) this mixture equilibrates with 0.4684 g of calcite (CaCO3)
precipitate. Its conductivity would be 5.448 mS/cm. As shown in Figure 3, between 18-28°C, the
conductivity varies from 4.985-6.157 mS/cm, so temperature can make a significant difference in
this variable. Solutes precipitated varies from 0.4665 to 0.4727 g/L in this same temperature

range.
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Figure 3. Estimated calcite precipitated and solution specific conductivity at equilibrinm for the mixed composition from Table 4.
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3 Results and discussion

3.1 Baseline turbidity, pH, and conductivity responses

Conductivity did not provide adequate resolution to track the kinetic changes in the system.
Though pH measurements showed a constant decline as crystallization proceeds (Figure 4),
reflecting a decrease in COs? alkalinity, the absolute spread of pH values varied significantly
(between ~0.5 pH units) across replicates. Nevertheless, the consistent trend of declining pH
(implying decreasing alkalinity) reinforces credibility for using the turbidity metrics (Figure 5)
for crystallization kinetics across the CSTRs-in-series. It was observed that the turbidity values
consistently increased across reactors for all experiments. A similar approach of using turbidity
as a metric to study crystallization was used by Shih et al.[69].

1T 3 min
Q2 T 5 min
(AP T 11 mun

i (20 30 40 50 60 70 B0
time, min

Figure 4. pH vs. reaction time (min). Each data point is a CSTR (nos. 1-6 left to right) for the particular residence time, T. The uncertainties are 1
standard deviation.
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Figure 5. Turbidity (NTU) vs. reaction time (min). Each data point is a CSTR (nos. 1-6 left to right) for the particular residence time, T. The uncertainties
are 1 standard deviation.

Notwithstanding this consistency, turbidity measurements are affected by the number density of
particulates, and their optical characteristics, size, and morphology, which makes their use for
quantitative analysis of the system's depletion in calcium supersaturation challenging. While a
more straightforward way to track depletion of calcium ions is often to use a calcium ISE (ion
selective electrode probe), the interference of magnesium ions in the crystallizing liquor, and
degradation of the membrane sensing system[69], makes such an approach problematic. Thus,
we have also obtained mass balances to provide a correlation between the turbidity in the 6th
CSTR and depletion of Ca ion supersaturation. Table 5 presents the mass of solids precipitated
and depletion of supersaturation, with respect to the theoretical solid precipitation at equilibrium
(see Figure 3), both in terms of suspended precipitate collection and mass of precipitate obtained
from ICP-OES data (in CaCOs3 equivalents).

The depletion of supersaturation is higher when calculated from the ICP-OES results as
compared to direct precipitate collection. This is explainable by the observation that some
amount of precipitate settles at the bottom, and scales on the sides, of the CSTRs. Thus, the

‘recovery’ of precipitate from the mixed liquor through filtration would exclude these crystals.
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Table 5. CaCOjs precipitated

residence CaCO; CaCOs % depletion of % depletion of note
time, T precipitated precipitated ~ supersaturation using supersaturation
(min) (g/L) [solids (g/L) solids collected using ICP-OES

collected] [ICP-OES]
3104 0.13 0.19 27.8 41.1 (@)
5204 0.17 0.23 35.7 49.8 (ii)
11£05 0.24 0.31 50.9 66.4 (iif)

(i) average of 3 experiments ICP-OES; average of 7 experiments precipitate collection
(i) average of 3 experiments ICP-OES; average of 8 experiments precipitate collection
(iii) average of 4 experiments ICP-OES; average of 7 experiments precipitate collection

It is reasonable to expect more total crystallization with longer overall reaction times, i.e.
residence times. Interestingly, since crystallization is a surface dependent phenomenon, thus,
besides residence time, the surface area of each reactor exposed may also be an important factor,
as noted by Liu et al.[58] The walls of the reactors could act as nucleation sites, thereby
increasing the rate of crystallization. Figure 5 shows increasing turbidity with respect to reaction
time and the CSTR-in-series. Since the nominal slope of turbidity vs. time was steeper for the
lower t values (Figure 5), homogeneous bulk crystallization may not be the sole determiner for

our kinetics measurements.

3.2 Mixing influences on crystallization kinetics
It is noteworthy that for all of our experimental residence times visually discernible
crystallization (NTU > 5, our subjective assessment) was only observed in the 2" CSTR of the

series configuration. This observation stimulated our hypothesis that the peristaltic pumping
between tanks affects crystal nucleation/formation. Table 6 provides an order of magnitude
estimate of energy dissipation for both the pumping (ewbe) and impeller (eim) mixing actions
(using the procedures discussed in sections 2.2.2 and 3.3). It can be observed that &wne Values are
1-2 orders of magnitude above that of &im confirming that impeller action at 45 rpm may have
significantly less mixing effectiveness than the interstage pumping. Thus, the higher slopes of
turbidity change (see Figure 5) at lower t values (i.e., higher &wne) could be explained by higher
mixing energy dissipation in reactors 2-6 in such cases (sum of last three columns in Table 6).
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Whereas, in the 1st CSTR, the energy dissipation is only the sum of the kinetic energy
dissipation (gx) and eim.

Table 6. Energy dissipation from stirring (@45 rpm) and when pumping between CSTRs

T, tube flow  u., Re Ap, flow kinetic energy dissipation,
min  rate (q), m/s Pa power  power (Py) m*s”
m’/s x10° (Py) kg m?'s” ek Ecube™ €Im
kg m?s” x 10° x10°  x10° x10°
x 10°

3 9.72 0.2 1537 125 121 19.2 0.109  20.6 0.21
5 5.83 0.12 922 75 44 4.1 0.024 7.4 0.21
11 2.65 0.05 419 34 9 0.39 0.002 15 0.21

*Note, eube 1 not relevant for the flow into the 15t CSTR as the crystallizing liquids are pumped in as separate
solutions.

3.2.1 Impact of increasing impeller speed in the CSTRs

Besides changing the average residence times, we studied the effect of impeller speed on
crystallization. Our rationale was that increased impeller speed would also increase mixing, and
thus encourage crystallization. In these experiments, nominal impeller speeds of 92 and 132 (x2)
rpm were also used (besides the baseline 45+2 rpm) with nominal residence times of ~3 and 11
min. An impeller speed of 132 rpm proved to be the highest that retained a level-enough liquid

surface for the dynamic weir to maintain level control in the CSTRs.

From Figure 6, it can be observed that for impeller speeds of 45 and 92 rpm, turbidity levels for
the first 5 CSTRs are comparable though an increased turbidity can be observed at the 6" CSTR
for the higher rpm. Nonetheless, the key observation is that turbidity levels at 132 rpm impeller
mixing are significantly lower than that for 45 and 92 rpm stirring. This is counterintuitive to the
notion that increased turbidity always implies increased crystallization.

It is important to note that turbidity depends on particle size, geometry and optical properties of
suspended solid besides their number density. Kleizen et al.[70] had inferred from experiments
and modeling that the extent of light scattering in turbidimetric measurements is inversely
proportional to particle size, thus turbidity measurements would be higher for smaller
particulates with the same number density. Drawing from this idea, the trends observed in Figure
6 may be attributed to changing crystal morphology/size due to the varying impeller speeds.
Increased impeller speeds could promote crystal aggregation thereby increasing particle size
consequently leading to lower turbidity measurements. There is also the possibility of larger
aggregates settling more rapidly to the bottom of the CSTRs and lowering the measured turbidity
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values. Therefore, a possibility exists where there could be an increased level of demineralization

of the crystallizing liquor without turbidity levels increasing (but rather decreasing).
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Figure 6. Effect of impeller speeds on turbidity evolution (v ~3 min).
The precipitate collected from 6" CSTR does not monotonically increase with impeller mixing
rpm. The average precipitate collected, from 6-9 experiments for each mixing rpm, was 0.13
(x0.02), 0.17 (x0.01), 0.15 (x0.02) g/L for 45, 92, and 132 rpm impeller speeds, respectively.
These data may also point to a possibility of solids settling to the bottom of the CSTRs during
our experiments, which we qualitatively observed. Unfortunately, the samples of permeate
(during precipitated solids collection) were incorrectly analyzed in the ICP-OES measurements,

so we don't have secondary mass balance data to compare to the precipitate collection data.

A third possible rationale for the trends in Figure 6 is that increased mechanical agitation does
not always increase nucleation and may, in fact, lower it. Early studies by Mullin and Raven[71]
suggested that mechanical attrition occurred which brought crystals below the critical size
needed to resist dissolution. Other research[72] has also suggested that there can be a plateau

mixing intensity, above which no further benefit to crystallization kinetics are observed.
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Notwithstanding these inconclusive results, regarding how the turbidity changes with overall
reaction time and impeller rpm, significantly, we still noted that discernible crystallization
(turbidity >5 NTU) was not observed in the 1% CSTR even at the higher impeller speeds of 92
and 132 rpm (see Figure 6). Thus, we turned our attention to determining the level and type of
mixing that would bring about discernible crystallization (turbidity >5 NTU) in the 1% CSTR as

opposed to measuring exhaustion of supersaturation over all 6 CSTRs-in-series.

3.2.2 Recirculation mixing in the 1°* CSTR

After start-up of an experiment, with the impeller rotating at 45 rpm (the baseline value), when
steady-state was reached, and after data was taken, peristaltic pump-based recirculation was
introduced in the 1t CSTR—note, this recirculation flow could not experience two-phase flow
because both ends of tubing were always below the fluid surface—and the impeller rotation was
maintained. A new steady-state was allowed to be reached, and new measurements of pH,
conductivity, and turbidity were taken. Initially, recirculation rates were varied between ~20 -
380 mL/min for t ~ 3 min and we found that there appeared to be a direct, though nonlinear,
dependence of turbidity on the rate of recirculation. Additionally, at 30 mL/min recirculation rate
turbidity levels >5 NTU occurred.

Similar experimental protocols were then performed for t's of 5 and 11 min with one
recirculation rate in the 1 CSTR set at 380 mL/min. Figure 7 shows that turbidity always
increases across successive CSTRs (with higher levels at higher t's) but only in the presence of
recirculation mixing does visible turbidity (>5 NTU) occur in the 1 CSTR. Additionally, the 1%
CSTR's turbidity actually increases by more than an order of magnitude between increasing t's at

this level of recirculation mixing.

The effect on precipitate recovery in the 6th CSTR due to recirculation in the 1st CSTR is shown
in Figure 8. The trendline shows the estimate of precipitate collection in the absence of

recirculation.
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Figure 8. CaCOj precipitate collected from 6" CSTR vs. residence time with and without recirenlation mixing in the 1 CSTR. Trendline presented for the
impeller mixing-only data.
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3.2.3 Further studies on recirculation mixing in a single CSTR

We adopted a protocol, using just one CSTR, which would elucidate if any synergies between
the impeller action and recirculation mixing occurred. Two new types of experiments were
performed: recirculation mixing with and without impeller action. In both of these types of
experiments T was ~3 min, and when the impeller was on, it was set at ~45 rpm. The
recirculation mixing was started as soon as the CSTR filled up, and then readings of turbidity,
pH, and k were taken after ~5t = 15 min. The recirculation mixing was varied between 10-380
mL/min. The level in this CSTR was still maintained using the dynamic weir system as
previously described but was discarded without maintaining further CSTRs-in-series. The
turbidity results are shown in Figure 9 and indicate no significant difference between
recirculation in conjunction with or without impeller mixing. This further suggests that impeller

mixing has little effect on initial formation of discernible crystals in the 1st CSTR.
70

a0

i
]

40

NTU

[ ,
10 * w impeller
. wo ampeller

0 50 100 150 200 250 300 350 400
recirculation rate, mL/min

Figure 9. Turbidity in one CSTR using peristaltic-pump-based recircnlation mixing with and without additional impeller mixing (@ ~45 rpm) with T ~3
min.

3.3 Modeling mixing effects in 1°* CSTR
The aforementioned experiments using a single CSTR with the three types of mixing: (1) only

impeller mixing; (2) only recirculation mixing; and (3) impeller and recirculation mixing (listed
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in Table 7), were used to quantitatively rationalize the effects from our experimental variables on
the apparent crystallization nucleation (aka the turbidity in the 1st CSTR). We created an
empirical, mass-action type, rate expression (equation 10) for the initial crystal formation
(number density). The expression assumes that the kinetic time scale is controlled by mass
transfer and the formation rate of crystal nuclei in different mass transfer environments are
additive. First, we write the expression for the bulk crystallization, excluding any surface-related
Kinetics, and then, we assume that this bulk rate is enhanced by the presence of surface(s)—the
inside of the recirculation tubing and the tank's surface—in an additive fashion. The

nomenclature, variables, and constant parameters are listed in Table 8.

dN D,
n_k_x
"1

. 1 k 1
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() 0

The term outside the square brackets (on the RHS) is the simple, mass action, bulk crystallization
rate, excluding any surface-related kinetics, and assumes the time-scale is governed by diffusion
through the Kolmagorov length scale for associating ions to meet. Within the brackets there are
two rate enhancements due to collisions with surface(s), the first is the walls of tubing during the
recirculation mixing and the second represents collisions with the walls of the tank. These rate
enhancement expressions resulted from our ad-hoc reasoning and a dimensional analysis
approach to create a non-dimensional group which captured the number of possible collisions
with favorable surface area "sites™" per unit volume and time. For example, in the tubing, the
entire volume of fluid has a changeover time constant based on the recirculation rate, gs, versus,
the volume of fluid in the tank it is giwt. All parameters except ko, ks, kr, ¢sg, and ¢s 1 are
measured or estimable, other parameters might be estimated by independent experiments outside

the scope of this study.

To test our model formulation we integrate equation 10 and divide any particular experiment's
number density of crystals at steady-state (subscript i), with the result for a base case (subscript
1) to form a ratio, Ri;—Wwe assume that the supersaturation concentrations have not changed
significantly, which is obviously an oversimplification. If we also assume that the ratio of crystal
number densities will be approximated by the ratio of measured turbidity levels for those cases
(NTU/NTUy), then:
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k| 72,
NTU r T]z Dx + k_B %q&!S VB¢S,B +qrat,iSVT¢S,T
j:RexpERi m_i& ol /B -
NrU, Y o, k|7
' P Dx +?B Tlg’l qB,ISVB¢S,B +qrot,1SVT¢S,T
oL'/B1 d. (11)

Note, that since the surface area-to-volume ratios in the system, and the materials, are the same
for all of our experiments, we used SVg = 101.4 m? (= SVe1 = SVs,); SVT=41.1m* (=SV11=
SVT,); ¢sB = ¢sp1 = ¢spi; and ¢s1 = g5 11 = ¢51,i, IN €quation 11. We have also made the
assumption that mixing and residence times don't change the values of the mass-action collision
factors (k's in equation 10), and that only the collision factors between the surface nucleation
events and those in the bulk may be different, that is, all kg i/kt; ~ 1, and that material differences

between surfaces can be resolved by varying the values of ¢sg and ¢s 7.

The key estimated parameters are the Kolmogorov mixing lengths for the bulk (and surface) in
the CSTR tank, 7o, and for the recirculation tubing, 7s. The latter was initially estimated as
described in section 2.2.2, by simple laminar flow pressure drop (fo = 64/Re), but that approach
failed to provide a reasonable correlation for the measured and forecasted ratios sought in
equation 11. Since it is obvious that this peristaltic pumping flow would decidedly not be laminar
flow[73-75], we applied an empirical modification for the friction factor during the peristaltic
pumping in the recirculation tubing. We used a sigmoidal expression, whose contribution would

decay as the Re increases,
foo=f [1+E(l+exp(k*(Re— ,-)))‘}
Dmod D a (12)

where k controls the steepness of the response, i is the Re crossing at midpoint (0,1) and a is an
arbitrary fitting magnitude. Values for these parameters were obtained during the regression

analysis using the data in Table 7, such that

Re 1
Joma EfD|:l+— 1+ 0.07 *(Re— 437 }
X 2 ( exp( (Re— ))) | -

Table 7 presents the experiments and measured turbidity levels used in our regression analysis
for equation 11. The mixing length in the bulk (no) was estimated apriori and those for the

recirculation tubing (ng) resulted from regression on the parameters in equation 12 (shown in
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equation 13). Smaller mixing lengths means lower distances over which mass transfer must

occur in order for species to "find each other" and nucleate and grow. The regression analysis
also yielded the results that ke/ko = 1; ¢s7=1; and ¢s g = 0.8809.

Table 7. Crystallization experiments (all T ~3 nzin) with various levels of recirculation and impeller mixing and the associated mixing length scales used in
modeling. The base case for onr modeling was the 45 rpm impeller-only mixing experiment.

recirculation Mo ng turbidity  type and

impeller
speed (rpm)

45
45

132

rate (mL/min)  x 10* x 104 (NTU) level of
(m) (m) mixing
380 2.1 1.05 64.0 impeller and
180 212 088 449  recirculation
90 2.12 0.77 30.9
38 2.13 1.46 5.3
19 2.13 2.44 1.8
380 2.37 1.05 65.4 recirculation
180 242 088 434 only
90 2.42 0.77 27.9
30 2.42 1.74 7.9
20 2.42 2.35 3.6
10 2.42 3.88 1.7
0 2.13 2.2 impeller
0 1.49 1.7 only
0 1.17 2.2

1 - mixing length scale in tank which includes (when applicable) impeller rotation, kinetic energy from
continuous feed entry, and kinetic energy from recirculation flow entry.
2 - mixing length scale within the volume of the recirculation tubing.

Table 8. Definition of variables in the modeling.

variable

Nn
dN,/dt

Cc*, Ca*

ot
qs

units

mol/m?3
mol/m?3/

S

mol/m?3

m?2/s
m3/s
m3/s

description
no. of nuclei/vol (measured turbidity in NTU is an approximate determinate of
this value)

no. of nuclei/vol/time
excess cation (Ca2") and excess anion (COs3%) concentration versus saturation,
respectively

2

D -
® 1
+

x

1
ion pair diffusion coefficient De Dy 85251000,
total feed rate into the 15t CSTR
flowrate in the recirculation tubing
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variable units description
surface area to volume ratio of CSTR and recirculation tubing, respectively, e.g.,
SVT, SVB m-! SVT = Sa,T/VO.
Kolomogorov mixing length scale associated with the volume of fluid within the
7B m tubing during its period of movement within the tubing for recirculation
Kolomogorov mixing length scale associated with the volume of fluid within the
7o m tank
mass-action collision factors due to efficiency of "collisions" culminating in a
ko, kp, kr m3/mol nucleation event in the bulk, in the recirculation tubing and CSTR, respectively.

fraction of the surface area with active sites favorable for nucleation events per
unit area of the CSTR's surface and recirculation tube’s surface, respectively
(material property of crystal and material of the surface of CSTR/ tube).

@1, Psp - 0=<¢gsr=1,0= ¢p=1

T S CSTR residence time (= Vo/ror)

Vo, Vs m3 wetted volume of CSTR and recirculation tube, respectively

Sar, Sap m? wetted surface area of CSTR and recirculation tubing, respectively

Figure 10 presents the correlation between the experimental turbidity ratios and the estimated
nuclei concentration ratios (at steady-state) in a single CSTR after regression for the parameters
in the modified friction factor relationship (equation 13). The correlation is weakest at the very
low values of turbidity, where we also have the most uncertainty in our measurements. Also, it is
pertinent to note that turbidity values in NTU units cannot be strictly correlated with crystal
number density levels since size and shape of the crystals affect the NTU readings[61, 70, 76].

Nonetheless, the most heartening result from our modeling approach is that it points to promising
ways to quantitatively combine the macroscopic variables relating to mixing efficiency and
surface nucleation effects (heterogeneous nucleation) in the broad spectrum of crystallization
reactors. In general, we found a similar relationship between energy dissipation (through the
Kolmogorov length scale) and increased rate of nucleation crystal density as reported by Liu et
al.[58] for the induction time (proportional to £%° versus €2 in the latter), and we identified an
empirical method for including surface contacting time scales and chemistry. Interestingly, the
regression analysis also suggested that the Norprene®—nominally a proprietary blend of
polypropylene and poly(chloroprene)—in the recirculation tubing might be a less favorable
surface for promoting CaCOs nucleation than the poly(methyl methacrylate), from which the
CSTR tank is made. As yet, quantitative rules-of-thumb for the mechanisms underlying how
surface chemistry influences crystallization (aka scaling) have not been developed, though
several studies indicate interaction between the Ca?* ion and the surface appears to be

significant[77, 78]. In addition, water adsorption by the material also appears to increase mineral
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scaling[79]. Thus, our experimental and modeling methodologies may also be used to provide

empirical metrics to differentiate material affects, including those from seed particles.

[
LA

20

0 5 10 15 20 25 30
NTU/NTU,

Figure 10. Correlation between predicted ratio of crystal number density and measured turbidity (NTU) using the case of 45 rpm without recirculation as the
base case (as defined in equation 13). 45° line drawn to guide the eye.

3.4 Further discussion

Our methodology and results suggest that one cannot apriori state what the induction time or
nucleation kinetics are for a specific crystallizer system without including some level of
consideration for composition, both the mixing time and length scales, and heterogeneous
nucleation. In addition, the latter appears to require a combination of surface area-to-volume
ratio; contacting time scale, and the efficiency of the surface for enhancing crystallization for the
particular precipitating species. Nonetheless, if a scaled up crystallizer system were to be
dynamically and geometrically similar to the experiments presented in Figure 5 and Table 5, then
one might estimate crystallizer sizing and costs based on ~66% supersaturation depletion after
~70 min of contact time, and use the slope of NTU vs time as an estimate of the kinetics. As a
general comparison, other lab-scale studies of calcite crystallization with external enhancements,
such as sonochemical[38] and seeds[80], indicate full supersaturation depletion within ~60 and

30 min, respectively. Whereas, Myasnikov et al.,[81] studied a broader range of variables and
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suggested that the duration of calcium carbonate crystallization varied from ~25 min for
homogeneous crystallization, to ~3 min with the addition of CaSiOs seeds and ultrasound. Also,
Tran et al.,[17] reported calcium removal on the order of 83% with a nominal reaction time of ~3
min in a ~2 m x 2 cm benchtop pellet softener system. Interestingly, large scale pilot tests (using
pH adjustment) have operated solids contact reactors with residence times of 120 - 170 min[3,
15]. Thus, our nominal results appear more consistent with larger pilot tests than smaller bench-

scale studies.

More importantly, our experimental approach facilitates systematic study of design changes for
many specific crystallizer designs. As previously noted, pellet softening reactors are often
piloted[13, 17, 82, 83] and, though it can only be approximated by CSTRs-in-series[62], our
experimental protocol may be useful. For example, changes in pH and introduction of seed
particles, which have often been evaluated, may be introduced at specific time points in the
CSTRs to assess how/if an economic optimum may be reached for design and operation of pellet

softener processes.

4 Conclusions

A reaction engineering approach to study crystallization of sparingly-soluble salts using CSTRs -
in-series has been developed. Design scale-up factors using Kolmogorov mixing lengths, as well
as, exposure times to surface area have been developed to quantify the apparent nucleation time
(and crystallization rate), as indicated by turbidity measurements. It was found that mixing
affects CaCOs crystal nucleation very significantly and is strongly dependent on the surface area-

to-volume ratio of the mixing regions as opposed to simply power dissipation.

An improved and scalable metrology for obtaining nucleation and crystallization kinetics is
needed to optimize the design of fluidized bed pellet softener reactors and other seeded (and
unseeded) crystallizers. Currently, they are designed and piloted using very empirically-driven vs
more mechanistically-inspired design heuristics. Thus, optimizing these systems is very difficult
with so many variables, such as flow rate, seed/pellet content, variable feed concentrations, as
well as, choosing proper seed material and addition of other materials, which might increase
efficiency and make their outputs more predictable. In addition, industrial reports on pellet
softening[84, 85], do not mention mixing effects or any design heuristics to account for them.

Also, at least aspirationally, in desalination schemes, one would like to minimize the need for
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added mass agents (for example, base for pH titration and sacrificial seed materials). Thus,
developing and studying an experimental protocol that is broadly applicable to the spectrum of

crystallization mechanisms (homogeneous to heterogeneous) seems appropriate.

Further systematic study using our simple, empirical kinetic design model with more complex
solutions, and varying geometrical and mass transfer parameters, is required to validate its
possible general applicability for design of scaled-up crystallizers. Nonetheless, our experimental
approach facilitates study of the nominal kinetic effects from perturbations in the process
conditions and reaction environment around an initial steady-state. Such results can provide

clearer directions for crystallization process improvements.
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