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ABSTRACT

INFLUENCE OF Ca?" IONS ON FRESHLY PRECIPITATED CaCO;
PARTICLES

The objective of this study was to develop a method to synthesize CaCOs3
nanoparticles from a chemical precipitation reaction under ambient and high
supersaturation conditions. Equimolar CaCl, and Na,COs3 solutions were reacted in a
tubular reactor at a constant rate. The particles growth inhibition was attempted by
dispersing the reaction mixture in a continuously stirred Ca(OH), solution. This
procedure separated the nucleation phase from the growth inhibition process, and was
conducted without pH and composition control.

The possibility of impeding the CaCOs particles overgrowth was explored at
different precipitants and Ca(OH)> concentrations. Their effects on the particles
morphology, colloidal stability and specific surface area were studied. Although rapidly-
settling particles were produced at precipitants concentration of 100 mM, colloidally
stable CaCOs3 nanoparticles were obtained at concentrations <75 mM.

Additive Ca*' ions, provided by the Ca(OH), solutions, inhibited the crystals
growth by adsorbing irreversibly on the growth sites. The synthesized particles were as
much as 95% smaller than those obtained when pure H>O was used instead. Ca** ions
concentration and amount of precipitated particles were observed to be important factors
for monodispersity and high growth inhibition. Monodisperse and stable nanoparticles
were synthesized at low reactants concentration and/or precipitates volume.

Vaterite phase was observed in the particles obtained when pure H>O was used
as the growth-inhibiting solution. However, the presence of additive Ca** ions effected
the crystallization of pure calcite, regardless of Ca(OH)> or precipitants concentration,
reaction mixtures retention time in the tubular reactor, volume of precipitates, and the

growth-inhibiting solutions initial pH.
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OZET

Ca>" [YONLARININ YENICE URETILMIS CACO; TANECIKLERI
UZERINE ETKISI

Bu c¢alismanin amaci, yliksek asirt doyma ve normal ortam kosullarindaki bir
coktiirme reaksiyonundan, CaCOs nanotaneciklerini iiretmeye yonelik metod
gelistirmekti. Esdeger molar CaCl, ve NaxCOs ¢ozeltileri sabit hizla, tiip seklinde bir
reaktorde reaksiyona sokulmustur. Yeni olusan partikiillerin fazla biiylimesini
engellemek i¢in, reaksiyon karistmi devamli karistirilan Ca(OH), ¢d6zeltisine
dagitilmistir. Bu yontem, g¢ekirdeklenme basamagini, kristal biiylimesini engelleme
prosesinden ayirmistir. Kimyasal bilesim ve pH ayarlanmadan tamamlanmuistir.

Uretilen taneciklerin asir1 biiyiimesinin engelleme olasihigi, farkli Ca(OH)»
cozeltisi ve tepkenlerin konsantrasyonlarinda incelenmistir. Partikiillerin morfolojisi,
koloidal stabilitesi ve 6zgiil ylizey alan1 iizerindeki etkiler arastirilmistir. 100 mM tepken
konsantrasyonunda, hizlica c¢oken partikiiller {retilmesine ragmen, <75 mM
konsantrasyonlarinda kararli CaCO3 nanotanecikleri elde edilmistir.

Ca(OH), ¢ozeltisinden saglanan katki Ca** iyonlari, kristallerin yiizeyine geri
doniilemez bir sekilde tutunarak asir1 biiytimelerini engellemistir. Sentezlenen tanecikler,
Ca(OH); yerine saf H>O kullanildiginda elde edilenlerden %95’e kadar daha kiictiktiir.
Partikiillerin fazla biiylimesinin engellemesi ve homojen boyut dagiliminda
iiretilmesinde, katki Ca?* iyon konsantrasyonu ve Ca(OH), ¢dzeltisine giren ¢okeltinin
miktar1 onemli faktorlerdir. Homojen dagilimli ve koloidal kararl kalsit nanotanecikleri
diisiik ¢cokelti hacmi ve tepkenler konsantrasyonunda tiretilmistir.

Ca(OH); yerine saf H>O kullanildiginda, taneciklerde vaterit polimorfu elde
edilmistir. Ancak, Ca(OH), veya tepkenlerin konsantrasyonuna, reaksiyon karigimini
reaktdrde tutma siiresine, Ca(OH), ¢Ozeltisinin baslangi¢c pH’ina ve ¢okelti hacmine
bakmaksizin, katki Ca®" iyonlarmin varligi saf kalsit fazlarinmn kristallenmesine etki

etmistir.
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CHAPTER 1

INTRODUCTION

1.1. Calcium Carbonate

Calcium carbonate (CaCOs3) is a mineral found in abundance on earth: 7% of the
earth’s crust is estimated to be CaCO;3 '. It occurs naturally in geological deposits such
as limestone and marble. It is also found in biological systems including: mollusk shells,
egg shells and corals. Though it has numerous industrial and technological applications,
CaCO; precipitates undesirably in heating equipment, resulting in scales formation and
reduced efficiency. These, in large part, have made it an extensively studied inorganic
mineral 2. It also serves as a prototype for understanding precipitation processes.

CaCOs particles obtained from natural sources by comminution are known as
ground calcium carbonate (GCC) while those synthesized in chemical reactions are
precipitated calcium carbonate (PCC). Methods of synthesizing PCC can be broadly
classified into two: carbonation and chemical method. Carbonation is a heterogeneous
phase carbon capture and storage method. It involves the absorption of COyy) in a

34

solution containing Ca®" ions ** Conversely, chemical synthesis methods are

homogenous phase mixing of solutions containing Ca*" and COs*" ions.

1.1.1. Polymorphs of CaCOs

CaCOs occurs in both anhydrous and hydrated polymorphic forms. The hydrated
forms are CaCOs3;.H,O and CaCOs.6H>O while aragonite, vaterite and calcite are
anhydrous °. CaCOs is commonly found in nature as a mixture of its polymorphs. A
polymorph might predominate, depending on the solutions conditions. The
transformation of CaCOs; polymorphs is a solution-mediated process, and follows
Ostwald’s Rules of Stages. The least soluble phase first precipitates, dissolves and

6-9

simultaneously recrystallizes into a more stable form °”. Calcite is the most

thermodynamically stable polymorph.



1.1.2. Applications of CaCO3;

CaCOs has several applications besides its use in cement production. Its
availability and low cost has led to its growing global demand, which surpassed 113
million tons in 2016 and estimated to reach 180 million tons in 2025. Also, the global
market size was valued at ~$21 billion in 2016, and expected to worth ~$34 billion in
2025.

CaCO:s is widely used as a filling material in paper, paint, plastics, polyurethane
foams and adhesives. It significantly reduces the cost of production, and improves both
physical and mechanical properties of materials '*!!. It is a cost-efficient extender used
in paints and coatings, a replacement for pigments such as TiO» . It is also applied to
enhance the opacity, brightness and print quality of paper °.

Due to its nontoxicity and increased solubility in acidic media, CaCOs is used in
pharmaceutical industries as a calcium supplement and in antacid formulations. Also, it
is a cheaper substitute for SiO, and CaHPO4 particles, used as abrasives, absorbents and
emulsion stabilizers in personal care products such as toothpastes and cosmetics '#. Other
applications include: enhancement of the mechanical properties of biomedical implants
14-16. treatment of dermal allergic reactions to Nickel !7; and water treatment '8, CaCO;
particles are increasingly used in anticancer drug delivery, either as lone carriers or in

composites %23,

1.2. Problem Statement

A topic of recent intense research activity is the development of methods for
controlled synthesis of small materials >*. Compared to micron sizes, the use of ultra-
small materials, such as nano-CaCOQOs, have been shown to better enhance mechanical
properties of composite materials 2°.

CaCOs develops high supersaturation required to drive a precipitation process,
due to its insolubility. Regardless of the solutes concentration, precipitated CaCOs
particles also grow rapidly and excessively in aqueous media, especially when no
inhibitor is present 222, This is easily observed in chemical precipitation methods.
Unlike carbonation processes, the crystals overgrowth makes the chemical synthesis of

CaCOs in nano sizes impossible at relatively high precipitants concentration.



Although nano-CaCOs particles can be synthesized in carbonation methods, there
are safety concerns regarding the handling of pressurized COx(). Also, the cost of
producing nano-sized GCC is high, and the particles are rarely homogenously distributed
or free of impurities. Besides the physical properties, the use of CaCOs3 particles is also
constrained by its purity '*2%2°3° Particles containing trace amounts of radioactive or
carcinogenic substances cannot be used in health-related or food packaging applications.

Hence the need for a more efficient and safer method to produce nano-CaCOs3 particles.

1.3. Aim and Objectives

The aim of this study was to impede the growth of freshly-precipitated CaCO3
particles by improving electrostatic repulsions among the crystals, and poisoning their
growth sites with additive Ca*>" ions. Sequel to a previous study *! discussing the potential
use of aqueous Ca(OH), as a natural stabilizer for CaCO3 particles, this study
demonstrates a new method of inhibiting the overgrowth of CaCOs3, and synthesis of
nanoparticles, by stabilizing precipitates in Ca(OH)z solution. Here, equimolar CaCl; and
NaxCOs solutions were reacted in a tubular reactor and continuously dispersed in stirred
Ca(OH); solutions.

An objective was to establish the extent to which the additive Ca®" ions, from
Ca(OH): solution, can significantly inhibit the growth of CaCOs particles under normal
atmospheric conditions and relatively high degrees of supersaturation. Ca(OH)2
concentration and initial pH, precipitants volume and concentration, and the reaction
mixtures residence time in the reactor were varied. Their effects on the particles size,
stability, crystal form, specific surface area and morphology were examined. Time-
dependent changes in the stated particle properties were also studied. The term stability

is used here to mean the {-potential of the dispersed phase.
1.4. Scope and Limitation
The suspensions pH and composition were not controlled during the experiments.

Rather, the process proceeded spontaneously. Low solubility of Ca(OH), in H>O at

ambient temperature was the main drawback that was encountered.



CHAPTER 2

LITERATURE REVIEW

2.1. Structure and Growth of CaCOj; Crystals

Each polymorph of CaCOs3 exhibit distinct structures. Typically, vaterite occurs
as spheres, calcite as rhombohedra, and aragonite are fibers or rod-like. Commonly
observed shapes are presented in Figure 2.1. The literature, however, intimates that the

polymorphs can be manipulated into diverse fascinating superstructures.
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Figure 2.1. Typlcal morphology of anhydrous polymorphs of CaCOs3: (a) rhombohedral

calcite 32; (b) spherical vaterite *2; (c) rod-like aragonite **

Precipitation is a fast crystallization process, and the speed is proportional to the
degree of supersaturation. CaCOs crystallizes easily due to its low solubility, which was
found in an earlier study to be ~0.13 mM at 23°C 3!, In the absence of inhibitors, the
crystals grow and aggregate in order to minimize their interfacial area to the solution,
and achieve equilibrium. Theoretically, precipitation is completed when a crystal comes
into equilibrium with the saturated solution. However, in practice, the precipitation
process terminates when the crystals attain a critical size that triggers sedimentation.

The crystals growth is a complex process, but there are two basic growth theories.
The classical view is that each crystal nucleates in a single event and grows, from the
nucleus, by further deposition and assembly of molecules and ions from the solution *-34

In recent years, however, CaCOj crystals growth has been argued to be preceded by the



aggregation of prenucleation nano-clusters 7. It is generally accepted that the complex
crystal structures exhibited by CaCOs challenges the traditional view.

The growth mechanism can differ based on the physical and chemical conditions
of the precipitation process. These include: the solutions pH, temperature, precipitation
method, and the concentration and properties of foreign substances or counter ions
present in the solution. This makes a consensus on CaCOs systems problematic 3% 3637,
For instance, Andreassen ** argued that vaterite crystals can only grow spherulitically,
and not through some prenucleation ion clusters. However, Nehrke and van Cappellen

34 was due to the use of a different

pointed out that the result obtained by Andreassen
precipitation method. While the former bubbled CO) in a solution of CaCl>.H>O
containing NHs to synthesize the vaterite particles, the later mixed equal volumes
Ca(NOs3)2 and NaxCOs both containing equimolar NaNOs.

Several processes occur after the precipitation of CaCOs. While the crystals are
growing, they also undergo polymorphic transformation. The particles instantaneously
precipitated upon contact between the solutions containing the lattice ions are highly
unstable and poorly-ordered spheres. This amorphous phase rapidly transforms into any
of the polymorphs, through several possible ways **°. For instance, calcite crystallizes
via metastable vaterite phase under normal solution conditions and ambient temperature,
but aragonite crystallizes at temperatures > 40 °C %3 The period of transformation of
unstable and metastable phases into more thermodynamically stable modifications is
known as ageing. It is a dissolution-recrystallization process. A schematic representation
of the polymorphs transformation process at ambient temperature is presented in Figure
2.2. It shows that while the amorphous phase disappears, the vaterite and calcite
concentration increases simultaneously. At longer times, the vaterite phase would have
completely recrystallize into calcite.

Solutes concentration is also a key factor affecting the growth of CaCOs particles.
Under specified conditions of temperature and pressure, from Eq. 2.1 — 2.3, increasing
the concentration of any solute ion implies a higher degree of supersaturation, since the
solubility product (Ksp) is constant. Consequently, the crystals growth rate would
increase. By implication, a low concentration of smaller particles would precipitate at

lower degrees of supersaturation 264!,

Ca®* + C0,*~ — CaCO; (2.1)



Saturation index:

Aca2+ " Acp,2-

S= —————— (2.2)

Ksp
a; is the ionic activity of species j, a product of the activity coefficient and concentration.

Solubility product:
2_

Kgp = [Ca?*]yq - [CO; ]eq (2.3)
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Figure 2.2. Solution-mediated transformation of amorphous CaCOjs into calcite at room

temperature (Source: Bots et al. ©).

2.2. Effects of Additives on CaCQO3 Crystals

The nucleation and growth of CaCO3 structures needed in biosystems is known
to be controlled by biomacromolecules *>****3. This has inspired several research efforts,
as diverse solvents and polymers have been used to mimic the perceived functions of
these biogenics for morphosynthesis of CaCOs3 superstructures, and elucidation of its
polymorphic transformation in aqueous systems 2% 44°  Studies show that the

incorporation of foreign species into the lattice influences the crystal nature ! 3032

growth & 19:26:28-29.53 "mechanical and physical properties of CaCO; particles 4% 34,



2.2.1. Enhancement of Particles Properties

The incorporation of foreign species within materials is a valuable way of
producing new functional materials with improved physical and mechanical properties.

Green et al. **

reported that the fluorescence of calcite particles can be tuned by the
occlusion of sulfonated fluorescent dyes. The authors reported the dyes were
incorporated in specific zones within the crystal lattice. The dyes presence also caused
changes in the crystals morphology.

Likewise, Kim et al. #?

showed the hardness of single-crystal calcite particles can
be improved by increasing the concentration of amino acids occluded in their lattices.
The incorporated molecules were shown to appear as second phase particles which

blocked dislocation motions in the crystals and enhanced their hardness.

2.2.2. Crystal Nature

Calcite is the most thermodynamically stable form of CaCOs. However, the
presence of impurity ions can affect the polymorphic transition process, influencing the
precipitation of specific polymorphs. Manoli and Dalas °' showed ethanol, isopropanol
and diethylene glycol stabilizes vaterite polymorph, and prevents its transformation to
calcite. According to Tai et al. !, Mg?* and Mn** ions favor the formation of either
aragonite or calcite, depending on the impurities concentration, saturation index, solution
pH and temperature. Ca** ions, when present in excess amounts, is known to promote

the crystallization of calcite %2733,

2.2.3. Particles Morphology and Synthesis of Superstructures

The presence of foreign molecules and ions also affect the morphology of CaCOs
particles. The additives can be soluble or insoluble, organic or inorganic solvents, and
synthetic or natural polymers 3 14 4445.55 Ingoluble additives are usually employed as
templates to control the nucleation step and influence the crystal growth pattern >°. In
most cases, the additives are co-precipitated with the particles, and can give rise to the
formation and growth of superstructures. The literature abounds with studies aimed at

the synthesis of CaCOs particles with unusual morphologies using additives. Figure 2.3

7



is a collage of CaCOs structures synthesized with different solvents as additives. It was

obtained from Boyjoo et al. *’.

Figure 2.3. Morphosynthesis of CaCOj3 with: (a) N,N-dimethylformamide (DMF) *%; (b)

mixture of p-aminobenzene sulfonic acid and L-Lys *°; (c) poly(ethylene
glycol)-b-poly(aspartic acid) >%; (d) poly(styrene-alt-maleic acid) %°; (e)
dimethyldioctadecylammonium bromide (DDAB) °®'; (f) poly(ethylene

glycol)-b-poly(methacrylic acid) .

2.2.4. Particles Growth Inhibition

Preferential adsorption of ionic species or substances foreign to CaCOs3, on the
crystals surface or incorporation within the lattice also effectively retards the overgrowth
26,28, 53,63 The mechanism of CaCOs growth inhibition by incorporated substances is
explained, in previous studies, as an effect of the blockage of growth steps in the crystals

lattice and/or dehydration 4°.

Kontrec et al. ?’

investigated the effects of different polysaccharides on the
nucleation and growth of CaCOs polymorphs. It was reported that non-ionic dextrans not
only prevented the crystallization of vaterite in favor of calcite, but also inhibited the
overgrowth of calcite. This was evidenced by the reduction in the particles size, which

was observed to vary inversely as the molecular weight of the dextran.



Similarly, Jung et al. ¢’ argued that either Ca** or COs* ions can significantly
inhibit the crystals overgrowth and modify the particle morphology, if present in excess
quantities in the reaction mixtures. The largest average particles sizes were observed
when the reactants were provided in stoichiometric amounts. The authors concluded the
growth inhibition was a result of the adsorption of excess ions onto the crystal faces and

the consequent blocking of growth sites.

2.3. Chemical Precipitation of CaCO3 Nanoparticles

CaCOs nanoparticles are often obtained in carbonation processes, particularly at
the earliest stages. This is due, in large part, to the presence of excess Ca** ions in the
COy(e) absorbing solution * ¢7-%%, However, as earlier stated, the synthesis of CaCOs3
nanoparticles in chemical precipitation methods is a rarity, except in very dilute
conditions. In the absence of inhibitors, a major factor affecting the particles sizes is the
concentration of precipitants — the saturation index.

Wei et al. ¥ prepared ~500 nm hollow vaterite particles for controlled drug
release by mixing 2 mM of CaCl, and NaxCOs solutions. This is probably the least
particles size reported in studies aimed at inhibiting CaCOs3 crystals growth and/or
synthesizing them in nano-dimensions, using a chemical precipitation method. In this
case, soluble starch was used as a template to control the crystallization process, halting
the polymorphic transformation steps and creating microspheres in the particles where

the anticancer drugs were encapsulated.

2.4. Electrical Double Layer and {-potential Theory

An electrical double layer is said to develop around suspended particles, in
response to the charges that exist on the particles surfaces ®. The development of net
charges on particles affects the distribution of ions at their interfaces with the dispersion
medium. This leads to higher concentration of opposite-charge ions in the regions closest
to the particles surfaces. As shown in Figure 2.4, the liquid layer of the interface is
divided into two parts: the Stern layer, where the counter ions are strongly bound to the
particles surface; and a diffuse layer where they are much less attached. The greatest

concentration of the counter ions is found in the Stern layer, while progressively lower



concentrations is found at greater distances from the particles surfaces "°. There will be
a relatively equal distribution of opposite charges in the regions farthest into the solution,

resulting in low electrical potential.

Electrical double layer
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Figure 2.4. Electrical double layer (Source: Malvern 7°).

There is a boundary inside the diffuse layer, where the particles and ions are
acknowledged to form stable entities. The boundary is known as the surface of
hydrodynamic shear or slipping plane, and it is based on the no-slip condition frequently
applied in modelling fluid flow at solid-liquid interfaces . It states that the liquid layer
adjacent to a solid surface assumes the velocity of the surface. By implication, when the
particle moves in the solution, ions within this notational boundary move with it.

The electrical potential at the slipping plane is the particles {-potential, and it is a
measure of its stability in the suspension. The tendency to aggregate is higher when the
absolute value of the {-potential is low; but particles that possess high {-potential, either
positive or negative, tend to repel each other. A dispersed phase is usually regarded
colloidally stable when the {-potential is larger than £30 mV >!. The suspensions pH is
an important factor that affects the {-potential. A particle (suspended in pure water) with

a positive {-potential would acquire more positive charge if more acid is added to the
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suspension. If an alkali is gradually added, the pH where the particles (-potential is zero
will be reached. This is known as the isoelectric point 72, In such cases, further addition
of alkali can lead to increase in the negative charge accumulated towards the particles

surface, and hence, the absolute value of the {-potential.

2.5. CaCOj; Colloidal Stability in Excess Ca’* Tons Conditions

Kilic et al. 3! observed that CaCOs particles dispersed in Ca(OH), solutions had
C-potentials greater than +30 mV, which is a benchmark for colloidal stability. CaCO3
particles surfaces are usually negatively-charged: therefore, a positive (-potential
indicates the adsorption of Ca®" ions from the Ca(OH), on the particles surfaces.
Chibowski et al. > made a similar observation, and also showed that excess Ca’" ions
adsorbed irreversibly on the particles surface, as the (-potential remained unchanged an
hour after the precipitation process had completed.

In the light of these observations, the adsorption of excess or additive Ca®" ions
on freshly-precipitated particles, obtained from conventional chemical precipitation
methods is expected to improve electrostatic repulsion among the crystals, thus reducing
their tendency to agglomerate, inhibiting their growth and impeding their sedimentation.
CaCO;s particles produced in chemical precipitation methods at relatively high saturation
indexes are usually larger than 3 um, and no method has been suggested so far, to
synthesize nano-sized particles in such cases. Here, it is proposed that nano-CaCOs3

particles can be obtained by the dispersion of fresh precipitates in Ca(OH)> solutions.

2.6. Why Ca(OH),?

Suitable additives or growth inhibitors should be carefully selected, as their
nature can limit the potential application of the synthesized particles. The process of
removing toxic or carcinogenic additives can be expensive and their trace amounts will
pose a major drawback in the use of such particles in food packaging, cosmetics,
pharmaceutical and biomedical applications 7. Ca(OH), overcome these limitations for a
number of reasons: (1) it is a source of Ca?’, an ion known to favor the formation of
calcite; (2) it has not been associated with any chronic illness; (3) it is relatively cheap

and easy to acquire " %774,
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1. Materials

All reagents were of analytical grade and used without further purification: CaCl;
(assay = 90%, Merck), Na;CO3 (> 99.5%, Merck), Ca(OH)> (> 96%, Merck), acetone
(CH3COCHs3; assay > 99%, Carlo Erba Reagents) and HCI (37% w/w, Sigma-Aldrich).
The solutions were prepared in ultrapure deionized water obtained from Milli-Q water

purification system (resistivity = 18.2 MQ-cm; Millipore).

3.2. Experimental Setup

The experimental setup is shown in Figure 3.1. In a semi-batch design, Na>xCOs3
and CaCl; of equimolar concentrations were each drawn by a peristaltic pump from stock
solutions at a constant rate of 7.5 mL-min’!, and reacted in a model tubular reactor. Thus,
in all the experiments, the flowrate of the reaction mixture through the reactor was 15
mL-min.

After contact at the mixing tee, the reaction mixtures containing the precipitated
particles were fed into continuously stirred Ca(OH)2 solutions of known concentrations
for particles growth inhibition and stabilization. The suspensions were stirred at 500
RPM and kept airtight throughout the duration of each run. The experiments were carried
out under atmospheric pressure and ambient temperature in the range 24+2°C.

Unlike co-precipitation techniques, this method separates the crystals nucleation
and growth stages. The particles were precipitated in the tubular reactor, which extends
from the mixing tee, while the growth inhibition was conducted in a 500 mL vessel
having five necks.

CaCO; particles were synthesized under free-drift conditions: the suspensions pH
and composition were not controlled. As illustrated in Figure 3.1, changes in the
suspensions specific conductance and pH were collected online using a Thermo

Scientific Orion 5 Star meter fitted with a conductivity probe and glass pH electrode.
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Figure 3.1. Experimental setup: 1. NaxCOs solution; 2. CaCly solution; 3. Peristaltic
pump; 4. Mixing tee; 5. Tubular reactor; 6. Conductivity probe; 7. pH probe;
8. Magnetic stirrer; 9. Conductivity and pH meter; 10. Computer; 11.
Ca(OH): solution.

3.3. The Tubular Reactor

The particles were precipitated in a silicone tube with 3 mm internal diameter (d),
before dispersion into the stabilizing and growth-inhibiting Ca(OH), solution. With a
total volumetric flowrate (Q) of 15 mL-min™!, the stream velocity was calculated as ~212
cm-min! using Eq. 3.1. At 25°C and atmospheric pressure, the dynamic viscosity (u) and
density of water (p) are 8.91x10™* Pa-s and 997.13 kg-m™, respectively. By assuming the
solutes or particles concentration in the reactor does not significantly affect the fluids
density and viscosity, the Reynolds number (Re) was calculated to be ~119, using Eq.

3.2. The Reynolds number indicates a laminar flow regime in the model tubular reactor.

_ 4

" md?

(3.1)

v

13



Re = —— (3.2)

The tubular reactor was either changed for each run or washed by pumping a
dilute acid solution and ultrapure H>O through the tubing, so as to avoid errors that could
result from the presence of CaCOjs precipitates formed on the inner walls from a previous

experiment.

3.4. Studied Parameters

A summary of the studied parameters is presented in Table 3.1. The effects of
these parameters on the particles size, colloidal stability ({-potential), morphology,
specific surface area and crystal form were investigated. In a particular case, time-

dependent changes in the aforementioned particle properties were examined.

Table 3.1. Studied experimental parameters.

Parameter Range

Residence time (7) 1 sec. — 2 min.
Precipitants concentration (C,) 25— 100 mM
Ca(OH): concentration (Cs) 0-15mM
Precipitants volume 50 — 400 mL
Solutions initial pH 9-12.5

3.4.1. Residence Time

A major limitation in the study of CaCOs; systems is the rate at which it
precipitates, crystallizes and grows. Studies that discuss its polymorphic transformation
and growth mechanisms are usually conducted under conditions designed to delay the
reactive crystallization step or capture the occurring changes on a timescale of seconds
9:35.40.7576 ' Consequently, the residence time (7) of the reaction mixtures in the tubular
reactor was varied by adjusting the reactor length (L). It was calculated with Eq. 3.3,

using the total volumetric flowrate (Q).
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It was presumed that the retention of the precipitates in the tubular reactor longer
than might be necessary, might afford the crystals more time to grow and aggregate
before reaching the stabilizing solution, thereby reducing the additive Ca®" ions
inhibitory efficiency. In each studied case, the objective was to examine the effects of
the residence time on the particles size and colloidal stability. The precipitants
concentration (C4) was varied between 25 — 100 mM, and the precipitates were
continuously dispersed in 250 mL of 10 mM Ca(OH); solution. I mL samples were taken
from the stabilizing solution each minute, up to the 8th minute. Here, only the particles

hydrodynamic size and {-potential were measured.

3.4.2. Time-dependent Changes in Particle Properties

Particle growth and evolution of the morphology, crystal nature and specific
surface area during the growth inhibition process was studied for €, =75 mM and 7 =2
minutes, a condition where vaterite could have crystallized in the tubular reactor . With
T = 2 minutes, another objective was to determine the possible effects of the formation
of crystalline CaCOs3 in the tubular reactor. The precipitates were stabilized in 250 mL
of 10 mM Ca(OH)z, and the entire suspension was centrifuged at the end of each minute,
in order to obtain sufficient particles for characterization. Also, keeping all other
variables constant, a control experiment was conducted using ultrapure DI H>O as the
growth-inhibiting solution and the particles were collected at the 8th minute.

Kilic et al. 3! reported that the conductivity of Ca(OH); solution varies linearly as
the molar concentration, up to ~20 mM. However, Na® and CI are counter ions of the
precipitants used in this study. Their presence results in ionic interactions that alter the
suspensions conductivity. This necessitates the use of a different method to
experimentally determine changes in Ca** ions concentration in the growth-inhibiting
solution. Therefore, ion chromatography was carried out with a Thermo Scientific
Dionex ICS 5000+ equipped with a conductivity detector, to measure the concentration
of both Ca?>" and Na" ions in the suspension per time. Samples were taken each minute

from the solution, and the suspended CaCO3 particles were separated with a 0.22 um
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filter. The mobile phase in the chromatograph was 30 mM methanesulfonic acid with a

flowrate of 1 mL-min™'.

3.4.3. Additive Ca*" ion and Precipitants Concentration

Transformation of amorphous CaCO3 (ACC) to any CaCO3 polymorph proceeds
rapidly after precipitation &% %76, According to Bots et al. ®, vaterite polymorph, which
is a precursor phase for the precipitation of calcite at room temperature, appears after ~70
seconds under conditions of high supersaturation. For this reason, the residence time of
the reaction mixtures was kept low, such that only ACC would precipitate in the reactor.
Here, predefined volumes of the precipitants were reacted with T = 9 seconds, and the
precipitates were continuously dispersed in 200 mL of Ca(OH), solutions. The time
required to deliver the desired amounts was calculated from the flowrate. For instance,
in 400 seconds, 50 mL of each reactant would have been pumped through the reactor.

Effects of the Ca(OH), solutions initial concentration could only be assessed up
to 15 mM, due to its limited solubility in water which was found in an earlier study to be
~18 mM at 23°C *!. The volume and concentration of the precipitants were varied from
50 to 400 mL and 25 to 75 mM, respectively. For comparison purposes, some control
studies were completed using ultrapure DI H2O in place of Ca(OH). solution. The
influence of the reactants volume and concentration, and Ca(OH)> concentration on the
particles size, morphology, (-potential, polymorphic form, and specific surface area were

studied.

3.4.4. Growth-inhibiting Solutions initial pH

The purpose here was to determine the probable pH effects on the growth
inhibition process. Though the stabilizing solutions initial pH was varied, the process
was still allowed to proceed spontaneously. 50 mL of precipitants with C, =25 mM were
reacted in the tubular reactor. The precipitated particles stabilization and growth
inhibition were attempted in 200 mL of 10 mM Ca(OH): solution. The solutions initial
pH was adjusted with 5 M HCI in order to eliminate possible volume change effects.

Also, the conductivity and pH changes were collected online.
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In a separate experiment, NaOH was used in place of Ca(OH),. The objective
was to further understand the role of additive Ca®" ions and high alkaline conditions on
the particles properties. 200 mL of NaOH solution with pH =~ 13 was prepared by
dissolving ~0.25 g of NaOH crystals in H>O. The particles size, colloidal stability and
morphology were compared with those obtained when H>O and Ca(OH); solution were

used as the particles stabilizing and growth-inhibiting solution.

3.5. Particle Characterization

In all the experiments, dynamic light scattering (DLS) method with Zetasizer
Nano-ZS (ZEN3600, Malvern) was used to determine the particle size and distribution.
It assumes a spherical shape for the particles and measures the mean hydrodynamic
diameter >***77_In cases where it was possible, the Zetasizer was also used to determine
the (-potential of the dispersed phase. Particles with sizes larger than ~4 um were
generally observed to be rapidly settling, and considered not suitable for DLS method.
In such situations, a Coulter Counter (Multisizer 4, Beckman Coulter) fitted with a 30
um aperture which allows for size measurements up to 18 um was used instead.

In experiments where powder samples were collected and characterized, the
suspensions were centrifuged, washed with pure acetone and dried in vacuo at 85°C for
24 hours. Samples were gold coated and imaged on a Carl Zeiss 300VP scanning electron
microscope (SEM). X-ray diffraction (XRD) data were obtained from a PANalytical
Empyrean diffractometer using Cu-K, radiation. The 26 scan range, step size and
K4, /K o, are 10 to 80°,0.013° and 0.5, respectively. Rietveld refinement was carried out
on the diffraction data using X’Pert Highscore Plus software, to determine the relative
abundance of each polymorph in the samples. At ambient temperature (~25°C), a
Micromeritics Gemini V Surface Area Analyzer was used to assess the particles specific
surface area (SSA) with Brunauer—-Emmett—Teller (BET) method using Na). The

degassing was conducted at 105°C.
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CHAPTER 4

RESULTS AND DISCUSSION

In this thesis, C4 and Cg are the precipitants and starting Ca(OH), solutions

concentration, respectively.

4.1. Residence Time Effects

Here, the particles retention time in the tubular reactor was varied by changing
the reactor’s length, and samples were taken from the stabilizing solution each minute
for hydrodynamic size and (-potential measurements. The size and (-potential of
particles initially present in the starting Ca(OH): solution were also measured. Changes
in the hydrodynamic diameter of the particles and {-potential at different values of T
and C,, with respect to time, are presented in Figure 4.1 and Figure 4.2 respectively. The
initial mean size of suspected CaCOs3 particles in the Ca(OH)2 solution was ~300 nm,
which is attributable to its presence as an impurity constituting ~3% of the acquired
Ca(OH). powder.

The amount of CaCOs precipitated is a function of the process duration. For all 7,
the sizes of the particles in the growth-inhibiting solution increased as more precipitates
were dispersed. While the retention of the precipitates in the tubular reactor for a shorter
time was expected to yield smaller particles, the particles were generally of the same
measure, irrespective of 7, particularly when €4 <75 mM.

Larger particles were obtained at higher C; (Figure 4.3) due to higher
concentration of the lattice ions, which results in increased crystals initial growth rate
and size 2°. Figure 4.1a shows the particles were relatively smaller when C, = 25 mM
and T =9 seconds. Nonetheless, the variations at other residence times, can be considered
insignificant since the particles sizes, at all times, do not exceed 130% of the
corresponding values at T = 9 seconds. When €, = 100 mM, the hydrodynamic sizes at
7= 1 second were significantly larger than the values obtained when 7 =9 seconds
(Figure 4.1d). The difference in the sizes in these two cases was observed to be initially

increasing, with a maximum of ~2 um in the 3rd minute.
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Besides growing, the particles also undergo polymorphic transformations:
amorphous CaCOs is an unstable phase and a precursor to crystalline CaCQj3 & % 394075,
Under high supersaturation conditions, at room temperature and in presence of no
impurity ions or additives, Bots et al.  showed that the first vaterite particles appear after
~70 seconds. From Figure 4.1¢, when 7 = 2 minutes, a case where vaterite would have
crystallized in the tubular reactor, the particles hydrodynamic sizes do not significantly
differ from the values obtained when 7 = 1 second, a condition where only the amorphous
phase presumably reaches the stabilizing solution. Thus, the particles size can be said to

be largely unaffected by the occurrence of crystalline CaCO3 in the tubular reactor.
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Figure 4.1. Particles size change during stabilization in 250 mL of 10 mM Ca(OH)
solution: C, = (a) 25 mM; (b) 50 mM; (c) 75 mM; and (d) 100 mM.

Suspended particles are considered most stable when their (-potential is well
above + 30 mV *3!. The trend when C, = 100 mM (Figure 4.2d) shows the {-potential

decreased for both 7= 1 and 9 seconds cases. The dispersed particles also sedimented



rapidly, upon the expiration of the experiments duration. This is due to higher
supersaturation and consequent precipitation of larger particles %2641,

On the other hand, the {-potential data at C, < 100 mM is quite difficult to
interpret, much more in terms of the effects of the residence time 2. Nevertheless, as
shown in Figure 4.2, it was positive in all the cases studied. This demonstrates the

adsorption of the additive Ca”" ions on the particles surface as both synthetic and

naturally occurring CaCOs crystals — without the contamination of foreign cations or

presence of excess Ca’" ions — are known to possess negatively-charged surfaces > 727
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Figure 4.2. (-potential change during stabilization in 250 mL of 10 mM Ca(OH)
solution: C, = (a) 25 mM; (b) 50 mM; (c) 75 mM; and (d) 100 mM.

For C, =75 mM case, there is a significant difference between the hydrodynamic
sizes of the particles at the 8th minute when t = 9 seconds and 7 = 2 minutes (Figure
4.1c). It was ~1.4 um at T = 9 seconds and ~850 nm when 7 = 2 minutes. At longer times,

the particles C-potential at T = 9 seconds was higher than that obtained at T = 2 minutes.
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This suggests there is a probable trade-off between particle size and stability, based on
the choice of 7. Moreover, Figure 4.2a-c show the particles at 7 = 9 seconds were more
stable in the suspension (£ 30 mV) compared to those at other values of T examined. It
suggests if the precipitants are allowed enough time to react, on a scale of seconds,
relatively small and stable particles can be obtained from the growth-inhibiting solution.
Figure 4.3 confirms the possibility of synthesizing stable CaCO3 nanoparticles when Cy
<75 mM.
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Figure 4.3. Particles stabilization in 250 mL of 10 mM Ca(OH): solution. Effects of Cy4

on (a) particles size and (b) {-potential, when 7 =9 seconds.

4.2. Evolution of Particle Properties

With €4 = 75 mM and 7 = 2 minutes, time-dependent changes in the particles
morphology, specific surface area (SSA) and crystal form during the growth inhibition
process were studied. The precipitates were dispersed in 250 mL of 10 mM Ca(OH):
solution.

The particles size were observed to only increase as more precipitates reached the
growth-inhibiting solution. As shown in Figure 4.4, the mean size was ~300 nm in the
Ist minute, steadily increased, reaching ~850 nm in 8th minute. This growth is also
evident in the size distribution analyses (Figure 4.5). The distribution curve of the initial
state does confirm the Ca(OH)> solution contained particles considerably larger than 1
um, which are presumed to be CaCOs particles present as impurities in the Ca(OH)

powder.
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The size distribution curves shifted to the right, indicating increase in the mean
particle size per time. Nonetheless, they remained monomodal. Their widths are
relatively small and do not indicate the presence of large amounts of large particles or
aggregates in the suspension. The distributions at the 6th, 7th and 8th minutes lie in the
same domain, and more than 60% of the samples were particles with sizes between ~400
and ~600 nm. However, the mean sizes vary quite significantly, increasing from ~600
nm in the 6th minute to ~850 nm in the 8th. This is due to the presence of slightly more
large particles in the sample in the 8th minute. Since additive Ca*" ions adsorb
irreversibly on the earliest particles, the amount available as growth inhibitors reduces as
more precipitate is fed into the solution. Moreover, the presence of few large particles or

agglomerates in a sample can undesirably impact the precision of DLS method.
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Figure 4.4. Time-dependent changes in size and {-potential of particles stabilized when

C4 =75 mM and 7 = 2 minutes.

The presence of additive Ca*" ions also effected the particles colloidal stability.
The C-potential data (Figure 4.4) indicates the particles were most stable in the 1st minute.
This was expected as there are more free additive Ca>" ions at the start of the process.
The C-potential reduced with increasing volume of particles in the suspension, but
remained somewhat constant beyond the 4th minute. The particles were still fairly

colloidally stable in the 8th minute, with a {-potential of ~22 mV. In any case, if more
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particles are precipitated, the depletion of the additive Ca®" ions by irreversible
adsorption on the first crystals will eventually cause the solution to lose its growth
inhibitory efficiency, and result in further particle growth and agglomeration 2%#!. Thus,

synthesizing more stable nanoparticles will necessitate a higher concentration of free
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Figure 4.5. Time-dependent changes in particles size distribution when €, = 75 mM

and T = 2 minutes.

(b) ¢ ¢: calcite
v: vaterite
:a
"z
g
2
=
~ § ¢ it
Cyvy v © .
c v € cc
T T T T T
20 30 40 50 60 70 80

20()
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Figure 4.7. Time-dependent particles morphology changes when C4 =75 mM and 7 =2

minutes: (a) — (h), Ist — 8th minute respectively.

On the other hand, the hydrodynamic size of the particles obtained in the 8th

minute, after attempting stabilization and growth inhibition in H20, could not be
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determined with DLS method. The particles were unstable in the suspension and rapidly
settled after the experiment. This is because, to attain equilibrium, crystals must possess
the lowest possible surface free energy per unit volume. Since surfaces with high free
energies have high growth rates, in order to lower their interfacial area to the solution
and speedily establish equilibrium, such crystals will grow and agglomerate until a size
that engenders sedimentation is reached 2 . The SEM micrograph (Figure 4.6a) of
particles obtained when pure H,O was used reveals a case of immense aggregation. It
can be inferred that the sample might contain ~10 um-sized individual particles, which
is ~12 times the mean hydrodynamic size obtained after growth inhibition in the presence
of additive Ca*" ions.

Contrary to the observation in pure H>O, Figure 4.7 shows the particles
synthesized in the presence of additive Ca®" ions were small and somewhat
monodisperse. Also, much difference is not observed in the particles dimensions at the
6th minute and beyond: the particles were generally of the same size in this time range.
This corroborates the result obtained in the hydrodynamic size distribution analyses
(Figure 4.5), which show that majority of the particles from the 6th to the 8th minute
were between 400 — 600 nm.

Figure 4.7 also reveals the particles morphology changed as the process
progressed. The presence of minuscule rhombohedra and truncated cubes is observable
starting from 2nd minute, but the particles were monodisperse spindle-like scalenohedra
in the Ist minute. This is consistent with the understanding that scalenohedral calcite
crystallizes in excess Ca®" ions conditions ** . In carbonation methods, scalenohedra
transforms into rhombohedra through a dissolution-recrystallization process initiated by
the decrease in pH as more CO,(g) dissolves 4. However, in the current study, the final
suspensions pH was greater than 12. Therefore, the gradual morphology changes can be
explained as a consequence of the inevitable growth and disruption of the scalenohedral
crystals as the volume of suspended particles increased.

As illustrated in the XRD pattern (Figure 4.6b), particles obtained at the 8th
minute in the absence of additive Ca*" ions contained both vaterite and calcite phases.
Figure 4.6a shows the powder was a mixture of rhombohedra and spheres. Also, Figure
4.6a (inset) indicates the spherical particles are polycrystalline, which is a property of
vaterite polymorph and confirms its occurrence as highlighted in the diffractogram.

Rietveld refinement revealed the sample was ~34 % vaterite.
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Based on Ostwald’s rule of stages, since calcite is the most thermodynamically
stable polymorph of CaCOs, all the vaterite particles observed in Figure 4.6 will
eventually be converted into calcite, if sufficient ageing time is allowed. However, they
were totally transformed into calcite in the 1st minute, when additive Ca®" ions were
present in the suspension (Figure 4.8). This agrees with previous studies which show that

excess Ca®" ions influence the conversion of amorphous CaCOs into calcite without a

metastable intermediate 13>,
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Figure 4.8. Particles Crystal form when C4, =75 mM and 7 = 2 minutes.

From Figure 4.7, the erosion of the particles exposed surfaces is intense between
the 1st and 5th minute. Pores and pits are apparent in the particles at the beginning, but
they diminished with time. This is supported by results obtained from surface area
analyses which indicate the presence of pores in the particles. From the 1st minute to the
8th, the average pore size was ~5 nm. Figure 4.9a shows the BET particle SSA was
highest in the 1st minute, reduced up to the 5th minute, and remained fairly constant
afterwards. This implies the pore structures were concurrently filled as the particles grew
with more precipitates reaching the solution. The N adsorption-desorption isotherm
shown in Figure 4.9b also demonstrates the presence of pores in the synthesized particles.

Cavities and pits observed in calcite particles have been reported, based on

Ostwald’s rule of stages, as an outcome of the crystallization and growth of calcite on
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the rough surfaces of a dissolving metastable polymorph . Although the crystallization
of vaterite was expected in the tubular reactor at T = 2 minutes; it is considered too short
a period for a spontaneous conversion into a pure calcite phase in the Ist minute.
Moreover, vaterite particles were still observed in the powder obtained at the 8th minute

in the H>O case (Figure 4.6).
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Figure 4.9. Particles surface area analyses for €4 = 75 mM and 7 = 2 minutes: (a) Time-
dependent change in BET SSA; (b) Isotherm linear plot of particles obtained
at the 8th minute.

In addition to calcites low solubility product and thermodynamic stability, the
suspension will always be saturated with calcite in the presence of additive Ca®" ions,
and thus, could not have been dissolving, particularly at pH >12. Moreover, the binding
tendency of Ca?" and CO3? ions is high in high alkaline conditions *¢. Therefore, the
occurrence of pores in the particles can be regarded as an additional influence of the
excess Ca’"ions. This phenomenon is explained as an effect of the particles morphology
and crystal form changes, which simultaneously occurred during the growth inhibition
process, or absolute poisoning of certain growth sites or steps in the crystals.

Owing to the polar nature of scalenohedral faces, Cizer et al. * argued that excess
OH’ ions can also preferentially adsorb on the crystals and, hence, contribute to the
retardation of other growth morphologies. However, the inhibition of freshly-precipitated
CaCOs3 growth in Ca(OH)2 solution, as discussed in this study, cannot be interpreted as
solely those of a high pH condition. The literature is replete with studies on the effects

of pH in CaCOs systems, but none has reported the synthesis of submicron CaCOs3

27



particles, using the chemical precipitation method, except at much lower reactants
concentration or degrees of supersaturation °.
Using the diffractograms (Figure 4.8), Scherrer equation (Eq. 4.1) was applied to

estimate the size of the crystallites.

K2
b cosé

(4.1)

Where K is the shape factor (usually taken as 0.9), 4 is wavelength of the X-ray
source (~0.154 nm for Cu-K, radiation), p is the full width at half maximum (FWHM, in
radians), and 6 is the Bragg angle in radians. Crystallites sizes at the seven definite peaks
between 20 and 50 26° were calculated. The average for each time interval is reported in
Figure 4.10. The results show the crystallites grew from ~28 nm at the first minute to

~36 nm in the third minute, and no significant change is observable afterwards.

40

[\ (O8] [O%]
o] NS (o))
| | |

Average crystallite size (nm)

&}
=
|

20 T T T T T T
1 2 3 4 5 6 7 8
Time (minutes)

Figure 4.10. Time-dependent changes in crystallites average size when C4 = 75 mM and

T = 2 minutes.

Figure 4.4 shows the hydrodynamic mean size of the particles at the 8th minute
was ~850 nm, which is much larger than the calculated crystallite sizes (~33 nm). Since
the XRD data and Rietveld refinement analyses indicate the samples were pure calcite

particles, a possible explanation for this discrepancy is that the particles are not distinct
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or single crystals. Rather, they are agglomerates of much smaller crystallites. This
equally makes a case for their porosity, as the aggregation process could have created an

open pore structure in the particles.

4.3. Reaction(s) in the Growth-inhibiting Solution?

The continuation of the precipitation reaction in the stabilizing solution is
undesirable as it may contribute to crystal growth *°. Since the purpose is to impede
particle overgrowth, it was necessary to ascertain significant chemical reactions were not
also occurring in the growth inhibition region. Therefore, the suspensions were left to
age for 3 hours, after which samples were again taken for size and C-potential
measurements. For T =9 seconds case, the particles hydrodynamic sizes and (-potentials
measured at the 8th minute and 3rd hour is presented in Table 4.1. A comparison of the
values show the particles did not grow nor agglomerate within the set ageing period. This
does not suggest the continuance of reactions in stabilizing solution, which would have
resulted in further particle growth. It shows the particles only grew as more precipitates

were fed into the suspension.

Table 4.1. {-potential and particle size after stabilization and ageing when 7 = 9 seconds.

c 8 minutes 3 hours
A Size C-potential Size C-potential
(mM)
(nm) (mV) (nm) (mV)
25 386.4 32.4 390.2 39.8
50 510.9 36.8 550.9 35
75 1387 30 1025 25.4
100 2942 18.4 3327

Figure 4.11 illustrates the conductivity changes for C, =75 mM and 7 = 2 minutes
case, when ultrapure DI H>O and 10 mM Ca(OH), were used for particles growth
inhibition. In the ultrapure H>O case, increase in conductivity is due to the presence of
Na" and CI ions, which are byproducts of the reaction considered in this study (Eq. 4.2).
At the 8th minute, 60 mL of each precipitant would have reacted in the tubular reactor.

When C4 =75 mM, 60 mL of CaCl: solution is equivalent to 4.5 mmol. With respect to
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the reactions stoichiometry, complete reaction or dissolution of the precipitants would
produce 9 mmol of Na" and CI ions with a concentration of ~24.3 mM in the final
suspension. This corresponds to a conductivity of ~2.75 mS-cm™! of NaCl solution, which
is the same as the suspensions at the 8th minute. Figure 4.11 shows the conductivity

steadily increased to ~2.75 mS-cm™! when no additive Ca** ions were in the solution.
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Figure 4.11. Conductivity changes during the growth inhibition process when C4 = 75

mM and 7 = 2 minutes.

CaCl, + Na,CO; — CaCO; + 2Na* + 2Cl~ (4.2)

When 10 mM Ca(OH); solution was used for growth inhibition, the conductivity
of the suspension remained fairly constant throughout the process. This does not indicate
significant reaction(s) between the ionic species, which would have otherwise caused the
consumption of more Ca”" ions in the suspension. Reactions involving Ca®" ions would
have considerably lowered the conductivity as CaCOs is sparingly soluble, especially in
high alkaline conditions, and could not have therefore dissociated into its constituent ions
in substantial amounts 1% 380,

Since the conductivity of a solution is a function of the concentration of ions, as

more reaction mixture reaches the stabilizing solution, increase in volume would cause

a decrease in the molarity of Ca®" ion in the suspension. This would have resulted in the
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reduction of the suspensions conductivity. However, the fairly constant profile of the
conductivity suggests the presence of Na" and CI” ions at high precipitants concentration
precluded the expected conductivity decrease.

The differences in the initial and final pH values are also minimal. For instance,
when C4 = 75 mM and t = 2 minutes, the reaction mixtures pH was measured as ~10.5
while that of 10 mM Ca(OH), solution and final suspension were ~12.5 and ~12.2,
respectively. This is not necessarily an outcome of a reaction, as low pH solutions would

naturally reduce the pH of a high pH solution when mixed.

4.4. Adsorption of Additive Ca’* ions on Particles Surfaces

The comparison of the particles {-potential at the 8th minute and 3rd hour when
7 =9 seconds (Table 4.1) also indicates that additive Ca*" ions were irreversibly adsorbed
on the crystals. A similar observation was made by Chibowski et al. 7°, where the
particles {-potential was reported to be positive and remained constant long after the
precipitation reaction had completed. It was attributed to the adsorption of excess Ca**

1ons on the usually negatively-charged CaCOs particles surfaces.

Ton concentration (mM)

Time (minutes)

Figure 4.12. Time-dependent changes in the solutions cations concentration when C4 =

75 mM and 7 = 9 seconds.
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A total flowrate of 15 mL-min™! implies 120 mL of the reaction mixture would
have been dispersed in the Ca(OH); solution at the end of the 8th minute. Starting with
250 mL of a 10 mM Ca(OH); solution, the final concentration of the Ca®" ions at the 8th
minute would be ~6.8 mM, assuming they were not depleted by electrostatic adsorption
on the particles surface. However, the ion chromatography results presented in Figure
4.12 shows the concentration of Ca?" ions generally reduced with time, while Na*
increased. The concentration of Ca®" in the final suspension was ~0.12 mM, which is
approximately equal to the solubility of CaCOs3, suggesting a complete adsorption of the
additive Ca®" ions on the particles.

The difference between the final concentration of additive Ca** ions obtained by
material balance and ion chromatography experiments further proves that, while
reactions do not occur in the growth inhibition space, the Ca®" ions preferentially adsorb
onto the particles surfaces, thereby increasing electrostatic repulsions for growth

inhibition.

4.5. Effects of Ca(OH): Concentration

The fundamental question this section seeks to answer is the extent to which the
additive Ca®" ions can inhibit the particles growth. Here, the concentration of the
precipitants and starting Ca(OH). solution were varied. Different volumes of the
precipitants were reacted in the tubular reactor with 7= 9 seconds, and at the same
flowrate. The reaction mixtures were continuously dispersed in a 200 mL stabilizing
solution, containing a predefined initial concentration of additive Ca** ions.

As earlier stated, the dispersion of more precipitates in the growth-inhibiting
solution would increase the suspensions volume and result in a decrease in the molar
concentration of the additive Ca®" ions, which can be easily determined from material
balance, assuming they are not adsorbed from the solution. However, the crystals initial
growth rate is higher at high solutes concentration, and a greater amount of larger
particles precipitate. This would require the adsorption of more Ca>" ions for sufficient
growth inhibition 2°. Therefore, it is for consistency and ease of reporting that the results
are presented in terms of S, as the molar concentration of Ca>* ions in the final suspension

would vary, depending on the precipitants concentration and reacted volume, if their
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irreversible adsorption on the particles is taken into consideration. Here, f denotes the

ratio of the total volume of the reaction mixture to the stabilizing solutions volume.

4.5.1. Particle Growth and Colloidal Stability

Particles sizes and (-potentials at different conditions are presented in Table 4.2.

Table 4.2. Particles stability and hydrodynamic sizes.

B C5=0mM C5=5mM C5=10mM Cs=15mM
Size Size  {-potential Size C-potential Size C-potential
(nm) (nm) (mV) (nm) (mV) (nm) (mV)
C,=25mM
0.5 961.8 20.9 413.2 27.7 290.2 25.5
1 7107 1421 15.5 4674 16.1 391.4 21.6
2 2781 11.9 927.1 18.1 537.3 13.5
4 9042 3041 -6.7 1116 13.7
CA = 50 mM
05 9192 1169 12.8 622.3 24.3 931 16.5
1 13470 2436 8.58 1201 20.4 1332 14.7
2 >18000 9280 3837 7495 12.5
4 >18000 13450 6831 11840 -8.23
Cy =75 mM
0.5 1745 15.6 844.1 13.9 2684 27.9
1 >18000 2768 -10.7 2837 3064 14
2 12090 5570 10490
4 15000 11790 13600
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The equilibrium state of a crystal possesses the minimum surface free energy for
any given volume. Therefore, surfaces with high free energies would have large growth
rates, causing the dispersed particles to agglomerate and sediment in order to minimize
their interfacial area to the surrounding dispersion medium 2% 7°. This was particularly
observed in Cs = 0 mM cases, as the particles were unstable and settled rapidly, making

the {-potentials impossible to measure.

Increasing Cg

15 mM ==

10 mM —

5 mM —

0 mM—

]

Increasing 8

Figure 4.13. Particles morphology as a function of § and Cs for C4, = 50 mM.

However, as shown in Table 4.2, the presence of additive Ca*>" ions improved the
colloidal stability of the particles, as they adsorbed onto the crystals, thereby reducing
their surface free energies and tendency to coalesce *!. Figure 4.13, which is a graphical
illustration of the SEM photomicrographs for €, = 50 mM, shows that the excessive
growth observed when Cs = 0 mM was impeded in the presence of additive Ca*" ions,
regardless of f.

The hydrodynamic sizes were indeterminable in some Cs = 0 mM cases. They

were presumed to be larger than the maximum (18 um) measurable by the Coulter
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Counter. Although Figure 4.13 shows smaller particles were synthesized as Cg increased;
compared to the corresponding values at Cs = 10 mM, the particles mean hydrodynamic
sizes increased at Cg = 15 mM when C4 = 50 and 75 mM (Table 4.2). This aberration is
considered a result of a known demerit of DLS method, since the SEM micrographs
(Figure 4.14b-c) indicate the individual particles sizes reduced. Besides assuming a

spherical shape for the dispersed particles, the presence of aggregates in the sample can

24,77

immensely affects DLS ability to correctly determine the actual size

Increasing Cg

25 mM 50 mM 75 mM

Increasing C,

Figure 4.14. Morphology change as a function of C, and Cs for f = 1.

SEM micrographs provide reliable information about particle sizes, but the

drying process can cause shrinkage which might result in underestimation of the real size
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24 Notwithstanding, the formation of large aggregates is evident in Figure 4.13a-d and
Figure 4.14b-c. Compared to when Cs = 10 mM, this implies the electrostatic repulsions
of the charged particles surfaces were weaker at all values of g, for C4, = 50 and 75 mM
cases when Cg = 15 mM. This is evident in the particles loss of colloidal stability, which

is demonstrated in {-potential decrease under the stated conditions (Table 4.2).

Increasing

25 mM 50 mM 75 mM

Increasing €y

Figure 4.15. Morphology change with respect to f§ for Cs = 15 mM.

Furthermore, it is a likely effect of increased concentration of the precipitants
counter ions (Eq. 4.2) in the suspension ’®. Cheng et al. ? reported that at higher
concentrations, NaCl can cause CaCOs particles growth and morphology changes, even

in the presence of an inhibitor. However, this was only observed when Cs = 15 mM for
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C4 = 50 and 75 mM cases. Thus, it is interpreted as a possible effect of increased
interactions between unlike charges in the solution, at a higher Ca(OH). concentration.
For instance, the (-potential was highest (27.9 mV) at f =0.5, Cs = 15 mM and C, =75
mM. Though agglomerated, Figure 4.151 shows the individual particles were smaller,
suggesting the aggregates formed stable clusters in the suspension.

The greatest growth inhibitory effects of additive Ca®" ions were observed at Cg
= 15 mM for all values of § at C, = 25 mM (Table 4.2). With S = 1, the particles mean
hydrodynamic size reduced from ~7 um to ~1.4 um when Cs = 5 mM. It further decreased
to ~400 nm when Cs was increased to 15 mM. This is ~95% reduction in the sizes of the
particles that was produced in the absence of additive Ca®" ions. It is in agreement with
previous studies which show that higher concentrations of additives is necessary for
substantial retardation of CaCOjs crystals growth 2 2% 8! Increasing the concentration of

Ca”' ions in the stabilizing solution improved the particles {-potential, especially at low

B.

4.5.2. Polymorphic Transformation

The XRD pattern of the particles synthesized at different Cs for €4 = 50 mM and
S =1, presented in Figure 4.16, shows that vaterite CaCO3 polymorph was only formed
at Cs = 0 mM. Irrespective of f and Cy4, Rietveld refinement revealed the vaterite phase
was more than 70% of the particles produced in Cg = 0 mM cases. Figure 4.13(m-p)
confirms the presence of calcite polymorph as well-developed faceted rhombohedra
while the spherical particles are observed to be composed of smaller growth units, which
is a phenomenon peculiar to polycrystalline vaterite & 143482,

As amorphous CaCO3 (ACC) is known to transform into calcite through a vaterite
intermediate at ambient temperature, the formation of calcite is affected by factors such
as ageing time, temperature and presence of foreign ions or organic molecules. In the
current study, pure calcite phases were formed when additive Ca®" ions were present in
the stabilizing solution. This is consistent with previous studies which show excess Ca**
ion to favor direct precipitation of calcite without a metastable intermediate !>,
Furthermore, the amount of vaterite in the particles synthesized at C¢ = 0 mM and

7 = 2 minutes (Figure 4.8) is less, compared to those obtained in 7= 9 seconds cases

(Figure 4.16). Rietveld refinement revealed the particles contained ~34 % and more than
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70% vaterite, when 7= 2 minutes and 9 seconds respectively. Since the polymorphic
transformation is solution mediated, this implies that the particles had more time, in the
7 =2 minutes case, to transform into calcite in the tubular reactor & 3% 7®. This is a natural

phenomenon which proceeds faster under conditions of high supersaturation, making the

occurrence or synthesis of pure vaterite phases elusive !# 3% 8384,
c c: calcite
v: vaterite
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Figure 4.16. Crystal form with respect to Cs for €, =50 mM.

4.5.3. Alteration of Particles Morphology

The particles morphology also changed with increasing Cg, depending on f. For
instance, when C4 = 50 mM and g = 0.5, the sample was predominantly vaterite spheres
at Cs = 0 mM (Figure 4.13m), but changed to truncated cubes at Cs = 5 mM (Figure
4.131), a mix of different structures at Cs = 10 mM (Figure 4.13e), and fairly
monodispersed scalenohedral particles at Cg = 15 mM (Figure 4.13a). Cizer et al. ® also
showed that ACC morphs into scalenohedral calcite in excess Ca>" ions conditions.

In addition, an aggregated mix of rhombohedral calcite and spherical vaterite
particles were synthesized at C¢ = 0 mM and f = 4 (Figure 4.13p) while agglomerated
cubic and plate-like calcite particles were formed at Cs = 5 mM (Figure 4.131). Chain-
like aggregates of truncated cubes were obtained when Cs was increased to 15 mM

(Figure 4.13d).
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Since Ca" ions selectively adsorb on the crystals surfaces to poison the growth
sites, the agglomerated and less monodisperse cases with a combination of different
morphologies observed in Figure 4.13 is explained as a consequence of different growth
rates of the crystals faces. It indicates instances of insufficient additive Ca®" ions which
resulted in reduced electrostatic repulsions and also weakened the growth inhibition
process 282%4! Tt is an outcome of the depletion of the additive Ca*" ions, as they adsorb

on the earliest precipitates.

4.5.4. Changes in Particles Specific Surface Area

The presence of additive Ca®" ions also affected the particles specific surface area
(SSA). Surface area analyses showed the particles have an average pore width of ~5 nm.
The BET particle SSA f =1 cases at different C,, are presented in Figure 4.17. The large
size, spongy and framboidal nature of the spherical vaterite particles, as observed in
Figure 4.14, could account for the large BET SSA recorded in the absence of additive
Ca”" ions when C, <75 mM %38, Agnihotri et al. * reported that the rapid aggregation
of crystals nuclei, due to low electrostatic repulsions in the absence of charged foreign
substances, provides an open pore structure with high surface area and volume in

precipitated CaCOs particles.

Specific surface area (m2~ g'l)

8]
I

0 5 10 15
Cs (mM)

Figure 4.17. Effects of Cs on particles BET SSA when = 1.
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The crystals seem to have been more compact at higher precipitants
concentration, especially when Cg = 0 mM. Despite their large sizes, precipitated vaterite
particles are often made up of crystallites with sizes between 25 — 35 nm 3¢, Therefore,
increased concentration of solutes ions would have resulted in the precipitation of more
crystallites which could have been more closely packed, providing a smaller open pore
structure. This explains why, as shown in Figure 4.17, the SSA at Cs = 0 mM was highest
when C4 = 25 mM and lowest when C4 = 75 mM, even though the particles were larger.

Thus, CaCOs particles SSA decreases with increasing size ',
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Figure 4.18. Isotherm linear plot of particles synthesized when C4 =25 mM, f =1 and
Cs =:(a) 0 mM; (b) 5 mM; (¢) 10 mM; (d) 15 mM.

From Figure 4.17, when Cs = 5 mM and C, < 75 mM, the particles SSA slightly
reduced just as their growth was inhibited. Further increasing Cs intensified the corrosion
of the particles surface and increased the SSA. The same SSA changes with respect to Cg

when C, = 25 mM was also observed when C, = 50 mM. However, unlike the case at
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lower Cy, initial reduction in the particles SSA, at Cg = 5 mM, is not observed when C,
= 75 mM. Notwithstanding, the SSA increased as Cg increased, despite a significant
decrease in the particles size.

The presence of pores in these particles is also demonstrated by the hysteresis in
the Nz adsorption-desorption isotherm (Figure 4.18). For low Cg cases, while the
hysteresis was widest at low relative pressures, the particles adsorbed less amounts of
N at high pressures. The highest extent of adsorption was observed in particles
synthesized when Cg = 15 mM because of the higher SSA which is due to a larger pore
structure. The increased intensity of pores in the particles at high additive Ca** ions
concentration is also evident in the SEM micrographs (Figure 4.14).

Compared to the case when Cs = 0 mM, the particles adsorbed even lesser
amounts of Na) when Cs = 5 mM. This is both due to the reduction in the particles size
and SSA as observed in Table 4.2 and Figure 4.17, respectively. Moreover, larger
particles with more open pore structure would adsorb more.

The crystallization of pure calcite phases in the presence of additive Ca*" ions
implies the growth-inhibiting solution will be saturated with calcite. The pH of the
reaction mixtures were ~10.5 while that of a 5 mM Ca(OH); solution was ~12.1, and
differences in the initial and final pH values after the process were nominal. These make
no case for particle dissolution as the binding energy of lattice Ca** and COs ions is
also high in elevated alkaline conditions *¢. Moreover, calcite is the most stable CaCO3
polymorph and has the lowest solubility product (K, = 107848), Since additive Ca**
ions are foreign to the crystal lattice, it is more likely that the occurrence of pores in the
particles is a result of dislocations caused by abrupt morphology changes, polymorphic

transformation or complete growth inhibition at specific sites in the crystals.

4.6. Precipitants Concentration and Volume Effects

The particles were expected to grow larger with increasing C4, since the initial
growth rate of crystals increases at higher degrees of supersaturation 2 2% 34! This also
suggests the sizes will increase as more reaction mixture containing a higher
concentration of solutes is fed into the growth-inhibiting solution. As presented in Table

4.2, when Cg = 0 mM and p = 1, the particles hydrodynamic sizes increased from ~7 um
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at C4 =25 mM, to >18 um when C, was increased to 75 mM. For C, = 50 mM case, the
size went from ~9 ym when £ = 0.5, to >18 um at = 4.

Despite increasing Cs, Figure 4.14 shows the particles grew as C4 increased when
S = 1. The same is observed in Figure 4.15 which clearly illustrates that the inhibitory
efficiency of the additive Ca®" ions decreased at higher C, and . It is because they were
adsorbed on the earliest particles, thereby reducing the amount available for subsequent
precipitates. Thus, the growth-inhibitory effect of the Ca(OH). solution would be lost at
high f. Particularly at C, > 25 mM, Figure 4.15 suggests the possibility of obtaining
monodisperse nanoparticles reduces when f > 1. Nonetheless, the particles mean sizes
were still less than those obtained in Cs = 0 mM cases.

Figure 4.13, Figure 4.14 and Figure 4.15 also show that particle agglomeration
intensified as f and C4 increased. This explains why large hydrodynamic sizes were
measured in some cases (Table 4.2) while the SEM micrographs displayed a 1 gm scale
bar. For instance, relatively small rhombohedral particles formed large chain-like
aggregates at Cs = 15 mM, C4 = 75 mM and f = 4 (Figure 4.15¢). However, they were
spindle-like scalenohedral crystals when f = 0.5 (Figure 4.151). This further intimates
that, for any volume of precipitated particles, effective growth inhibition and
monodispersity are functions of the amount of Ca”* ions available to adsorb onto the
particles.

The colloidal stability of the particles generally declined at higher values of g
(Table 4.2). It confirms increase in particles hydrodynamic sizes as a consequence of
excessive aggregation. Since more crystals nucleate at higher solutes concentration and
volume, the higher number of large crystals and growth sites would necessitate the
adsorption of more Ca>" ions. This drastically reduced the concentration of additive Ca®"
ions available for growth inhibition as more precipitates reached the stabilizing solution.
Consequently, to lower the interfacial tension and achieve equilibrium, the particles
started sedimenting the moment the desired volume of precipitants were reacted and
stirring was stopped.

High concentration of lattice ions in crystallization processes has been shown to
preclude the adsorption of additive ions on crystals surfaces. The high number of solutes
collision in such situations can prevent the ions from adsorbing onto the crystals and/or
poisoning the growth sites *!. However, the experimental setup designed for this study

avoids such a scenario as the nucleation step was separated from the growth inhibition
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region where Ca’’ ions were waiting as impurities (Figure 3.1). Therefore, the
irreversible adsorption of additive Ca?" ions on previously-formed particles growth sites,
and increased concentration of counter ions in the system, is believed to have engendered
the particles loss of colloidal stability and the resultant agglomeration observed at high £
and Cy.

4.7. Synthesizing Stable Monodisperse Calcite Nanoparticles

The procedure described in this study is not without precedents. Kontrec et al. 2’
showed how the sizes of CaCOs particles can be reduced using different polysaccharides.
An optimum 50% growth inhibition (16 um to 8 um) was obtained with a high molecular
weight dextran. Unlike the approach presented here, the use of such organic compounds,
polymer or solvents as growth inhibitors may necessitate advanced purification
techniques.

The growth of CaCOs crystals is spontaneous and rapidly attains equilibrium. A
common approach to synthesize small particles is to lower the degree of supersaturation.
For instance, Wei et al.'” prepared ~500 nm vaterite spheres by mixing 2 mM solutions
of Na2COs and CaCl; at 30 °C. But the high point of the procedure described in this study
is a simple method to produce CaCO3 nanoparticles under relatively high supersaturation
conditions. As observed from the SEM micrographs, it offers a way of synthesizing
monodisperse nano-CaCOs particles in a reaction involving Na,CO3 and CaCl; solutions
of equimolar concentrations, up to 75 mM.

The extent of growth inhibition depends on the volume of precipitate and
concentration of additive Ca?" ions in the stabilizing solution. As presented in Figure
4.19, just as the monodispersity, the particles morphology and size also changed
concurrently as Cs increased. From Table 4.2, when C4 =25 mM and f = 0.5, ~400 and
~300 nm particles were obtained with Cs = 10 and 15 mM, respectively. These slightly
increased to ~470 and ~400 nm when f was increased to 1. In fact, it is still more than
90% reduction of what the particles sizes would have been in the absence of additive
Ca?" ions (~7 um).

The particles size distribution (Figure 4.20) is monomodal. It does not suggest
the presence of aggregates in the suspensions. The width of the distributions is also small,

showing that monodispersed CaCO3 nanoparticles can be synthesized when the volume
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of precipitated particles is low or the additive Ca** ions concentration is high. However,
the limited solubility of Ca(OH). in H>O at ambient temperature is a major drawback in

the deployment of the method described herein.

Increasing 8

SmM 10 mM 15 mM

Increasing Cg

Figure 4.19. Growth inhibition and morphology change for C4 = 25 mM.

Even when the volume of precipitates is low, particles synthesized at high
precipitants concentration would be large, since the degree of supersaturation is a primary
factor affecting the crystals initial growth rate '%2°,

Jung et al. 8 reported that Na* ion has significant effects on the morphology and
growth of CaCOj crystals. This is an important consideration, as Na* ion is a byproduct

of the studied reaction (Eq. 4.2). However, besides the size and morphology, the presence
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of additive Ca®" ions also influenced changes in other particle properties examined.

Therefore, the observations in this study cannot be attributed to the presence of Na" ions.
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Figure 4.20. Particles size distribution for C, = 25 mM: (a) Effects of Cs when 8 = 0.5;
(b) Effects of f when Cg = 15 mM.

4.8. Stabilizing Solutions Initial pH Effects

It is imperative to understand the effects of pH changes in the growth inhibition
region. Here, the starting pH of 200 mL of 10 mM Ca(OH): solution was adjusted with
HCl acid to a predefined value. 50 mL of each precipitant with €4, =25 mM was reacted
in the tubular reactor with T = 9 seconds, and dispersed in the stabilizing solution. The
particles properties were compared with those synthesized when pure H20, and NaOH

solution with initial pH = 13 were used in place of Ca(OH)..

4.8.1. Crystal Form

The concentration of OH ions also contributes to the polymorphic transformation
of freshly-precipitated CaCOs particles. Previous studies show that calcite predominates
at high pH, regardless of the concentration of impurity ions "%, Likewise, as illustrated
in Figure 4.21, a pure calcite phase was produced when NaOH solution with initial pH =
13 was used, while a mixture of vaterite and calcite was obtained in pure HO, where the
suspensions pH rapidly increased to a final value of ~10.5.

Rietveld refinement showed that particles synthesized in NaOH and H,O were

~100% and ~70% calcite, respectively. In moderately basic solutions containing no
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impurity ions, the growth of calcite follows a surface-controlled dissolution-
recrystallization pathway via vaterite, at ambient temperature 30, This suggests the
vaterite crystals obtained in the pure H>O case will eventually transform into calcite, if

left in suspension for a much longer time °'.
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Figure 4.21. Crystal form of particles obtained when growth inhibition was attempted in

both NaOH solution with initial pH = 13 and pure H2O.
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Figure 4.22. Stabilizing solutions initial pH effects on crystals form when €, = 25 mM,

Cs =10 mM and £ =0.5.
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In contrast, the X-ray diffractograms presented in Figure 4.22 demonstrate that
pH variations had no effect on the crystal form of the synthesized particles, when additive
Ca®" ions were present in the suspension. Rietveld refinement of the XRD data showed
pure calcite phases crystallized, irrespective of the suspensions pH — even at relatively
low pH levels known to favor the crystallization of vaterite ©* *°. This confirms that,
besides a high pH condition, additive Ca*" ions also influence the particles crystal
structure. A similar observation was reported in Rodriguez-Blanco et al. *° where Mg**
ion, regardless of differences in the solutions pH, caused the crystallization of calcite at

conditions favorable to the precipitation of metastable vaterite.

4.8.2. Particles Size and Morphology

Figure 4.23 shows that nanoparticles were synthesized when the initial pH was
12.5 and 12. The particles, however, overgrew as the pH was further reduced,
approaching 4.5 um at pH = 9. This is also observed in the SEM micrographs (Figure
4.24) and indicates that the additive Ca®" ions lost their growth inhibitory efficiency in
low pH conditions. It is interpreted as a consequence of the particles ionic speciation as
they arrived in the stabilizing solution, since the binding tendency of Ca®" and CO3* ions
is known to decline in low pH media ** 3. The dissolution of the particles seemed to
wane as more precipitates reached the solution, leaving fragmented pieces which
subsequently aggregated (Figure 4.24).

The solutions initial pH also affected the morphology and monodispersity of the
particles. Fairly monodispersed truncated cubes were synthesized at pH = 12.5 (Figure
4.24a), but erosion of the particles surfaces and pits formation, which signifies a case of
weak dissolution, is observed when the pH was reduced to 12. Figure 4.24(b-c) reveals
the truncated cubes were dissolving from the curved edges to form well-faceted
rhombohedra which suffered edge dislocation defects as the pH was further lowered. The
fragments and rectangular slabs seen in the samples are presumed to be remnants of the
dissolution process.

Contrary to the observations when additive Ca?>" ions were present in the
suspension, Figure 4.25 indicates the particles grew uninhibitedly when NaOH solution
and pure H>O were used as the stabilizing solution. In both cases, the samples were highly

polydisperse and the hydrodynamic mean sizes were ~5 pum, despite the wide difference
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in pH. This leads to the conclusion that Na“ ions have no influence on the particles
growth, and a high pH condition and the presence of additive Ca®" ions is a necessity for

growth inhibition and particles monodispersity.
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Figure 4.23. Particles hydrodynamic sizes and (-potential changes at different pH when
C4,=25mM, Cs =10 mM and 5 =0.5.

Figure 4.24. Stabilizing solutions initial pH effects on particles morphology when C4 =
25mM, Cs =10 mM and = 0.5. pH = (a) 12.5; (b) 12.0 (c) 11.5; (d) 11.0;
(e) 10.0; (f) 9.0.
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Figure 4.25. Morphology of particles synthesized when growth inhibition was attempted
in: (a) NaOH solution with initial pH = 13; and (b) pure H>O.

From Figure 4.25, the particles however have distinct morphologies. While they
are a commingling of fully-developed rhombohedra calcite and spherical vaterite in the

H>O case, they appear as laminated cubic structures in the NaOH solution case.

4.8.3. Particles Colloidal Stability and Specific Surface Area

The C-potentials of the particles synthesized at pH =10 and 11 (25.2 and 27.6 mV
respectively) indicate they were relatively stable, despite the overgrowth and
agglomeration observed in the SEM micrographs (Figure 4.24d — e). It suggests the
aggregates exhibited more strongly-charged surfaces compared to what was obtained
with initial pH = 12. This can be attributed to the reduction in the amount of particles in
the stabilizing solution due to dissolution and the relative increase in the concentration
of free Ca®" ions in the suspension, which enhanced the electrostatic repulsions of the

already aggregated particles surfaces.

Table 4.3. Particles (-potential and hydrodynamic sizes in different stabilizing solutions.

Particles size C-potential
Solution  Initial pH Final pH

(nm) (mV)

Ca(OH)2 12.5 12.3 413.2 27.7

NaOH 12.9 12.7 5629 -7.6
H>O 59 10.6 5347
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With increased solubility in low pH conditions, the dissolution of CaCOs particles
gives off CO5(g), leaving comparatively more Ca’" ions in the solution. After the
equilibration of H>O/CaCOs systems, possible reactions that occur, according to

Somasundaran and Agar *? is presented in Eqs. 4.3 — 4.7.

CaC03(s) s CaCO3(aq) (4.3)
CaCOs(,q <> Ca?* + CO5°~ (4.4)
C03;%” 4+ H,0 <> HCO;~ + OH™ (4.5)
HCO;™ + H,0 < H,CO; + OH~ (4.6)
H2C03 > COz(g) + H20 (47)
8
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Figure 4.26. Particles BET SSA at different initial pH.

The particles synthesized when initial pH = 9 were relatively unstable in the
suspension. This is supported by the increased magnitude of agglomeration and particles
size observable in Figure 4.24f. The isoelectric point (IEP) of calcite is reported to
between a pH of 8.2 and 8.4 °2. This range is approximately close to the final suspensions
pH, which was measured as ~8.6. Since IEP is the pH at which {-potential is zero, the

particles could not have attained colloidal stability in this specific condition without the
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influence of foreign ions. The steep drop in the (-potential to ~13 mV, when initial pH =
9, also explains the increase in the particles size.

In a condition of excess Ca*" ions, pH changes in the stabilizing solution is not
expected to alter the electric charge of the particles (-potential, nor completely reduce it
to zero. As the surface of calcite is known to be negatively charged, the positive value of
the synthesized particles {-potentials informs that the additive Ca** ions adsorbed on the
particles surfaces, regardless of the solutions pH 3! 72-73: 7893,

However, the particles synthesized in NaOH solution and H>O were highly
unstable and settled rapidly. From Table 4.3, the {-potential of the particles in the NaOH
case was -8 mV. Unlike Ca®* ions, it indicates Na* ions cannot adequately adsorb on the
particles. Therefore, Na* ions cannot provide the electrostatic repulsions needed to obtain
nano-CaCOs particles.

Although the particles obtained in lower initial pH conditions were larger, and
would have higher surface areas, Figure 4.26 shows the BET SSA decreased as the
solutions initial pH decreased. It indicates the crystallites were more densely packed in
low pH conditions. This is also evidenced in the SEM micrographs (Figure 4.24), which
show the rhombohedra particles produced when initial pH < 11.5 were nonporous and

possessed smooth faces.

13

12

11+

pH

\
T~
—
10;/—\
L

. . . , .
0 100 200 300 400
Time (seconds)

8

Figure 4.27. Stabilizing solutions pH changes for different initial pH when C4 =25 mM,
Cs=10mM and g = 0.5.
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4.8.4. Changes in Suspensions pH

Figure 4.27 shows the solutions pH slightly reduced in all the studied cases.
Without pH adjustment (pH = 12.5), the suspensions pH decreased in an almost linear
form. This pH decrease follows a natural course. It is due to the dispersion of a lower pH
solution (reaction mixture) in a higher one (growth-inhibiting solution). The pH of the
reaction mixture was measured as ~10.5, and for 11 < pH <12 cases, the suspensions pH
steadily decreased within the first 100 seconds and remained fairly constant the rest of
the time.

When initial pH = 10, the suspensions pH initially increased as a result of the
slightly higher pH of the reaction mixture. However, increasing concentration of HCO3
ion due to CaCOs; particles dissolution is believed to have caused the subsequent
decrease. Moreover, HCO;™ ion is the predominant CO3*~ ion species in low pH

conditions >> %,
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Figure 4.28. Solutions conductivity changes for different initial pH when C, = 25 mM,
Cs=10mM and £ =0.5.

Similarly, fluctuations in the pH observed in the first 2 minutes, when initial pH
= 9, is representative of a suspension system spontaneously equilibrating as more

particles precipitated and some concurrently dissolved. Continuous flow of the
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precipitates into the solution seemed to have kept the suspensions pH from decreasing at
the rate it would have. Despite having a pH lower than the reaction mixtures, the
suspensions pH remained constant for a greater part of the duration. With respect to the
dissolution mechanism presented in Egs. 4.3 — 4.7, the later dip is also interpreted as an
effect of increased HCO53 ™~ ion concentration in the system as more particles would have
dissolved.

As presented in Table 4.3, the pH change was insignificant when NaOH solution
was used: it steadily decreased from 12.9 to 12.7. But in the pure H>O case, it increased
from ~6 to ~10.5 immediately the first precipitates were dispersed. CaCOs3, being a basic
salt, produces a solution with equilibrium pH = 10.3, when dissolved in H>O at room
temperature. CaCOs is only sparingly soluble, and the mixture of the precipitates solution
containing scarcely dissolved CaCOs, with the stabilizing solution is considered the

reason for the pH increase in the H2O case.
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Figure 4.29. Relationship between the pH and conductivity of 10 mM Ca(OH), solution.
4.8.5. Changes in Suspensions Conductivity

Changes in the solutions conductivity for the duration of the process and at
different initial pH is presented in Figure 4.28. If complete reaction (Eq. 4.2) is assumed,

depending on the pH, conductivity changes can either be a result of the increasing
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concentration of Na* and CI ions, dissolution of precipitated CaCOs particles, and/or
decreasing molar concentration of Ca* ions in the suspension as volume increases with
more precipitates being fed in.

Figure 4.28 shows the initial values of the solutions conductivity at pH < 11.0 is
approximately equal. In fact, the conductivity of Ca(OH); solution was observed to be
constant at pH < 11.0, up to a concentration of 15 mM. The results for 10 mM Ca(OH)>
solution at different pH is presented in Figure 4.29. The experimental data correlates with
PHREEQC models, which calculates conductivity using the concentration and diffusion
coefficient of the ionic species in the defined solution, and applies an ionic strength

correction.
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6 - =+ PHREEQC Model /‘/O

Conductivity (mS-cm™)
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Figure 4.30. Relationship between Ca(OH), concentration and conductivity.

Since 50 mL of each precipitant was reacted during the process, neglecting the
volume of HCI used, the final suspensions volume will be ~300 mL. For instance, when
initial pH = 12.5, without considering the adsorption of Ca** ions on the particles, this
treatment reduces the molar concentration of additive Ca** ions in the final suspension
to ~6.7 mM, which has a conductivity of ~3 mS-cm™ (Figure 4.30). However, Figure
4.28 shows the suspensions conductivity steadily decreased to a final value of ~3.5

mS-cm™!. This difference is considered an effect of the presence of Na* and CI  ions.
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Figure 4.28 also shows the conductivity slightly decreased at pH = 12, but
remained constant at pH = 11.5 and lower. Using the PHREEQC model, the
conductivities of a 6.7 mM Ca(OH): solution without pH adjustment, and at pH < 11.0
were ~3 mS-cm” and ~1.7 mS-cm™ respectively. However, the final suspensions
conductivity at pH < 11.0 was ~2.2 mS-cm™! (Figure 4.28). This suggests the presence of
Na" and CI ions, and/or particle dissolution observed at low pH conditions, compensated
for the gradual reduction in Ca’*" ions molarity in the solution and the expected
spontaneous decrease in the suspensions conductivity.

Considering the stoichiometry of the reaction (Eq. 4.2), 50 mL of 25 mM CaCl,
contains 1.25 mmol. This implies 2.5 mmol of Na" and CI" ions would be present in the
~300 mL suspension at the end of the process. It is equivalent to a concentration of ~8.3
mM of NaCl solution which has a specific conductance of ~1 mS-ecm™!, which would

have significantly affected the conductivity of the final suspension.
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CHAPTER 5

CONCLUSION

The results show additive Ca®" ions have remarkable effects on the growth,
morphology, colloidal stability, specific surface area and crystal form of freshly-
precipitated CaCOs particles. The ions adsorbed on the crystals, impeded their
overgrowth and aggregation by enhancing electrostatic repulsions in the suspension.

The particles synthesized when Ca(OH)> solution was replaced with pure H>O
were colloidally unstable and polydisperse. The samples were a mixture of vaterite and
calcite polymorph and contained particles as much as 20 times larger than the mean
hydrodynamic size of particles obtained after growth inhibition in Ca(OH)> solution.

In high alkaline conditions, the effects of the precipitants concentration and
volume, and Ca(OH), concentration can be summed up as those of the concentration of
additive Ca®" ions available as growth inhibitors and the quantity of precipitated CaCO3
particles. The ions lost their growth inhibitory efficiency at high precipitants
concentration and precipitates volume.

Particles stability in the growth-inhibiting solution also diminished at higher
precipitants concentration and volume. This is an outcome of the irreversible adsorption
of additive Ca®" ions on the first crystals growth sites, leaving lesser amounts for
subsequent precipitates. It is also a probable effect of increased concentration of counter
ions which weakened electrostatic repulsions necessary for colloidal stability.

The presence of the growth inhibiting Ca?* ions engendered the crystallization of
pure calcite particles, irrespective of the stabilizing solutions initial pH and precipitates
residence time in the tubular reactor. Pure calcite phases were obtained both when only
ACC was presumed to have precipitated in the tubular reactor, and when crystalline
CaCOs3 was expected.

Even though the particles size increased as more precipitate was fed into the
growth-inhibiting Ca(OH)> solution, compared to the sizes of the particles obtained in
the absence of additive Ca®" ions, the described approach resulted in >90% growth

inhibition. The extent to which it can be deployed is constrained by the limited solubility

56



of Ca(OH),. Nonetheless, it is a simple procedure for the synthesis of stable
monodisperse calcite nanoparticles at relatively high degrees of supersaturation.

No reaction among the ionic species was suspected in the solution. Changes in
the growth-inhibiting solutions conductivity was observed to be the result of the
increasing concentration of the precipitants counter ions and decreasing molar
concentration of additive Ca®" ions. Also, the difference between the initial and final
suspensions pH were nominal.

Surface area analyses revealed additive Ca®" ions also influenced the formation
of pores in the particles. The porosity increased at higher Ca(OH)> concentration and low
precipitates volume, but decreased as the growth-inhibiting solutions initial pH was
lowered. Though the specific surface area reduced, the particles dissolved in low pH
conditions and agglomerates of fragmented rhombohedra calcite particles were obtained.

The described approach can be used to produce calcite nanoparticles from
conventional chemical precipitation reactions. However, it was observed that the
solutions pH also contributes to the particles growth inhibition. High growth inhibition
was obtained, only in the presence of additive Ca** ions and a high pH condition.
Particles synthesized under this condition were porous and can be potentially used as

adsorbents and carriers of small molecule compounds.
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