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Preface

Solid materials can be crystalline, amorphous, or glassy. A crystalline material is

a solid whose constituents (atoms, molecules, or ions) are assembled in a regular
pattern. Crystallization is a chemical reaction that makes it possible to obtain crystal-
line materials. Crystallized materials have three forms: single crystal, polycrystalline
powder, and thin film. The phenomenon that allows crystals to grow to dimensions
greater than a few millimeters is called crystal growth.

The preparation of a single crystal is the best way to obtain new materials [1].
However, the search for new phases following this path is not easy, especially for
non-oxide materials. In addition, the parameters to be controlled during the synthe-
sis differ from one method to another. For example, it was found that the solid-solid
method is the simplest method to implement, but most of the parameters in this type
of reaction are uncontrollable. However, in the hydrothermal method, it is possible
to control the concentration, pH, solution/solvent ratio, temperature, and pressure.
The crystals are initially characterized by their sizes, colors, and morphologies. Small
dimensions and twins are the problems most encountered during the experiment
and of course have known phases.

To obtain new phases, researchers can change the stoichiometric proportions of
the reactants and the controllable parameters of the reaction process. In recent
years, it has become possible to predict the existence of a crystal structure using
the Universal Structure Predictor: Evolutionary Xtallography (USPEX) code [2].
Currently, this code is used to predict the existence of new phases in two-element
chemical systems and some three-element chemical systems. It is currently under-
going further development to accommodate the study of larger systems; this new
code is known as COPEX [3] (co-evolutionary crystal structure prediction algo-
rithm for complex systems). USPEX has made it possible to predict the possibility
of obtaining new phases at high pressure such as NaCl3 and NaCl7 [4]. In these
types of materials, the inner core electrons participate in the formation of chemical
bonds. Other predicted materials showed superconductivity properties at tempera-
tures close to room temperature [5, 6]. With this code, the experimental researcher
can reduce the number of experiments. In addition, it is possible to proceed directly
to the synthesis of polycrystalline powder or thin-film, once crystallographic data
of the new phase is obtained.

The crystallization process may be used in chemistry, physics, or materials science
to prepare materials for special applications such as batteries, fuel cells, and optics.
Crystallized materials may be prepared in the laboratory as powder or thin film
and in some cases as a single crystal. In industry, crystallization is an elementary
process necessary to obtain some pure products. The crystallization process is used
also in biology to crystallize protein and in pharmacology to prepare some drugs.
The crystal growth of materials is a technique used to generate material in an
orderly arrangement of atoms, especially when the material shows good properties



worthy of further studies such as optical properties. In this case, the growth of the
materials in crystalline form allows for the elimination of defects and improvement
of material properties.

Youssef Ben Smida

National Centre of Research in Materials Science,
Technology Park of Borj Cedria,

Borj Cedria, Tunisia

Riadh Marzouki

King Khalid University,
Abha, Saudi Arabia
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Chapter1

Polycrystalline Powder Synthesis
Methods

Mosbah Jemmali, Basma Marzougui, Youssef Ben Smida,
Riadh Marzouki and Mohamed Triki

Abstract

The synthesis of polycrystalline powder is a key step for materials sciences.
In this chapter, we present the well-known methods of preparation of powders
such as: solid-state reaction, sol-gel, hydrothermal, combustion, co-precipitation.
Moreover, synthesis methods by arc furnace, by heating in a “high frequency”
induction furnace and by high energy grinding are presented. The obtained
powders could be defined by their purity, gain size, crystallinity, and morphology,
which are influenced by the synthesis method. In addition, each method is
dependent on some parameters like pH, concentration and temperature.

Keywords: solid-state, sol-gel, hydrothermal, combustion, coprecipitation,
intermetallic

1. Introduction

Optimizing the physico-chemical properties of materials is a challenge for many
scientific researchers, and it could be altered using different synthesis methods.
The synthesis of ceramics is influenced by many parameters; the choice of such
a synthesis method is generally conditioned by the morphology as well as by the
particle size and the specific surface of the samples, which it is desired to synthesis.
Ceramics, when prepared by different routes, exhibit different properties, even
with the same starting compositions. There are two ways of synthesizing ceramics:

* Dry method (solid-solid method)

* Wet method (sol-gel, hydrothermal, combustion and coprecipitation
methods)

Microstructure plays an important role in the properties of materials. In fact,
for ceramic materials, the presence of porosities between the grains has a negative
effect on the conductive properties. In addition, ceramic materials made of small
grain size are thermally more stable mechanically than samples with larger grain
size [1]. For example, barium hexaferrite (BaFe;;0;9) could be used either as a
permanent magnet or as a recording medium depending on the morphology of the
compound, which depends on the route of preparation [2].

A variety of metal oxides, both simple and complex, is prepared by conventional
ceramic process. This involves the mixing of metal oxides, carbonates, and their
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repeated heating and grinding. This method is used on both a laboratory and indus-
trial scale. Nevertheless, the need for alternative routes to the synthesis of oxides
has arisen due to intrinsic problems related to:

* Inhomogeneity of the products obtained by ceramic methods

* Incorporation of chemical impurities during repeated grinding and heating
operations. Impurities have an undesirable effect on physicochemical behavior

* Particle size obtained by conventional means is not fine, which makes them
unsuitable

To have better control of stoichiometry, structure, and desired phase purity,
mild chemical pathways are becoming increasingly important in preparing a variety
of oxides, including nanocrystalline oxide materials [3].

This chapter is divided in two parts. The first one is dedicated to powders pre-
pared by chemical methods while the second describes the methods of preparation
of intermetallic compounds.

2. Powders prepared by chemical methods
2.1 Solid-state method

It is the simplest and most widely used synthesis method in solid-state chemis-
try. It consists of making the various solid reagents react directly at high tempera-
ture [4]. The reagents used for this method are simple oxides: ZnO, Cr,0s, Fe,03,
NiO, MgO, fluorides: BaF,, CaF, [5], carbonates: NaCO;, K,COjs [6], nitrates: CuNO;
[7] and oxalates: Fe(COO),. There are reagents, which are difficult to handle, due to
their hygroscopy and high sensitivity to water vapor. For example, lanthanum oxide
(Lay03), reacts quickly to the air to form carbonates and hydroxides, so it should be
calcined first at 900 °C to remove all traces of impurities. The powders are weighed
according to the stoichiometric quantities provided by the reaction equation and
should grounded in an agate mortar to obtain the desired phase. It is done in the
absence or in the presence of a volatile liquid (acetone) to ensure good dispersion
of the grains and good homogeneity of the powder [8]. Then, the materials are
subjected to a controlled heat treatment, would to form well-defined crystalline
structures. The powder obtained could be annealed as it is or shaped into pellets
pressed uniaxially. During calcination, there is release of carbon dioxide or oxygen
dioxide and possibly a little water vapor. Successive anneals after intermediate
grinding are generally necessary for the reaction to be complete. Synthesis tempera-
tures are generally of the order of 900 to 1000 °C.

Although this method is considered the simplest and most economical compared
to other methods, it has drawbacks. In fact, the reagents should be of high purity,
because some impurities could have marked effects and do not give the desired
phase and therefore, it would influence the properties of materials. In addition,
this method leads to the formation of powders with large particles and with low
homogeneity. Finally, the synthesis of ceramics by this method requires reactions
for hours or even days at relatively high temperatures.

The materials synthesized by this method are numerous, among them, the
cuprates A;BO4: La,CuOy, Pr,CuQy, Sr,CuOy) [9], the perovskites ABO;: (CaTiOs;,
LaTiOs, BaTiO; [10], the pyrochlore A;B,0;: Dy,Ti,0;, La,Zr,0; Cd;Re,0; [11],
the brownmillerite A,B,0s: Ca,(AlFe),0s [12].
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2.2 Combustion method

The combustion method is a synthetic route for ceramics that requires less calci-
nation compared to the conventional solid—solid method. It is simple, economical,
and fast. It is interesting from research on the mechanism of the physicochemical
processes involved, the dynamics of product formation, their limit of stability and
process control.

Indeed, the method of combustion or synthesis by fire is known under the name of
self-propagating synthesis at high temperature. To generate fire, fuel and temperature
are needed. All these three elements form a triangle of fire. Fire could be described
as uncontrolled combustion, which produces heat, light, and ash. The process uses
highly exothermic redox chemical reactions between an oxidant and a fuel [13].

For the reaction to propagate on its own, the heat released should be greater than
the heat required to initiate combustion. A redox reaction involves simultaneous
oxidation and reduction processes. The classic definition of oxidation is the addition
of oxygen or any other electronegative (non-metallic) element, while reduction is
the addition of hydrogen or any other electropositive element (metal). The general
formula of the combustion reaction is as follows:

Combustible + 0, —CO, (g)+H,0(g) 1)

These reactions are highly exothermic or even explosive. This method is used for
the synthesis of refractory materials: borides, nitrides, oxides. Reagents are generally
used in the form of nitrates because the nitrate group acts as an oxidizing agent and
it has high solubility and allows homogenization of greater product yields. They are
mixed, then they are “ignited” by laser, electric arc, or heating resistance. Materials
based on hydrazine, urea, glycine, or citric acid form the fuel for this reaction [14, 15].

The combustion method was unexpectedly discovered during the reaction
between aluminum nitrate and urea [16, 17]. A mixture of AI(NO;);.9H,0 and a
urea solution, when rapidly heated to about 500 °C in a muffle furnace, to burn
with an incandescent flame producing a bulky white product, which has been
identified as a-Al,O;.

2.3 Sol-gel method

Sol-gel process is considered as a soft chemistry method used for the synthesis
of ceramics [18]. The sol-gel process is a wet-chemical technique that uses either a
chemical solution or colloidal particles (sol) to produce an integrated network (gel).
This later is a semi-rigid solid where the solvent is held captive in the network of
solid material, which could be colloidal (concentrated sol) or polymeric [19].

The elaboration of materials by the sol-gel process, takes place via reactions of
inorganic polymerizations in solution from molecular precursors, generally metal
alkoxides: M(OR), where M is a metal of oxidation degree n (for example: Si, Ti, Zr,
Al, Sn...) and OR an alkoxyl group. After a drying step, a heat treatment leads to the
elimination of organic compounds to form the inorganic oxide material. These reac-
tions lead to gelation and the formation of a gel made up of M-OM (or M-OH-M)
chains, the viscosity of which increases over time. This gel still contains solvents
and precursors, which have not reacted. The “gel” phase in the sol-gel process is
defined and characterized by a solid 3D “skeleton” embedded in liquid phase. The
solid phase is typically a condensed polymeric sol where the particles have become
entangled to form a three-dimensional network. The reactions allowing this mate-
rial to be obtained are carried out at room temperature (Figure 1) [20, 21].
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Figure 1.
General scheme of sol-gel process.

The parameters influencing the reactions are the temperature, the pH, the
nature of the precursor and the solvent and the concentrations of the reactants.
However, the most significant are the pH and the [H,0] / [M] ratio. The pH
influences the morphology of the gel formed. In fact, an acidic pH accelerates
hydrolysis and slows down condensation unlike basic pH. A high rate of hydrolysis
(acidic pH) therefore promotes network growth and leads to a polymeric solution.
Under acid catalysis, which is the fastest synthesis route, the gel formed is called
a “polymer gel”: after gelling, an open structure is obtained. However, a low rate
of hydrolysis (basic pH) rather favors nucleation and leads to the formation of a
colloidal solution. In the case of basic catalysis, the size of the pores is controllable
(unlike acid catalysis). The gel formed is called a “colloidal gel” and has a large pore
structure (clusters) [22]. Once gelation takes place, the material undergoes drying
due to capillary forces in the pores and this drying could result in volume shrink-
age. The drying process for obtaining the sol-gel material requires that the alcohol
or water could escape as the gel solidifies. The evaporation process occurs through
existing holes and channels in the porous sol-gel material. The method of drying
dictate whether an aerogel or xerogel is formed. In fact, aerogel is obtained when
the liquid phase of a gel is replaced by a gas in such a way that its solid network
is retained, with only a slight or no shrinkage in the gel. It was usually achieved
under supercritical conditions of the solvent. It is characterized by low density and
high porosity. When the drying of gel is occurred by simple evaporation, xerogel
is obtained. It may retain its original shape, but often cracks due to the extreme
shrinkage that is experienced while being dried. After a drying process, the liquid
phase is removed from the gel. Then, a thermal treatment (calcination) may be
performed in order to favor further polycondensation and enhance mechanical
properties [23, 24].

Although this process requires the use of relatively expensive precursors, it has
many advantages:

* The high purity and the homogeneity of the solutions linked to the fact that the
different constituents are mixed at the molecular scale in solution
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* The controls of the porosity of the materials and the size of the nanoparticles

* The heat treatments required at low temperatures as well as the synthesis of
materials inaccessible by other techniques

Several materials were synthesized by the sol-gel process. CeO,-TiO, mixed
oxides aerogels with high surface area and stable anatase phase are obtained
via sol-gel process [25, 26]. Bismuth barium ferrite nanoparticles doped with
sodium and potassium metal ions (Big g5 . JMXBag 15FeO;, x = 0 and 0.1, M = Na
and K) were prepared by the sol-gel method by Haruna et al. [27]. Ahmoum
et al. [28] synthesized Zn; 4+Ni;O by sol-gel method. La;Mo0,04 nanoparticles
were synthesized by Zhang et al. [29] by the sol-gel process using lanthanum
nitrate La(NO)3.6H,0, and ammonium heptamolybdate (NH4)sMo;0,4.4H,0 as
precursors.

2.4 Coprecipitation method

Another classic soft chemistry synthesis method commonly developed in the
chemical industry is coprecipitation. This method involves bringing into play
several metal cations and a precipitating agent, which is most commonly ammo-
nium bicarbonate (NH4HCO;) or ammonium hydroxide (NH,OH). The use of
ammonium bicarbonate results in powders, which are less agglomerated than with
ammonium hydroxide or urea [30].

The coprecipitation method could be performed by:

* Direct way: addition of a solution of precipitating agent in the solution of
metal salts

* Reverse way: adding the metal salt solution to the precipitating agent solution

Synthesis by coprecipitation allows obtaining homogeneous ceramics and a
well-controlled particle size. Precipitation is characterized by two main processes:
nucleation, the birth of crystals, and crystal growth. These two phenomena deter-
mine the size distribution of the crystals. Indeed, nucleation corresponds to the
formation of the smallest crystalline entity called “germ” or “nucleus” Once super-
saturation is established (supersaturation is the driving force behind crystallization
processes), it takes a certain time, called the induction time, for germs to appear.
Crystal growth corresponds to the spontaneous evolution of germs of critical size
towards a state of greater stability [31].

The coprecipitation method offers some advantages:

* Fast and easy preparation
* Easy control of particle size and composition

* Various possibilities to modify the surface state of the particles and the overall
homogeneity

* Low temperature

* Does not involve the use of organic solvents
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However, it has some disadvantages:
* Not applicable to uncharged cash
* Traces of impurities could be precipitated with the product

* This method does not work well if the reagents have different precipita-
tion rates

For example, the synthesis of the Ceg sFe( s0O,, cerium and iron nitrates taken in
stoichiometric proportions are mixed with stirring. The basic precipitation medium
consists of an aqueous solution of ammonia. The precursors are then precipitated
dropwise from the reaction medium with vigorous stirring. The solution is left
to mature for 2 hours at room temperature before being washed with an aqueous
ammonia solution. The powder, strongly hydrated, is then placed in an oven over-
night. After a grinding step, a final calcination step at 600 °C for 5 hours, to remove
traces of nitrates, would be necessary [32].

2.5 Hydrothermal method

In a sealed vessel (bomb, autoclave), solvents can be brought to temperatures
well above their boiling points by the increase in autogenous pressures resulting
from heating. Performing a chemical reaction under such conditions is referred
to as solvothermal processing or, in the case of water as solvent, hydrothermal
processing.

Hydrothermal reactors are mostly metal autoclaves with Teflon or alloy linings
or containing an extra beaker or tube made of Teflon, platinum, or silver to protect
the autoclave body from the highly corrosive solvent, which is held at high tempera-
ture and pressure.

The influence of the conditions of hydrothermal synthesis (pH, temperature,
the nature of the precursors or the presence of surfactant) on the morphology and
size of the particles has been investigated by several researchers. Indeed, a high pH
favors the formation of nanoparticles. On the other hand, a lower pH favors the
formation of nanoparticles, which is explained by the evolution of the nature and
the proportion of soluble species in solution. The increase in temperature causes
an increase in particle size with a change in morphology [33, 34]. The synergistic
effect of high temperature and pressure provides a one-step process to produce high
crystalline materials without the need of post-annealing treatments. The hydro-
thermal method becomes useful when it is difficult to dissolve the precursors at low
temperatures or room temperature.it prove to be useful to grow nanoparticles if the
material has a high vapor pressure near its melting point or crystalline phases are
not stable at melting point [35].

In addition, the size of the particles of the precursor is an important parameter
in controlling the morphologies obtained. Nanotubes resulting from the hydrother-
mal synthesis of particles of small grain size (8-10 nm) have been proven to have a
larger outer diameter (10-30 nm), thicker layers and an ill-defined tubular shape
or incomplete. In contrast, large particles (~ 200 nm) lead to the formation, not of
nanotubes, but rather of layers [36].

The main disadvantage of hydrothermal method is the high cost of equipment.
However, it has many advantages; it could generate nanomaterials, which are
stable at elevated temperatures. In addition, it creates larger sized and high-quality
crystals and nanoparticles. In addition, this method could be combined with other
process like microwave, electrochemistry, ultrasound, optical radiation and hot
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Figure 2.
TEM images of hydrogenotitanate prepared by hydrothermal method (a) nanotubes and (b) nanowires.

pressing. By varying the synthesis conditions (t, T p, etc.) it is possible to vary phase
composition and particle size and to change the morphology. Hydrogenotitanate
nanotubes and nanowires (Figure 2), used as supports for ruthenium catalysts,
were obtained by hydrothermal method using highly concentrated NaOH and

KOH, respectively [37].

3. Preparation of intermetallic compounds
3.1 Synthesis by arc furnace

The synthesis of the intermetallic compounds was carried out either by
induction melting, by electric arc melting or by grinding, from a mixture of pure
elements (purity 99.99%). This mixture contains the elements (R: Rare Earth,

M: Transition Metal, T: Metalloids) in an amount corresponding to the desired
stoichiometry, except in the case of Sm-based compounds for which an excess of Sm
(4% - proportion mass) to have a stable phase.

The arc furnace uses the thermal energy of the electric arc established between
the tungsten electrode (W) and the metals placed in a copper crucible to obtain a
sufficient temperature to melt them (Figure 3). The technologies used can be the
cold crucible (crucible formed of cooled copper or stainless-steel sectors), the hot

T e —————

vacuum-sealed samples

Arc melting Agate mortar  Resistance furnace

Figure 3.
Synthesis steps using arc furnace method.
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crucible (graphite or others) or the use of a susceptor or muffle to radiate on the
material to be heated. As a result, cold electrical insulating materials (ceramic,
glass, enamels, silicon) can be treated in our induction furnaces. Plasma solutions
can be considered as a means of purification of materials. The tungsten electrode
and the base copper are connected to a generator that delivers a high intensity cur-
rent creating an electric arc that could reach temperatures above 3000 °C.

The principle is to create an electric arc between the tungsten tip of a welding
machine (Genesis 160, Imax = 160 A) and the surface of the sample. Care should
be taken not to touch the sample to prevent it from sticking to the tip. The electric
arc created induces a rise in temperature and the fusion of the various constitu-
ents. The crucible is cooled by circulating cold water, under high purity argon gas.
Zirconium-titanium alloy was used as an O, getter during the melting process,
which allows for a sudden quenching when the electric arc is stopped. In order to
ensure good homogenization, it is necessary to move the tip to the surface of the
sample but also to perform several fusions by inverting the ingot between each
heating. Care should be taken to work in a slight argon overpressure and to perform
several air-argon rinses in order to purify the atmosphere of the bell. Systematic
weighing after reaction makes it possible to assess the loss of mass of the most
volatile elements; this is related to the purity of the final products and limits to a
certain extent (<1%) the appreciation of the areas of homogeneity.

The arc furnace used could hold approximately 5 g of sample. For larger masses,
the use of an induction furnace is necessary. Annealing is a homogenization
technique that involves putting the sample at a high temperature for a specified
time. Prolonged heating causes an increase in thermal agitation and diffusion
coefficients, which allows atoms to organize themselves better, to find an optimal
structure corresponding to thermodynamic equilibrium at this temperature.

The furnace used for the annealing is controlled by a Microcor Coreci regula-
tor and the thermocouple is platinum/platinum rhodium (+ 5 °C). The bulk was
wrapped in a tantalum sheet. Samples were sealed in vacuum quartz tubes and
annealed at 800 °C for one week in order to reach a good homogenization and
improve the atomic diffusion kinetics. This temperature was chosen as a good
compromise between relatively fast diffusion kinetics and absence of reaction with
the quartz tube (Figure 3).

Intermetallic single crystals of compositions, Er¢Fe;;66Al534Co 65 [38], GdFe
037Gey, GdFe 5;Ge; [39], ErFe; 4Aly 6 [40] and polycrystalline SmNi, [41], SmNis
[42], Gd,Fe,.,Cu, [43], Nd,Fe,, . ,Co [44], Er¢Fes Al [45], SmNi,Fe [46],

SmNis ,Fe, (x = 0; 0,3 and 0,8) [47], GdFey, +Cry [48] were prepared by arc furnace.
These iron-based ternary diagrams R (Sm, Gd, Er, Nd)-Fe- M (Al, Cr, Cu, Co, Ni)
were achieved using arc furnace method [49-56]. The stoichiometric composition
of SmNis is confirmed by SEM and XRD analyses (Figure 4).

3.2 Synthesis by heating in a “high frequency” induction furnace

The induction furnace or high frequency furnace (Figure 5) consists of an
external coil inside which a non-inductive copper crucible, divided into sectors and
cooled by circulating water, supports the sample.

Prolonged annealing at high temperature under secondary vacuum between
1200 and 1750 °C should be carried out for two reasons:

* To complete the reaction (synthesis)

* To obtain crystals (crystallogenesis)
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Figure 4.
SmNis characterization: (a) SEM image and (b) XRD pattern and the corresponding Rietveld refinement.
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4 Inductor coil 9 Conductive sample

5 Copper crucible

(b)

Figures.
(a) Diagram of the induction furnace (b) photograph of the induction furnace.

The coil is traversed by a high frequency current (from 10 to 100 kHz), which
generates a variation of the magnetic field. Therefore, the metal sample, located
in the center of the coil, is subjected to an induced current or eddy current, which
causes the metal to heat up by Joule. The sample preparation is identical to that for
the arc furnace preparation. The pure metals are placed in the copper crucible.

As the temperature rises, each sector of the latter being cooled with water, any
contamination metal through the crucible is avoided. The crucible is protected from
the outside environment by a glass tube in which a secondary vacuum is created
before melting. This makes it possible to get rid of all gaseous species adsorbed on
the internal walls of the tube and on the surface of the sample. The power of the
high frequency generator is then gradually increased until all the metals melted to
combine with each other. The evaporation of metals is controlled with the manom-
eter indicating the vacuum state. Because of a significant increase in pressure is
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observed, argon is introduced into the tube. Five fuses in total are performed with
successive turning of the alloy between each of them to ensure the homogeneity of
the sample.

The induction furnace could synthesize up to 12 g of massive compounds.
Unlike the arc furnace, the melting is less violent because the temperature is
controllable. However, the preparation time in the induction furnace is longer
because to return the sample between each fusion, it is necessary to disassemble the
glass tube and therefore make the secondary vacuum again later to proceed with the
next fusion.

The polycrystalline PrTiFe;; «Coy (x < 3) [57] and YFe;1.4Co,TiC alloys (x = 0;
0.5; 1; 1.5, 2) [58]. Ingots were prepared by induction melting under argon
atmosphere.

3.3 Synthesis by high energy grinding

To carry out the fragmentation of the particles, it is necessary to set them in
motion in suitable equipment. Several studies [59, 60] have been carried out on the
grinding of polymers using vibrating fragmentation systems. Even if this technique
gives interesting results, this type of device is difficult to extrapolate industrially
because of the technological difficulties linked to the vibrating system. Thus,
the two crushers used were ball mill and agitated ball mill. These two mills have
the same operating principles but the energy transmitted to the powder to effect the
fragmentation is different. We would see later that some processes require several
tens of hours in the ball mill while they only require a few tens of minutes in the
agitated ball mill.

For preparation by mechanosynthesis, the starting materials should be in
powder form. This poses a problem due to their sensitivity to oxidation, especially
in the case of rare earths, which are very reactive to air. By means of the mechanical
composition, it is possible to manufacture amorphous alloys, supersaturated solid
solutions of immiscible elements in thermodynamic equilibrium, semi-crystalline
compounds, as well as unregulated metal alloys.

The “Pulverisette 4” planetary vario-mill [61] is a mill consisting of an animated
plate, with a rotational movement on which two jars are placed; rotating around
their axis in both directions relative to that of the movement without rotation of

1 Horizontal cut

2 Carrier disc movement
3 Centrifugal force

4 Direction of rotation of
the jar

Figure 6.
Planetary mill Fritsch (a) planetary mill “Pulverisette 47; (b) jar and grinding balls; (c) movement of the
balls inside the jars.
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the plate. The ratio between the speed of the jars o and the plate speed Q is called
the multiplicity factor, if Q/® > 1 the grinding is in shock mode, and if Q/® < 1 we
say that the grinding is in friction. As the directions of rotation of the disc and the
jars are opposite, the centrifugal forces resulting from these movements act on the
contents of the jars by creating high-energy effects of shocks, friction of the balls
on the walls of the jars in all directions and cause the powder to fission. Grinding

is carried out discontinuously; it is interrupted every 30 minutes for 15 minutes, to
limit the temperature rise inside the jars, as well as to avoid the problems of powder
clogging on the walls of the jars, which prevents further crushing. Previous experi-
mental studies have identified the necessary parameters; to avoid increasing the
temperature inside the jars, as well as to obtain a satisfactory nanometric powder.
The polycrystalline LaFe;3 . Siy (x = 1.4, 1.6, 1.8, 2.0) compounds were synthesized
by high energy ball milling using LaSi as a precursor to prevent oxidation of
lanthanum (Figure 6) [62].

4. Conclusion

The synthesis of new crystalline materials is a field of intense activity in
solid-state chemistry. In this chapter, the most adopted methods of synthesis of
the crystalline materials are described. The first part is dedicated to solid-state
method, combustion reaction, hydrothermal method, sol-gel process and copre-
ciptation method. These methods lead to different types of crystalline phase such
as organic and hybrids compounds, organometallics, oxides, intermetallic alloys,
etc. However, a control of several parameters such as temperature, pressure, etc. is
necessary.

The second part is devoted to intermetallic compounds synthesized by arc
furnace, induction furnace and high energy grinding methods.

The arc furnace is a system using electrothermal energy provided by an electric
arc to heat a load. Electric arc furnaces are used almost exclusively for the manufac-
ture of steel from scrap recovery or arcs develop between each of three electrodes
in graphite and metal, this last melt by direct attack bows digging wells in the solid
metal charge.

The induction furnace is an electric furnace operating thanks to the phenom-
enon of metal induction heating. This method presents several advantages; it is
clean, energy efficient and allows better control of the metals melting. The capaci-
ties of induction furnaces vary from less than one kilogram to one hundred tons;
they are used to melt iron and steel, copper, aluminum and precious metals.

Mechanosynthesis is a very high energy milling technique, which allows to
obtain metastable crystalline or nanocrystalline phases and to transform crystalline
phases into amorphous phases.
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Chapter 2

Effect of Operating Parameters
and Foreign Ions on the Crystal
Growth of Calcium Carbonate
during Scale Formation: An
Overview

Atef Korchef

Abstract

Due to the insufficiency of freshwater resources and to supply the drinking
water populations, many desalination processes such as reverse osmosis, electrodi-
alysis and distillation are widely used. However, these processes are of large-scale
consumers of energy and confronted with various problems such as corrosion and
scale formation. In most cases, scales are made of calcium carbonate CaCOs. In the
present chapter, an overview on the effect of operating parameters such as temper-
ature, pH and supersaturation on the precipitation kinetics, microstructure, and
polymorphism of CaCOjs is given. Additionally, I put special emphasis on the effect
of foreign ions such as magnesium, sulphate, and iron ions on CaCO3 precipitation
since they are present at significant concentrations in natural waters. Also, the
mechanisms by which these ions affect the crystal growth of CaCO; were pointed
out. Knowledge about these operating parameters as well as the effects of foreign
ions allow elucidating the polymorphs growth during water treatment. The control
of these operating parameters allows reducing scale formation during drinking
water and wastewater treatment. The economic impact is of greatest importance
since this favorably affects the treatment costs, increases the equipment life, and
allows enhanced product water recovery.

Keywords: water treatment, scale, calcium carbonate, cement, growth,
magnesium, sulphate, iron, CO,, supersaturation, pH, temperature

1. Introduction

Calcium carbonate CaCOj5 is a commercial material and a major constituent in
many natural systems. CaCOj is widespread in the natural environment such as
eggshells, corals, and sedimentary rocks [1-3]. CaCOj is applied as filler and pig-
ment in the production of paper, rubber, plastic, paint, textiles, and pharmaceuti-
cals [4, 5]. More interesting, CaCOs is used in ionic cements which are widely used
in bone and dental replacement biomaterials. Original compositions of
bioresorbable and biocompatible cements including a significant proportion of
synthetic CaCOj3 have been developed to meet a need for biomedical cements with
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increased resorption properties. Bone substitutes based on chemically treated natu-
ral CaCO; are biocompatible and bioactive. They are used in the form of powder
and porous ceramics [6-11]. Because of the higher solubility of calcium carbonates
compared to calcium phosphates, the introduction of a significant amount of a
metastable variety of CaCOj; (vaterite or aragonite) should give mineral cements a
higher rate of resorption and thus promote faster bone reconstruction [11, 12].

On the other hand, CaCO3 has a significant impact on energy production and
water treatment. The insufficiency of the freshwater resources and the require-
ments of drinking water will be increasingly manifest in the years to come. It is very
probable that the problem of water, just like that of the energy resources, will be
regarded as one of the determining factors of the stability of a country. The surest
and economic means to supply the drinking water populations require the desali-
nation of brackish, saline or sea waters by using different processes of desalination
(reverse osmosis, electrodialysis, distillation, etc). However, these processes are
generally of large-scale consumers of energy and confronted with various problems,
such as corrosion and scale formation (Figure 1) which cause enormous energy
losses. In most cases, scales are made of the sparingly soluble salt CaCO3 [13-19].
Because of its poor thermal conductivity and its good adherence to the walls, CaCO;
decreases the heat transfer rate, reduces the water flow rate, and even shortens
equipment life by corrosion [20, 21]. The crystallization of CaCO3 depends on
several operating parameters such as the mineralogical water composition, the
supersaturation of the treated water, the pH, and the temperature.

In the present overview chapter, I was interested in the scale problem through
CaCOj; precipitation encountered during drinking water and wastewater treatment
plants. The effect of the operating parameters such as temperature, pH, supersatu-
ration, and foreign ions on the CaCOj crystal growth, microstructure and polymor-
phism was exposed. Knowledge about these operating parameters for CaCO3
crystallization as well as the effects of foreign ions, especially magnesium, sulphate,
and iron ions, is very important in the elucidation of the CaCOj3 polymorphs growth
during water treatment. The presence of mineral ions can have a major influence on
the crystal growth and microstructure of CaCOj3 since they are present with signif-
icant concentrations in natural waters. The economic impact is of the utmost
importance. Indeed, the control of the operating parameters makes it possible to
inhibit or reduce the scale formation during the treatment of drinking water and
wastewater in different industrial processes such as desalination units, water pumps

Figure 1.
Scaling through CaCO; precipitation in drinking water pipes.
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and heat exchangers. This positively affects processing costs, increases the life of
the equipment, and enhances the product water recovery.

2. Polymorphism of calcium carbonate

Calcium carbonate has six different polymorphs: one amorphous CaCOj3, two
hydrated crystalline ones (hexahydrate CaCO3-6H,0 and monohydrate
CaC03-H,0), and three anhydrous crystalline polymorphs that are the hexagonal
vaterite, the orthorhombic aragonite and the rhombohedra calcite [22-25]. The
X-ray diffraction (XRD) diagrams of these polymorphs are shown in Figure 2. For
CaCOj; polymorphs, the solubility increases in the order of calcite, aragonite, and
vaterite [26, 27]. Calcite is the most stable polymorph under ambient atmospheric
conditions [26]. In the presence of water, vaterite, which is the least thermody-
namically stable polymorph, easily transforms into the more stable calcite or
aragonite [28]. Environmental conditions play effective roles in crystal growth and
morphological changes, namely, the solution supersaturation, calcium concentra-
tion, pH, and temperature. These experimental parameters should operate together
and control the polymorphism of CaCOs.

3. System CaCO3-H,0-CO,

Scaling is a complex phenomenon that takes a long time to manifest itself in
industrial or domestic facilities. Several techniques, such as mechanical stirring
[29], aeration [30], electrochemical precipitation [31], magnetic water treatment
[32] have been used in laboratories to assess the effectiveness of chemical or phys-
ical treatment, and the influence of certain parameters on scale formation over
time. However, the most interesting method used for CaCO; precipitation is the
CO; repelling method [16, 17, 33] where the CO, containing solution is air bubbled
which increases the solution pH and provokes the CaCOj; precipitation (Figure 3).
Indeed, this method is an accelerated simulation of the natural scaling phenomenon
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Figure 2.
XRD diagrams of vaterite, calcite and aragonite.
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Figure 3.

Schematic illustration of the CO, repelling method used for CaCO; precipitation. A cylindrical cell containing
a diffuser at the bottom and covered with a lid. The lid contains different openings, one of which allows samples
to be removed to determine the calcium amount left in the solution and another opening allows CO, repelling
from the solution while the air is bubbling. The flow of the injected air was controlled by an air flow meter, and
the temperature of the solution was controlled by a thermostat with circulating water. An electrode is used to
record the pH.

in which the precipitation of CaCOj takes place, in a short experiment time that do
not exceed 90 min, following the removal of the dissolved CO, by the atmospheric
air, according to the following reaction [16, 17]:

Ca®" +2HCO; — CaCO;3 + CO, + H,0 (1)

The saturation index (SI) is a measure of the deviation of the system from
equilibrium. When SI < 0, the solution is undersaturated and no crystallization
occurs. When SI = 0, the solution is in equilibrium, and when SI > 0, the solution is
supersaturated, and crystallization could occur spontaneously. For CaCO3, SI is
given by the following equation:

SI = logQ (2)
Ca*")(co3 ) . . . . .
where Q =122 — (512{# is the supersaturation ratio of the solution with
sp sp

respect to CaCOj3 and IAP and K, represent respectively, the ionic activity product
and the thermodynamic solubility product of CaCO3. The solubility products of the
different polymorphs of CaCOs, given in Table 1, were determined by the temper-
ature dependent equations given by Plummer and Busenberg [27] and Brecevic and

Kralj [4].(Ca®") = yg,+ [Ca®*] and (CO3™) = ycpp [CO3] are the activities of the
ions Ca®* and CO3>", respectively. The activity coefficients y,»+ and Ycor are
calculated using the extended Debye-Huckel equation:

AZII

_—1—|—Ba,~\/j+bi\/j 3)

logy; =
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Polymorphs —log Ks Tin therange Ref.
Calcite 171.9065 + 0.077993 T — 2839.319/T — 71.595 log(T), T in K 0-90°C [27]
Vaterite 172.1295 + 0.077996 T — 3074.688/T — 71.595 log(T), T in K 0-90°C [27]
Aragonite 171.9773 + 0.077993 T — 2903.293/T — 71.595 log(T), T in K 0-90°C [27]
Amorphous 6.1987 + 0.0053369 T + 0.000109 T?, T in °C 10-55°C [4]
CaCO5-H,0 7.050 + 0.000159 T2, T in °C 10-50°C [4]
CaCO3-6H,0 7.1199 + 0.011756 T + 0.000075556 T2, T in °C 10-25°C [4]
Table 1.

Logarithmic solubility products of the various polymorphs of calcium carbonate CaCO; as a function of
temperature.

where A, B are constants defined by Harmer [34], a; and b; are ion-specific
parameters assigned by Truesdell and Jones [35], Z; is the valence of the i-species
and I is the ionic strength:

1
1=2) Zici (4)

where c; is the concentration of the i-species.

In the carbonation process, the CO, gas firstly dissolves into water to form the
carbonic acid H,CO3; which transforms into HCOy, CO%’ and H" according to the
following equations:

COz(g) — COz(lq), P(;O2 = I(H(COQ) (5)

COz(lq) + H,O « H,COs3 (6)

H,CO; «+» HCO; +H", (HCOs)(H') _ 1071 %)
(COy)

HCO; o cor 1 ur, (COE)HED ok, -
(HCO; )

where Ky, K; and K; are the Henry’s law coefficient, first and second dissocia-
tion constants of carbonic acid (given in Table 2 [36]), respectively and (HCOy5),
(H") and (CO,) are the activities of the ions HCO3, H" and CO,, respectively.
The electric neutrality of the calco-carbonic solution gives:

2[Ca®*| + [H'] = [OH | + [HCO; | +2[CO5 ]| 9
and
_ 41 _ _
(coi) = Yeor- [coi ] = SYeor (2[Ca**] + [H'] — [OH"] - [HCO;])  (10)
From Eq. (8), the activity of CO3~ is determined by:
(CO37) = (HCO3)10P" 1% = yyo0- [HCOz | 107742 (11)
where yo2- and yyo, are the activities coefficients of the ions CO3~ and HCOj,

respectively. It is worth to note that the concentration of HCOj; ions can be
assumed to be equal to the total alkali concentration (TAC) for pH in the range
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Carbonation process CO; (g) < CO, (Ig) CO, (Ig) + H,O <~ H,CO; HCO; < CO5* + H*
H,CO; <> HCO5;™ + H*
Equilibrium equation Pco, = Ku(COy) (HCO7)(HT) 10-Ks (cor)H") 10~k
(o G
Equilibrium constants Ky x 107° Ky K,
(PaLmol™})
Temperature (°C) 25 22.549 6.4 10.35
30 33.769 6.37 10.31
40 42.586 6.34 10.24
50 51.920 6.32 10.19
60 61.476 6.33 10.16
Table 2.

Henry’s law coefficient (Ky), and first and second dissociation constants (K,, K,) of carbonic acid for different
temperatuves (values ave taken from Ref. [36]).

6-8.8. Indeed, [CO; | and [OH | are small in this pH range [37] and in a first
approximation:

TAC = [HCO5 | +2[CO5 | + [OH |~ [HCO; | (12)

4. Effect of operating parameters on CaCO; precipitation

The solubility of CaCO; polymorphs increases in the order of calcite, aragonite,
and vaterite [26, 27]. Environmental conditions play effective roles in the crystal
growth and morphological changes of CaCOs. Indeed, the nucleation and growth
kinetics of CaCO; as well as the morphology and polymorphism of the obtained
precipitates are affected by various key operating parameters such as supersatura-
tion [23, 28, 38], temperature [37, 39, 40], and pH [41-43]. These experimental
parameters operate together and control the polymorphism of CaCOs. For example,
it was shown that vaterite can be obtained at high superasaturations and low
calcium concentrations typically below 10> M [44], solution pH in the range
8.5-10 [45] and/or low temperatures in the range 20-40°C [45, 46].

Séhnel and Mullin [38] showed that the crystal growth rate of CaCOj; increased
with increasing the solution supersaturation. Vaterite was favored in moderate
(S < 6.5) to enhanced supersaturation solutions [28, 44] and smaller vaterite crys-
tals were obtained when supersaturation increased [28]. High supersaturations in
the range 4—14 prevented the transformation of vaterite into calcite and increased
the crystal growth rate [16, 23].

It is worth noticing that the initial calcium concentration in the solution has an
important impact on the polymorphism of CaCOj3. Indeed, it was found that calcite
did not crystallize at decreased Ca** concentrations (typically below 10> M), and
only vaterite was obtained when CaCOj3 was prepared, at 25°C, by a CO,/N, mixed
gas bubbled into a solution of CaCOj3 [23]. This agrees with the results of Korchef
[16] who showed that vaterite was the predominant polymorph at 28°C, for a
supersaturation in the range 4-14, and calcite was not detected, because of the low
initial calcium concentration (4 x 10~3M). Thus, for a solution supersaturated with
respect to calcite (~15-62), aragonite (4-17) and vaterite (10-38), vaterite was
favored for an initial calcium concentration 4 x 107> M (<10 > M), a precipitation
pH in the range 8.4-8.8 and a temperature of 28°C [16].
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The temperature and the solution pH are considered as critical parameters in
controlling the kinetics crystallization, polymorphism, and morphology of CaCO3
particles. At room temperature, calcite is the most predominant phase. At
temperatures higher than 50°C, CaCO; precipitates as needles-like aragonite crys-
tals [47-50]. At conditions of spontaneous CaCOj; formation preceded by the lapse
of induction time, the increase of temperature, at fixed ionic strength, results to the
decrease of the induction time and to the increase of the crystalline growth rate and
also the amount precipitated [37]. Chen and Xiang [46] investigated the effect of
temperature on the structures and morphology of CaCOj; crystals obtained by double
injection of CaCl, and NH,HCOj solutions with a 1:1 molar ratio. At 30—40°C, they
obtained crystals of lamellar vaterite. At higher temperatures of 50-70°C, a mixture
of calcite and aragonite formed, and only aragonite whiskers crystallized at a tem-
perature of 80°C. However, aragonite was not detected when CaCOj3 precipitated by
mixing calcium acetate Ca(C,H30,), and ammonium carbonate (NH,4),CO;3 [40].

In their recent publication, Korchef and Touabi [17] studied the effect of tem-
perature and initial solution pH on the crystallization of CaCO3; by CO, repelling.
They showed that vaterite and aragonite were the polymorphs of CaCOj; collected at
28°C and 50°C and the increase in temperature from 28-50°C leads to the accelera-
tion of CaCO; nucleation and crystal growth. This is was explained by higher
supersaturations with respect to aragonite (in the range ~ 40-69) and vaterite
(between ~12 and 21) obtained at 50°C than those obtained at 28°C. The increase of
the initial solution pH accelerates the CaCOj; precipitation. Indeed, the solution
supersaturation increases with increasing the initial pH of the solution. This accel-
erates the nucleation and growth of CaCO;. For example, at the initial solution pH 7,
the supersaturation ratios with respect to calcite and vaterite are in the ranges
~17-30 and ~5-8, respectively. For the initial solution pH 9, CaCO3 precipitation is
instantaneous and the supersaturation ratios with respect to calcite and vaterite
significantly increase, i.e., in the range ~51-84 for calcite and in the range ~14 -23
for vaterite. However, at constant supersaturation, it was shown that the growth
rate of calcite decreases with increasing pH from 7.5 to 12 [41]. This is because the
surface concentration of active growth sites decreases with increasing pH of the
solution. Ramakrishna et al. [42] prepared CaCOj crystals by mixing Na,, CO3, and
CaCl, solutions injected simultaneously into distilled water at different pH values.
They showed that pure aragonite needles were formed at pH 10 and a mixture of
calcite and aragonite was obtained when increasing the pH from 11 to 12. At high
pH values, typically greater than 12, calcite was favored [43], and at pH lower than
8, vaterite was obtained [23]. Using a constant composition method, Tai and Chen
[45] showed that vaterite was the predominant phase obtained, at 24°C, in the pH
range 8.5—10, which is comparable to the precipitation pH range obtained when
CaCOj; was precipitated by the CO, repelling method (8.4—8.8) [16, 17]. For solu-
tion pH lower than 7-7.5, no precipitation of CaCO; was detected [17]. This result is
of utmost importance in inhibiting CaCO; precipitation during scale formation in
water and wastewater treatment processes, as will be discussed in the last paragraph
of the present chapter.

5. Effect of foreign ions on CaCOj; precipitation

The presence of mineral ions can significantly influence the crystal growth and
microstructure of CaCO3; [50-59]. Among mineral ions, sulphate and magnesium
ions are widely studied [50, 53-59] since they are present at significant concentra-
tions in natural waters. Compared to sulphate and magnesium ions, the impact of
iron on the precipitation of calcium carbonate seems to be less studied and it
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appears to be a lack of reliable data on its impact on CaCOj3 precipitation, especially
at elevated temperature and different pH. Figure 4 shows a tank highly containing
iron-rich water. Iron ions can be present in the aqueous phase either from the
corrosion of metallic parts in water desalination processes, such as tanks and pipes
[60] or they may be present in groundwater at concentration levels depending on
the mineral composition of the aquifer [61]. The water treatment processes are
selected according to the water salt concentration. Indeed, membrane technological
processes are used to desalinate brackish water containing salt concentrations below
10 g/L, however, reverse osmosis and thermal distillation are generally used to
desalinate sea water with salt concentration above 30 g/L. Note that the typical iron
concentration in the water used for the above mentioned processes is approximately
2.8 mg/L [62]. Groundwaters containing more than 0.2 mg/L of iron should be
treated if used for drinking water [63]. Therefore, it is of great importance to
understand how iron and calcium ions interact with each other during CaCO;
precipitation. Throughout the followings, I put a special emphasis on the effects of
magnesium, sulphate and iron ions on the precipitation kinetics, microstructure,
and polymorphism of CaCOs. Also, the mechanisms by which these ions affect the
crystal growth of calcium carbonate were pointed out. Knowledge about the effects
of these ions is very important in the elucidation of the growth polymorphs during
water treatment.

5.1 Effect of magnesium and sulphate ions

It was shown that both sulphate and magnesium ions inhibit CaCOj crystalliza-
tion [50, 55, 56], even though some discrepancies on the effect of sulphate ions were
revealed. For example, at fixed temperature and ionic strength, Karoui et al. [50]
showed that, the addition of sulphate ions to the CaCOj solution increased the
induction time and decreased both the crystal growth rate and the amount of the
precipitated CaCOs. Comparable results were found by Vavouraki et al. [57]. How-
ever, Tlili et al. [64] showed that sulphate ions increase the growth rate of CaCO;
precipitated electrochemically. Many works [51, 65, 66] have shown that sulphate
ions inhibit vaterite transformation and enhance the calcite formation for low
concentrations. At high concentrations, it was shown that sulphate ions

Figure 4.

A tank containing iron-vich water. Iron ions can be present in the aqueous phase either from the corrosion of
metallic parts or they may be present in groundwater at concentration levels depending on the mineral
composition of the aquifer.
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(i) increased the nucleation time [50], (ii) decreased the precipitation rate of calcite
formation [57] and (iii) promoted the formation of aragonite via a
dissolution—precipitation process after long reaction times [55, 59].

The temperature and the ratio of magnesium to calcium control the precipitation
kinetics, the type of polymorph and the morphology of the CaCOj3 precipitates
[37, 64, 67]. For example, it was shown that when the Mg2+/ Ca?* ratio passes from 0
to 4, with a Ca**concentration of 4 x 10> mol L7, the scaling time increases from
50 to 400 min, respectively [64]. Mejri et al. [37] studied the effect of magnesium
ions on the CaCOj precipitation, by the CO, repelling method, at different temper-
atures between 30°C and 60°C and with different magnesium to calcium molar
ratios (R) in the range 2-5. They showed that, at a fixed temperature, the increase of
Mg** concentration significantly increased the induction time (t,) and decreased
both the initial crystal growth rate (V;) and the amount precipitated (Rp). For
example, at 40°C, t, passed from 7 to 30 min, V; passed from 0.57 to 0.49 M min~
and Rp decreased from 81 to 56% when R passed from O to 5, respectively. The
increase in temperature from 30-60°C weakens the impact of magnesium ions on
the retardation of CaCOj; precipitation. These results agree with previous works
[38, 67-69], showing that the induction time significantly increased due to the
presence of Mg”*. At high concentrations of magnesium, amorphous CaCOj
exhibited a prolonged stability, while it transformed instantly to calcite and vaterite
in pure water [58]. In the presence of high amounts of Mg**, CaCOj; exclusively
precipitated as aragonite while calcite and vaterite formed when no Mg** ions are
present [70]. At low temperature of 30°C, the addition of Mg** ions favored the
crystallization in the bulk solution of secondary aragonite, resulted from the
transformation of vaterite nuclei, while primary aragonite was favored, at high
temperature of 60°C, with larger particles sizes than those obtained at 30°C [37].

1

5.2 Effect of iron ions

The results reported in literature on the effect of iron ions on CaCOj; precipita-
tion are often contradictory. For example, Kelland [71] found that iron ions con-
centrations below 25 ppm did not affect the CaCOj precipitation in high pressure
dynamic tube blocking tests. Comparable results were found by Lorenzo et al. [72]
who studied the effect of ferrous iron ions on the CaCOj3 growth by the constant
composition method. However, Herzog et al. [73] found that, in magnetic water
treatment devices, an excess of ferrous ions (5.6 ppm) strongly inhibits both calcite
growth and the transformation of aragonite to calcite. The inhibiting effectiveness
depends strongly on the solution supersaturation [16, 17, 74-76]. Indeed, at high
supersaturations, the inhibition effectiveness of iron on CaCOj crystallization is
small. In that case, the inhibition effectiveness can be improved by lowering the
solution pH, increasing the iron concentration and/or by lowering the solution
supersaturation [16, 17]. At relatively low supersaturations, the addition of iron ions
retards the CaCOj; precipitation. Past the onset of nucleation, iron ions enhance the
growth rate of CaCO3 and most of CaCO5; amounts precipitate in the bulk solution
instead of on the cell walls minimizing, therefore, the risks of scaling. Scaling is
defined as the precipitation on the cell walls [16]. These results agree with those of
Katz et al. [74] and Takasaki et al. [76] showing that lower supersaturations require
less iron for the same extent of CaCOj3 growth inhibition.

It was shown [16] that for both temperatures 28°C and 50°C, the addition of iron
retarded the nucleation of CaCOj and, most important, it decreased the CaCO;
precipitation in the cell walls which can be easily collected, reducing therefore scale
phenomena in water treatment devices. At a fixed temperature of 50°C, the increase
in the iron concentration in the solution to 0.5 mg/FeL did not significantly affect
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the CaCOj precipitation [17]. Comparable result was obtained by Macadam and
Parsons [77] who showed that addition of 0.5 mg L of iron did not affect the
induction time of CaCOj precipitation by magnetic stirring at 40°C. For higher iron
concentrations, the solution supersaturation decreased, and the inhibition effec-
tiveness of iron ions became more pronounced [17]. At 50°C, the addition of iron
ions in the solution promoted aragonite formation rather than vaterite. Indeed, with
the increase in the iron ions concentration, the solution supersaturation decreased
and the dissolution of vaterite became, most likely, faster which promotes aragonite
formation. However, at 28°C, the addition of iron ions did not affect the nature of
the precipitated phases vaterite and aragonite, and vaterite with rough surfaces was
the predominant polymorph. This was explained that iron ions substituted partially
Ca?*, which inhibits vaterite dissolution and prevents the transformation of vaterite
into aragonite [16, 17].

For a given iron concentration, increasing the initial pH causes the decrease in
the induction time and the increase in the initial crystal growth rate. However,
increasing iron ions concentration at a fixed pH in the range 7-9, results in the
decrease in both the induction time and the crystal growth rate of CaCO; [17].
Additionally, the increase in iron ions concentration at a fixed pH reduced the
amount of the precipitates obtained and, however, enhanced the precipitation of
CaCOs; in the bulk solution, reducing therefore the risks of scaling. Therefore, the
CaCOj precipitation on cell walls, which causes the major phenomenon of scaling,
could be lowered by enhancing the initial solution pH or by controlling the concen-
tration of iron ions in the solution. However, the increase of the initial solution pH
leads to high amounts of CaCOj3 precipitates and even when formed in the bulk
solution, they can agglomerate and block up different parts of the water treatment
devices such as pipes and conducts, resulting in the blockage of fluid cooling. This
increases processing costs, decreases equipment life, and decreases the product
water recovery.

At 28°C and initial pH 8, calcite and vaterite were obtained. The increase in iron
concentration in the solution resulted in an increased formation of calcite. At initial
pH 9 and iron concentration of 4 mg/FeL, calcite was the only phase detected. At
28°C, the increase of the initial solution pH resulted in the disappearance of arago-
nite and the precipitation of vaterite and calcite. Iron ions addition up to 4 mg/FeL
accelerated the transformation of vaterite into calcite and only calcite with stepped
surfaces (Figure 5) was obtained at initial pH 9 [17]. The stepped surfaces were
explained by iron ions adsorption or to difficulties in incorporating building units
into the surfaces of calcite crystals [78].

5.3 Effect of chloride ions

For high concentrations, chloride might affect the stability of calcium in the
solution, and thus the precipitation of CaCO3. However, at relatively low tempera-
tures between 15°C and 85°C, the equilibrium association constants of calcium ions
with chloride ions in aqueous solution reported in literature are small. In fact, logk
varies between —0.28 and —0.04 [79-83] which indicates, therefore, the instability of
the ion pairs. Korchef and Touabi [17] showed that, at 28 and 50°C and for low
concentrations of chloride below 0.18 mM, calcium chloride ion pairs either do not
form or have stability fields too small to remarkably decrease the free calcium ion
concentration in the solution and to reduce, therefore, the CaCO3 growth rate. Cal-
cium chloride ion pairs form at higher temperatures, i.e., for temperatures in the
range 100-360°C, the stability field for CaCl" decreases with enhancing temperature,
whereas that for C’aClg increases significantly [84]. It should be noted that higher
order calcium chloride ion pairs do not form or have small stability fields.
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Figure 5.
Calcite with stepped surfaces obtained at 28°C, initial solution pH 9, and iron ions concentration of 4 mg/FeL.

In addition, chloride ions can be added as sodium chloride NaCl. Tai and Chen
[45] studied the effect of ionic strength and additives concentration on the poly-
morphism of CaCOj; formed in a constant composition environment. They adjusted
the ionic force by NaCl addition which is, they found, inactive in the polymorphic
form. Moreover, Takita et al. [85] showed that low concentrations of NaCl in the
range 0.1-0.5 M did not remarkably affect the solubility of CaCO;. However, when
an excess of NaCl (2.5 M) was added, the solubility of CaCO; increased which
promoted the vaterite to calcite transformation. The resulting high concentration of
CaCOj favored crystal growth rather than nucleation.

5.4 Effect of additives and dissolved organic matter

Ukrainczyk et al. [86] investigated the effect of salicylic acid derivatives on
calcite precipitation kinetics and morphology. Their results showed that the
adsorption of additive molecules lowered the CaCO5 growth rate by blocking the
propagation of growth sites. This causes the formation of steps and jagged and
discontinuous surfaces. Comparable results were obtained for magnesium-
containing solutions, where calcite crystal edges were rough and growth steps were
apparent [55]. Comparable effects were also found when iron was added [16, 17].
The presence of additives, such as monoethylene glycol (MEG), prevents the
vaterite to calcite transformation and stabilizes the formation of the relatively
unstable vaterite polymorph. For example, Natsi et al. [87] showed that, in the
presence of low concentrations of MEG of (10—20% v/v), vaterite was stabilized.
At stable supersaturated solutions, seeded with quartz and calcite crystals, the
growth of CaCOj3 was significantly reduced with the increase of MEG concentra-
tions. At 60% of MEG, the vaterite/aragonite- to-calcite transformation was
prevented, whatever the synthesis temperature [88].

On the other hand, it was shown that dissolved organic matter (DOM) inhibits
CaCOgs crystal growth [89]. The inhibition effect was related to the formation of
calcium complexes and the occupation of the CaCO; growth sites which resulted in
CaCOj; rough surfaces. Dzacula et al. [90] studied in vitro precipitation of aragonite
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in artificial seawater at a high supersaturation of 11, and at a low supersaturation of
5.8. In either chemical systems, different concentrations of soluble organic matter
(SOM), extracted from the symbiotic coral B. europea (SOM-Beu) and the a-
symbiotic one L. pruvoti (SOMLpr) were added in order to investigate their effect
on crystal growth or nucleation processes. They showed that, at high supersatura-
tion, the SOMs increased the induction time but did not change the growth rate, and
they were incorporated within nanoparticles aggregates. At low supersaturation, the
SOMs affected the overgrowing crystalline unit aggregation and did not substan-
tially affect the growth rate.

6. Possible mechanisms

According to the Ostwald [91] law, the least stable phase, that has the highest
solubility, precipitates first and subsequently transforms to the more stable one.
This transformation can be either a solid-state transition that invokes internal
rearrangements of atoms, ions or molecules [92, 93] or a solution mediated trans-
formation that invokes the dissolution of the metastable phase in the solution and
simultaneous precipitation of the stable phase [94, 95]. It was shown that the
amorphous calcium carbonate is a precursor in spontaneous precipitation of CaCO;
at relatively high supersaturations. The amorphous phase, which consists of spher-
ical particles with the diameter in the range 50-400 nm, dissolves rapidly in an
undersaturated solution and it undergoes a rapid transformation to one of the more
stable anhydrous forms (calcite, vaterite and aragonite) [4]. Therefore, the unstable
amorphous calcium carbonate is firstly formed [36]. Then, it transforms into crys-
talline phases which are vaterite, calcite and aragonite. The vaterite can be
transformed gradually into calcite or aragonite following two steps that are (i) the
vaterite dissolution and (ii) the calcite or aragonite growth [71]. The second step
controlled the overall rate of vaterite transformation to the most stable phase calcite
or aragonite [96]. The two hydrated crystalline forms of calcium carbonate, calcium
carbonate hexahydrate CaCO3-6H,0 and calcium carbonate monohydrate
CaCO03-H,0, are more stable than the amorphous CaCOj3. Calcium carbonate
monohydrate crystallized in well-defined spherical crystals with diameters in the
range 15-30 mm and calcium carbonate hexahydrate crystallizes in well-defined
rhombohedral crystals in the size range between 10 and 40 mm. Generally,
hydrated forms precipitate from supersaturated solutions before the more stable
anhydrous forms calcite, vaterite and aragonite [4].

As shown above, both sulphate and magnesium ions inhibit CaCOj crystalliza-
tion [50, 55, 56]. The inhibition effect of magnesium ions was explained by (i) the
increase in calcite solubility induced by magnesium ions insertion into the calcite
crystals by substituting calcium ions [97]. This substitution depends on the Mg*",
Ca®* and SOi_ ions concentrations [50], (ii) accumulated strain provoked by
smaller magnesium ions incorporation [50, 56] and (iii) adsorption of magnesium
ions on calcite surfaces [56]. Indeed, based on the calculation of defect-forming
energies in the crystalline lattice of aragonite, Mandakis et al. [98] showed that Mg**
ions can substitute Ca** ions. This substitution may take place in the volume of the
orthorhombic lattice of aragonite or on the crystal surfaces. Assessing the mechanism
by which Mg** ions act to inhibit the crystalline growth of CaCO; requires an under-
standing of the changes that must occur when an ion is transferred from the solution
to its location in the crystalline lattice. In the solution, Mg>* ions are surrounded by
six molecules of H,O [99]. The incorporation of Mg2+ ions implies therefore the
replacement of the H,O molecules by six carbonate groups of the CaCOs lattice. This
is done by partial dehydration (replacement of three H,O molecules by oxygen from
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the calcite lattice) and then diffusion to a growth site and total dehydration (replace-
ment of the three remaining H,0O molecules) [99]. According to Folk [100], the
adsorption and incorporation of Mg”* ions into the calcite lattice leads to the distor-
tion of the crystalline lattice because of the lower ion radius of Mg>* than that of Ca**
(Figure 6). Thus distorted, the crystalline structure of the calcite can no longer accept
the following Ca**, which comes to seek its position in the CaCOj lattice. Therefore,
the crystalline growth of calcite is inhibited. This results in a solubility of calcite
containing Mg2+ ions greater than that of pure calcite (without Mg2+) [101].

Sulphate ions can be incorporated into the CaCOjs lattice structure. Kitano et al.
[97] demonstrated that this incorporation is easier in calcite than in aragonite and
that with the increase in NaCl concentration in the solution, the sulphate ions
content in calcite decreases significantly while in aragonite it remains constant. A
simple model that describes the incorporation of sulphate into the calcite lattice was
proposed by Kontrec et al. [102]. In this model, a carbonate group can be replaced
by sulphate. Three oxygen atoms of the tetrahedral sulphate structure, which
occupies an area of 256.4 A%, are accommodated in place of the planar carbonate
group occupying a smaller surface area of 212.1 A% Sulfur and the fourth oxygen of
the sulphate group are outside the carbonate plane. As a result, this substitution
causes the crystalline lattice of calcite to be distorted. The distortion on the c-axis is
more important than on the other two axes (a and b). A comparable model was
proposed for the incorporation of sulphate ions into the orthorhombic structure of
aragonite [50, 51]. In addition, sulphate ions can be adsorbed on the CaCOj3 surfaces
[50]. This adsorption was explained by a mechanism involving a change in the
surface charge of CaCO; and a contribution of the Ca” ions to the release of car-
bonate ions from the surface of CaCOs. Indeed, Strand et al. [103] showed that the
negatively charged carbonate ions are released from the surface of CaCOj3 (desorp-
tion) which leads to a positively charged surface. It should be noted that the
causes of this desorption have not been mentioned but it was shown that, using a
measure of zeta potential, sulphate and calcium ions generate the properties of the
CaCOgj/water interface. The sulphate ions are adsorbed on this surface and the
released carbonate ions react with the Ca?* ions to form CaCO; on this same
surface (Figure 7). This adsorption increases with temperature and/or Ca®* ion
concentration [103].

The inhibitory effectiveness of iron ions on CaCOj3 nucleation, and growth
was generally attributed to that (i) iron ions are blocking the growth sites of
CaCOj; by incorporating the growing layers, which leads to a strained lattice
where calcium ions no longer fit [72] (ii) the formation of colloidal iron oxides,
i.e., Fe;03 [104] (iii) iron precipitates mainly in the form of siderite, which acts as
heterogeneous sites for CaCO; precipitation and improves the scale inhibition
effectiveness.

The formation of iron oxides and their interactions with CaCOj3 remain
controversial. For example, experiments were conducted by Herzog et al. [73] on
various forms of ferric hydroxide to test if a form is effective for the heterogeneous
nucleation of CaCOj3. They found that the tested forms of iron hydroxides or
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Figure 6.
Calcite lattice distortion due to the incorporation of Mg**.
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CaCOs solid

Figure 7.
Schematic illustration of the adsorption of sulphate ions on the surfaces of CaCO;.

hydrated iron oxides did not have any effect on CaCOj3 nucleation and growth. This
disagrees with the results of Mejri et al. [105]. In fact, they studied the CaCO3
precipitation in 2 mM Ca(HCOs3), solution in the presence of iron ions concentra-
tions between 5 and 20 mg L. They showed that iron ions addition promotes
CaCOj precipitation. This was attributed to the formation of iron hydroxide before
the onset of CaCOj; precipitation which plays a role of seed and initiates the CaCOj;
nucleation. Coetzee et al. [104] showed that the addition of iron had a small effect
on the crystal morphology but reduced the induction times. The enhanced nucle-
ation rates were explained by the formation of hematite Fe,03 colloids that act as
seed crystals and increase the heterogeneous nucleation process. What is more, it
was shown that the presence of Fe** ions in contact with calcite surfaces accelerates
calcite dissolution sites during its oxidation and co-precipitation onto calcite sur-
faces as ferric iron hydroxide, which was rapidly transformed into FeOOH
nanoparticles [61]. Thus, the water being treated can be softened by iron precipita-
tion and the final product can be reused as mineral filler powders or as a pigment
for industrial applications.

The formation of siderite FeCO3 on the CaCOj surfaces blocks growth sites and/
or forms a protection layer. This layer retards the CaCOj3 precipitation and
decreased the corrosion rate of mild steel in simulated saline aquifer environments
[106]. The formation of siderite, before the onset CaCO; precipitation, was exper-
imentally observed by scanning electron microscopy [16]. FeCO3; was formed at
relatively low supersaurations and serves as a seed for heteronucleation of vaterite.
At high supersaturations, however, FeCOj either does not form or has stability
fields too small to remarkably affect the CaCOj; precipitation. In fact, it was shown
that CaCOj; crystallizes in higher amounts than FeCO; in a solution supersaturated
with respect to both FeCO3; and CaCOj; [107], and FeCOj precipitation is not
probable, at high supersaturations, because calcium ions increase the solubility of
FeCOj decreasing, therefore, its precipitation rate [107, 108]. It was shown that,
when the carbonate system presents relatively high concentrations, iron solubility is
controlled by FeCOj; rather than by Fe(OH), in CO, saturated solutions [109]. This
was confirmed by Korchef’s work [16]. Indeed, according to Korchef’s mechanism
[16], FeCO; forms first from amorphous iron hydroxide, i.e., consistent with the so-
called nonclassical nucleation theory [110] and then serves as a template for
heteronucleation of CaCO3;. When the concentration of the iron ions increases, the
amount of FeCOj3 formed increases, which increases the number of heterogeneous
sites and enhances the inhibition effectiveness of scale. Then, FeCO5 could be
incorporated in a solid solution Fe,Ca; ,CO; (0 < x < 1) by a solid-solid transition
(Figure 8). Indeed, the solids CaCO3; and FeCOj; are isostructural, and their con-
stituent cations (Ca?* and Fe?*) can coexist, as a mixed metal carbonate, in the
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substitutional solid solution Fe,Ca;_,CO3 [108]. The FeCOj dissolution was
recently reported by Rizzo et al. [111] who studied the effect of CaCO; precipitation
on the corrosion of carbon steel, covered by a protective FeCOj; layer. The authors
showed that CaCO; precipitation lead to an undersaturated solution with respect to
FeCOj followed by dissolution of the protective FeCOs layer. The partial substitu-
tion of Ca®* by Fe** suppresses the transformation of vaterite into aragonite which
results in the decrease of the aragonite amount with increasing iron ions

Amorphous iron hydroxide

Non-classical
nucleation

Siderite FeCO;

Heteronucleation
of CaCO3

Solid-solid
transition

v

Solid solution
Fexca l-xCOS
0<ax<Tt

Figure 8.

Korchef’s mechanism [16]: In ivon-rich water, siderite (FeCO;) form first from amorphous iron hydroxide,
consistent with the so-called nonclassical nucleation theory and then serves as a template for heteronucleation of
CaCO;. Next, siderite is incorporated in FexCa, _ .CO; (0 < x < 1) solid solution by a solid—solid transition.
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concentration. Comparable results were found for Fe(II), [75] Fe(III), [74, 76] and
Zn(II) [112]. In fact, Zn(II) precipitated mainly as ZnCO3 which, like siderite, acts
as heterogeneous sites in the bulk of solution and decreased the number of crystals
on the surface. As a result, scale is reduced [112].

It is worth noticing that, since FeCO; precipitates at lower pH values than
CaCOj; [16], maintaining the solution pH at relatively low values (<7) allowed
obtaining only FeCO;. FeCOj3 can form protective film on different steel parts of
industrial processes which, reduces or completely prevents their corrosion. This
reduces remarkably the treatment costs and increases the equipment life.

7. Scale inhibition

Al-Hamza et al. [113] studied the inhibition effect of poly(acrylic acid) (PAA)
with different end groups and molar masses on the formation of CaCOj scale at low
and high temperatures. They showed that the inhibition of CaCOj; precipitation was
affected by the hydrophobicity of the end groups of PAA. The best inhibition was
found for PAA with hydrophobic end groups of moderate size (6-10 carbons). Also,
the scale inhibitors stabilize the less thermodynamically stable polymorph (vaterite)
to a degree proportional to their ability to inhibit precipitation. At room tempera-
ture, the lowest molar mass of PAA with hydrophilic end group showed good
efficiency in the inhibition of CaCO; precipitation making it suitable to be used as a
scale inhibitor in reverse osmosis desalination. However, the lowest molar mass
PAA with end groups of moderate hydrophobicity are more suitable as scale inhib-
itors in MSF desalination. The effectiveness of the inhibitors declined with increas-
ing temperature. Comparable results were found by Li et al. [114] who studied the
scale inhibition effect of six varieties of commercial scale inhibitors in highly saline
conditions at high temperature. Indeed, they showed that the inhibition efficiency
was influenced by scale inhibitor dosage, temperature, heating time and pH. The
best scale inhibitor (SQ-1211) could effectively retard scaling at high temperature
and when the concentration of Ca* was 1600 mg L7, the scale inhibition rate
reached 90.7% at 80°C and pH 8. The crystal structure of CaCO3 changed from
calcite to aragonite. Xu et al. [115] studied the inhibition of CaCOj; scaling on
stainless steel surfaces using sodium carboxymethyl cellulose (SCMC). They
showed that SCMC exhibited a promising performance of scaling inhibition, and
the inhibition efficiency increased with increasing SCMC concentration starting
from 50 to 200 mg L™". For example, the inhibition efficiency reached 93.2% for
SCMC concentration of 200 mg L™". The inhibition effect was explained by the
formation of a protective film on the stainless-steel surfaces by adsorption of the
constituent of SCMC in the presence of SCMC, preventing the deposition of CaCOs.
Zuho et al. [116] investigated the feasibility of electrochemical methods to study the
scale inhibition performance of 1-hydroxyethylidene-1,1-diphosphonic acid
(HEDP) and 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTCA), polyacrylic
acid (PAA) on titanium surfaces. They showed that, for electrochemically deposited
CaCOgj scale, PBTCA, HEDP and PAA have great inhibitory effects and the order of
the scale inhibition efficiency of the three inhibitors is PBTCA > HEDP > PAA. The
deposition of CaCO; on the surface of TA1 metal mainly results in dendritic arago-
nite crystals and when scale inhibitors were added, the aragonite crystal polymorph
was gradually modified to vaterite. Yu et al. [117] designed and prepared
phosphorus-free and biodegradable scale inhibitors. In fact, two series of starch-
graft-poly(acrylic acid) (St-g-PAA) samples with different grafting ratios and
grafted-chain distributions, that are, the number and length of grafted PAA chains
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on the starch backbone were elaborated. They showed that St-g-PAA with relatively
low grafting ratio (typically <97%) inhibited scale formation more effectively than
samples with similar grafted-chain distributions. However, under the similar
grafting ratios, samples with higher number of branched chains with shorter grafted
chains showed better scale efficiency.

More interesting, Korchef and Touabi [17] showed that high amounts of pre-
cipitates were obtained with increasing the initial solution pH, and even when
formed in the bulk solution, these precipitates can agglomerate and block up pipes
pumps and conducts of water in water treatment devices leading to the complete
blockage of fluid cooling. For solution pH lower than 7-7.5, no precipitation of
CaCOj; was detected [17]. For that reason, the solution pH should be maintained at
low values (pH below 7). This can be easily achieved by avoiding CO, repelling
from the solution. This allows reducing or completely preventing scale in different
water treatment processes and favorably affects the water treatment costs and
increases the equipment life. In practice, this is achievable by avoiding the contact
between water and the atmospheric air. For example, in the desalination units using
the solar multiple condensation evaporation cycle (SMCEC) principle, the super-
saturation of the feed water increases remarkably with the number of the conden-
sation—evaporation cycles [15] and accordingly, it is expected that iron ions do not
inhibit the formation of CaCOj5 as scale in the SMCEC desalination units. In that
case, it is mandatory to regulate the pH of feed water below 7 to prevent scale
formation.

8. Conclusion

Water desalination processes such as reverse osmosis, electrodialysis and distil-
lation are confronted with scale formation which causes enormous energy losses
and shortens the equipment life. In most cases, scales are made of CaCO5; which
possesses six polymorphs. Environmental conditions play effective roles in the
nucleation and growth kinetics of CaCOj; as well as the morphology and polymor-
phism of the obtained precipitates. In the present chapter, an overview on the effect
of operating conditions such as supersaturation, temperature, and pH, on the crys-
tal growth and microstructure of CaCOs is given. Additionally, I put special
emphasis on the effect of foreign ions, especially magnesium, sulphate, chloride,
and iron ions. Also, the mechanisms by which these ions affect the crystal growth of
CaCO; were pointed out. The experimental parameters should operate together and
control the growth rate and polymorphism of CaCOj3. Throughout the present
chapter, it was reported that:

* the unstable amorphous CaCOs is firstly formed. Then, it transformed into
crystalline phases which are namely vaterite, aragonite and calcite. The vaterite
can be transformed gradually into calcite or aragonite following two steps
which are the dissolution of vaterite and the growth of calcite or aragonite. The
dissolution of vaterite is affected by the presence of foreign ions, i.e.,
magnesium, sulphate, and irons ions. The two hydrated crystalline forms of
calcium carbonate, calcium carbonate hexahydrate CaCO5-6H,0 and calcium
carbonate monohydrate CaCO3-H,O, are more stable than the amorphous
CaCos.

* the crystal growth rate of CaCOj3 increases with increasing the solution
supersaturation.
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* the increase of temperature results to the decrease of the induction time and to
the increase of the growth rate of CaCOj3 and, also the amount precipitated. At
room temperature, calcite is the most predominant phase. At temperatures
higher than 50°C, CaCOj scale precipitates as needles-like aragonite crystals.

* the increase of the initial solution pH accelerates the CaCOj; precipitation. For
solution pH lower than 7-7.5, no precipitation of CaCO; was detected. At pH
lower than 8, vaterite was obtained. Pure aragonite needles were formed at
pH 10 and a mixture of calcite and aragonite was obtained when increasing the
pH from 11 to 12. At high pH values, typically greater than 12, calcite was
favored.

* both sulphate and magnesium ions inhibit CaCOj; crystallization, even though
some discrepancies on the effect of sulphate ions were revealed.

* iron ions inhibit the CaCO; growth. The inhibiting effectiveness depends
strongly on the solution supersaturation. At relatively low supersaturations, the
addition of iron ions retards the CaCOj5 precipitation crystals. Past the onset of
nucleation, iron ions increased the CaCO; growth rate and most of CaCOj;
amounts precipitated in the bulk solution rather than on the cell walls. This
results in the decrease of scaling defined as the precipitation on the cell walls.
At high supersaturations, the inhibition effectiveness of iron is small. In that
case, the inhibition effectiveness can be enhanced by controlling the operating
parameters, i.e., lowering the solution pH, increasing the iron concentration,
and/or lowering the solution supersaturation.

* the control of the operating parameters and the water composition allows
completely inhibiting or, at least, reducing scale formation in various industrial
devices such as desalination units and heat exchangers.

* in practice, the solution pH should be maintained at low values (below 7) by
avoiding CO, removal from the solution which allows reducing or completely
preventing scale. This is realizable by preventing the contact between water
and the atmospheric air. The economic impact is of greatest importance since
this reduces considerably the treatment costs, enhances the equipment life, and
allows increased product water recovery.
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Abstract

A Review of sample preparation and techniques used to determine Cadmium
content in flexible films and biodegradable thermoformed products based on cas-
sava. All determinations have been made using atomic absorption spectroscopy. The
presence of this element in these matrices can be harmful if the maximum tolerated
quantities are not complied by. The presence of Cadmium may be due, among other
aspects, to the fact that it is present in the raw material, in industrial discharges or
because it is found naturally. Its determination is an important parameter that needs
to be considered as a good alternative for packaging.

Keywords: cadmium, thermoformed, flexible films, atomic absorption

1. Background and objectives
1.1Introduction

The accelerated pace of industrialization, combined with rapid population
growth, intensive agricultural techniques, and inappropriate waste management
in developing countries have increased the levels of micropollutants such as heavy
metals, considered harmful or toxic to living beings [1, 2]. These heavy metals can
enter the human body —causing serious damage— via food, water, air, soil, skin
absorption, polluting emissions, anthropogenic sources (treated sewage discharges,
mining operations), contact with industrial and agricultural products such as
pesticide formulations, urban traffic, contamination from chemical fertilizers, and
irrigation with poor quality water [3-8].

The migration of heavy metals induced by substances in contact with food is
given by the negative interaction between packaging and food. Another risk factor
is constituted by the fact that heavy metals are nonbiodegradable and cannot be
metabolized and, thus, persist and accumulate in the environment and in organisms
over long periods of time [1-3, 9-11].

1.2 Biodegradable thermoformed and flexible films

Thermoformed and flexible films are very popular in the food packaging market
given their low cost, large surface area by volume, and outstanding performance
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across a wide temperature range [12]. Thermoforming is a generic term that encom-
passes several processing techniques, by which plastic articles can be obtained from
flat sheets of different polymers. Thermoformed products are classified into two
major categories: permanent or industrial products (shelves for medical or electronic
equipment, decorative panels for cars, planes, motorcycles, bathtubs and bathroom
fixtures, helmets and seats for boats, and skylights) and disposable products (pack-
aging for medicines, bubble wrap, cups for hot and cold beverages, baking trays,
food containers, and clear packaging that is shaped like the product) [13, 14].

The films are defined as thin flexible sheets of synthetic or natural origin, that
reach a thickness of 0.01 inches or less. The polymeric matrix that forms the film
can be defined as the random arrangement of the chains that make up the structure.
Flexible films used in the food industry are currently divided into two groups: syn-
thetic or non-biodegradable materials and biodegradable materials. The manufacture
of these products is important, as they break down quickly and easily, without pro-
ducing residues that cause unfavorable impacts on environmental ecosystems [14].

Biodegradable thermoformed and flexible films can be made of cassava flour
(given its high starch content, making it suitable for use in the manufacture of vari-
ous products in the food industry, as well as for the production of biopolymers) and
cassava starch (as it can be converted into a thermoplastic material by interrupting
the molecular interactions of the double helix chain, formed by hydrogen bridges
between the hydroxyl groups, in the presence of a plasticizer aided by suitable tem-
perature and shear stress [15, 16], and by adding matter such as fique fiber, gelatin,
poly(butylene adipate-coterephthalate), polylactic acid, glycerol, plasticizer, green
composites, cellulose, chitosan, clay, pullulan, natural extracts, poly(vinyl alcohol),
and kaolin [7, 8, 17-35].

Industries are currently striving to improve their products by using natural and
renewable sources to store, package, and wrap food products [7, 8, 29, 32, 36]. These
include thermoformed and flexible films (biopolymers) obtained from agricultural
sources (cassava), and constitute a new and environmentally friendly industrial
alternative (composting) given their rapid and easy biodegrading processes. Their
main purpose is the replacement of regularly used petroleum-derived plastic
polymers and their associated waste [8, 18, 20, 22, 23, 26, 31, 37, 38]. A common
production method for thermoforming is the compression molding technique
(Figure 1), in which the material is placed into an open mold to which pressure and
heat are applied.

Figure 1.
Compression molding machine used for thermoforming.
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Single screw extrusion —a continuous process that forms the plastic material—
is used to produce biodegradable flexible films, whereby turning the screw and
applying heat pushes the material along while melting it [13, 21, 27, 32], turning
it into a viscous material. Where the nozzle is positioned at the end of the cylin-
der, there is a hole shaped according to the use required (for films, the extrusion
nozzle is round). From the extrusion hopper comes the plasticized mass, which is
stretched, smoothed, and rolled by the rollers (Figure 2) [39].

The casting technique, using native and ozonated cassava starch, glycerol as the
plasticizer, and water as the solvent is used for the elaboration of biodegradable
films from cassava starch modified by ozone at different levels [40].

1.3 A case study of heavy metal pollution: cadmium

Biodegradable polymers may lead to heavy metal contamination during their
manufacture if the raw material used to process them is contaminated (cassava
flour and starch, fique fiber, polylactic acid, glycerin, etc.). They may also be
subject to cross-contamination during production, for example, via petroleum- and
nonpetroleum-associated activities, from containers used for cooking and storage,
during drying, and from contaminated utensils or water [4, 41, 42].

Thus, tracking the manufacturing process is essential in determining the pres-
ence of toxic heavy metals in the biopolymers, in turn, to safeguard public health by
limiting exposure [1, 9].

Among these metals, cadmium (Cd) is considered toxic to plants and animals;
it is widespread in the atmosphere, soils, and water, and is a serious health hazard,
affecting the gastrointestinal, cardiovascular, musculoskeletal, nervous, renal, and
reproductive systems. Long-term exposure may cause mitochondrial damage and
possible death. Cd bioaccumulates in individual organisms [4, 5, 43-46] and is likely
to continue to do so due to the future use of biodegradable polymers in the packing
and packaging of dry foods and other degradable products, as it enters the food chain.

The US Department of Health and Human Services has insisted that an exces-
sive Cd accumulation in humans may be the cause of cancer as Cd and Cd salts are
considered a “possible human carcinogen” [4, 44]. Certain plants can also accu-
mulate Cd in their tissues, and levels are even more significant in plants grown in
peri-urban areas with soil contaminated by irrigation using wastewater and sewage
sludge [10, 47-50].

There are currently no studies reporting Cd found in thermoformed and
biodegradable flexible films; however, the literature does report the presence of Cd
in cassava tubers’ cortex [42], cassava food crops [51], as well as Cd contaminated
rice which causes the Itai-itai disease [52] by exposure to Cd-contaminated water

Figure 2.
Film extrusion machine.
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used for irrigation or from farms affected by petroleum- and nonpetroleum-related
activities. The safety of the materials that come into contact with food is assessed by
the amount of substances that migrate into it from the biopolymer and whether or
not these meet the conditions established in the legislation on foods.

The legislation limits the migration of toxic pollutants from reaching
unacceptable levels and helps to maintain the integrity of foodstuffs, thereby
preventing health hazards, contamination, and alternations in food composition
and sensory properties [9]. The current Colombian regulation NTC 4096 [53],
allows a maximum level of Cd of 1 mg/kg for plasticizers while the Agency for
Toxic Substances and Disease Registry [44] estimated that average Cd intake
in Americans is 30 mg/day and that only one-tenth of this amount is absorbed
into the tissues. Given that thermoformed and flexible film can be used as food
containers, their Cd levels must be strictly monitored.

2. Sample preparation and analytical techniques
2.1 Sample pre-treatment

The samples must be treated prior to analysis. The particle size of thermoformed
samples are reduced via mechanical methods, starting with manual cracking; followed
by maceration (Figure 3) to a particle size of less than 1,135 mm; and finally, the
removal of water content by placing the particles in an oven at 70 °C for 3 hours [54].

For flexible film samples, all that is required is manual cutting as shown in
Figure 4, and drying at 50 °C for 45 minutes [54-58].

The samples’ moisture content can be determined in triplicate by calculating the
weights obtained before and after drying (see Eq. (1)).

Moist sampleweight — Dry sampleweight 1

Moisture (%) = 00 1)

Moist sampleweight

Following drying in a furnace, the moisture values for thermoformed samples
were between 3.71% and 5.80% (RSD lower than 3.4%). Biodegradable flex-
ible films revealed higher values of moisture (following 45 mins of drying in
a furnace) at 7.81-10.35%, with relative standard deviation (RSD) lower than
1.96% [54].

2.2 Optimization of acid digestion using the reflux system

When an analyte cannot be determined, it must be transformed to a state in
which an appropriate identification and quantification technique can be applied.

Figure 3.
Sample: Thermoforming and maceration.
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Figure 4.
Sample: Flexible films and cutting.

These transformations are usually dissolutions or digestions, which involve the
sample passing from a solid state to a liquid one, using the correct solvent (acids

or bases of different strength, oxidizing agents, or enzymes, etc.); in this energetic
process, heating and agitation increase the speed of mass transfer, unifying the
decomposition and elimination of organic matter, and leaving the trace components
of interest (metallic ions) in solution [59, 60].

In this procedure, the organic matter is destroyed by a wet process and the
sample is digested (with an acid/oxidant mixture), combining sulfuric, nitric,
perchloric acid or hydrogen peroxide, in a system that can be open or refluxed [61];

This technique is generally preferred to dry oxidation (where the sample is
heated to 450-500 °C), as the presence of large volumes of acids produces less
loss of trace elements through evaporation. However, there is also the danger of
elements being lost by evaporation (antimony, arsenic, boron, chromium, tin,
germanium, mercury, osmium, rhenium and selenium), although these losses can
be prevented by adjusting the conditions (mounting of reflux, temperature control
and time) [59, 60].

A wide range of acid digestion procedures are reported in the literature, in which
various mixtures of inorganic acids and, in some cases, hydrogen peroxide have
been used (HNO3, HNO3—H2804, HNO3—HF, HNO3—H202, HNO3—HF—H202, HNO3—
HC104, y HNO:J,—HCIO4—H202) [11, 62—64] .

Of the mineral acids, nitric acid offers the best digestion result for all types of
samples; however, there is no consensus on the addition of other substances, such
as perchloric acid or hydrogen peroxide, to accelerate the process and reduce the
volume of nitric acid used [60].

This study employed acid digestion in its sample preparation [51, 54].
Optimizing acid digestion using the reflux system involved the determination
of cadmium in a thermoformed sample (HMC-1) and flexible film (SM 707-17
hydrolyzed), taking four absorbance readings and considering the following
variables: sample weight, temperature, time, and acid ratio. Each test should be
performed in triplicate.

2.2.1 Acid ratio optimization

The optimal acid ratio for the digestion of thermoformed samples is determined
experimentally, by varying the amount of mineral acids: HNOj; at 65% (20 to 5 mL)
and HCIO, at 48% (5 to 20 mL), as shown in Table 1. Each test should be performed
in triplicate.

For flexible films, the optimization was only possible with an acid ratio of 3:1 as
this was the best response to the digestion procedure for thermoforming.

Digestion was performed using the sample dissolved in 20 mL of a mixture
containing HNOj; (65%, Merck): perchloric acid (48%, Merck) at a 3:1 ratio [54].
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HNO;:HCIO,4 Ratio HNO; (mL) HCIO, (mL)

1.0 20.0 —

31 15.0 5.0

11 10.0 10.0

1:3 5.0 15.0

0:1 — 20.0
Table 1.

Acid ratio (HNO3 and HClO4) for acid digestion using the reflux system.

2.2.2 Sample weight optimization

This parameter is optimized by varying the sample quantity, which for our
study, has been: 0.5000 (+ 0.0001) g, 1.0000 (+ 0.0001) g and 2.0000 (+ 0.0001)
g, for thermoforming, and 0.5000 (+ 0.0001) g and 1.0000 (+ 0.0001) for flexible
films, on a dry base.

Digestion was performed using a 1.0 g of the sample dissolved in acid [54].

2.2.3 Temperature and digestion time optimization

The optimal digestion temperature is determined experimentally at three
heating temperatures (35, 50 and 70 °C) for both thermoformed samples and flex-
ible films.

For digestion time, 60, 120 and 180 minutes were tested for the thermo-
formed samples, for the acid ratios shown in Table 1, and for flexible films 15,
30, 45, 60 and 120 minutes, for the acid ratio 3:1. After cooling to room tempera-
ture, all digested solutions were filtered using a filter crucible, and then stored
in polyethylene containers at 4 °C for further analysis by atomic absorption
spectrometry.

Thermoformed samples were dried at 70 °C in a furnace for 3 h. Biodegradable
flexible films were dried at 50 °C in a furnace for 45 min [54].

Numerous techniques have been used to determine the concentration of heavy
metals in different samples, such as X-ray fluorescence spectrometry (XRFS),
atomic absorption spectrometry (AAS) and inductively coupled plasma mass
spectrometry (ICP-MS). XRFS makes it possible to analyze solid materials with-
out sample pretreatment; however, this advantage is limited by the need to use
appropriate certified reference materials for calibration, making it a very expensive
technique. In ICP-MS and EAA, dissolved liquid samples are usually required, so
the samples have to be previously digested. This procedure can be tedious, time
consuming and results in systematic errors due to incomplete extraction or solubil-
ity of the analyte [65].

When compared to the flame atomization method, the graphite furnace atomic
absorption spectrometry is the most suitable technique to determine elements such
as Cd, in trace level concentrations in polymer samples. The latter has many advan-
tages such as its high sensitivity, its limits of detection in the order of micrograms
per liter pg/L to ng/L, its tolerance to complex matrices, the fact that it minimizes
analyte loss, that it uses few sample volumes, and that it reduces analyst contamina-
tion risk [65-69]. With this technique, samples are often introduced in solution
form, however, the EAA-HG technique with solid samples has been reported as
a simple and fast method for the determination of lead and cadmium in polymer
samples [65].
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2.3 Statistical treatment

The following statistical tests have to be applied in order to analyze the degree
of agreement between the individual data obtained for the standardization of the
analytical method:

The Shapiro-Wilk and Levene tests are used to evaluate the normality and
homogeneity of the data obtained for repeatability and intermediate precision, with
a confidence interval greater than 95%. It is also necessary to determine the stan-
dard deviation and the coefficient of variation to determine whether the method is
precise.

For linearity, the Pearson correlation coefficient and the coefficient of determi-
nation (R2) must be determined, a one-way ANOVA applied, and the t-student test
performed to evaluate whether the slope differs significantly from zero.

For samples of thermoformed, flexible films, flour and starch samples, one-way
ANOVA needs to be applied in order to determine whether there are any significant
differences between them.

For statistical analysis, programs such as: Microsoft Office Excel 2007 and SPSS
Statistical Software version 11.5 are used.

3. Fine-tuning of the analytical technique
The analytical technique has to be fine-tuned prior to analysis:
3.1 Determine the stability of the cadmium hollow cathode lamp

To determine the stability of the lamp, the absorbance value of at least three
element standards of different concentrations 0.2, 0.6 and 1.0 pg Cd/L must be
monitored for at least 30 minutes throughout three hours, as shown in Figure 5.

Subsequently, the normality and homogeneity of the data must be analyzed
by applying the Shapiro-Wilk test with N-1 degrees of freedom and Levene test
with degrees of freedom 1 and 2, determined as K-1 and (k-N)-K (N = absorbance

0.16
0.14
0.12

0.1

0.08 - @02

0.06 2 0.6

Cd Absorbance

1.0
0.04 @ o ® ) ® ® [5)

0.02

0 50 100 150 200

Time (min)

Figures.
Cadmium hollow cathode lamp stability [70].
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readings and K = number of times). One-way ANOVA statistical treatment is
applied next to determine whether there are any significant differences between the
absorbances obtained for each standard during the three hours of analysis.

In the Shapiro-Wilk test, the Ho was accepted, since the calculated W was lower
than the tabulated W (0.999) and the homogeneity of variances with calculated
F was lower than the tabulated F (5.100), indicating that the means obtained are
representative values of the absorbances of each one of the standards, with good
variation coefficients (<3.5%) [70].

The one-way ANOVA used to measure the absorbance of each of the standards
for the metal, showed a constant value for the sum of squares, as for the root mean
square (0.000). We can also see that the calculated F is lower than the tabulated
F at a 95% confidence level, indicating that there were no significant differences
between the values of the absorbances at different times when the analysis was
performed [70].

3.2 Optimizing the calcination and atomization temperature to determine
cadmium by graphite furnace

In order to obtain a higher sensitivity for cadmium determination, the calcination
and atomization temperature in the graphite furnace must be optimized. To do so, a
standard of 1 pg/L of cadmium must be prepared and the atomization temperature set
by varying the calcination temperature from 500 to 800 °C in 50 °C intervals. Once
this is done, the highest absorbance is observed (which in our study was between 500
and 550 °C) and another variation of the calcination temperature in this range is made,
but this time by modifying it in 10 °C intervals. Once the calcination temperature
has been optimized, a standard of 0.8 pg/L of Cd is prepared and read on the atomic
absorption equipment, setting the calcination temperature at 800 °C and varying the
atomization temperature from 900 to 1800 °C. This variation is made at intervals of
100 °C. Table 2 shows the optimum temperatures at 530 and 1750 °C [54, 70].

3.3 Quantification method

Cd quantitative analysis was performed using the calibration curve for which
standard solutions of the metal were prepared as follows:

The calibration curve was constructed based on the stock solution of 1000 pg
Cd/L by preparing 5 mL of six cadmium standards in a range of 0.1 to 1.0 pg Cd/L
in 0.2% HNO3 solution. For each Cd standard, four absorbance readings are taken
in the AAS-HG.

The Pearson’s Correlation Coefficient showed that the calibration curve for
cadmium has a high r value, above 0.9950, demonstrating that there is a positive
correlation between the absorbance of the metal and its concentration [54, 70].

Stage Temperature(°C) Time(s) Argon Gas Flow (L/min)
Drying 100 30 0.2
Calcination 530 20 0.2
Atomization 1750 3 Off
Cleaning 2500 3 0.2

Table 2.

Optimal graphite furnace temperature programming for Cd determination.
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3.4 Standardization of the analytical method for cadmium determination

Statistical quality parameters must be evaluated in order to standardize the
analytical method, as described below.

3.4.1 Linearity

To examine linearity, a calibration curve needs to be prepared in a concentra-
tion range including at least six different cadmium concentrations between 0.1
and 1.0 pg Cd/L. This should be analyzed using the atomic absorption equipment,
taking four absorbance readings for each cadmium standard. The calibration curve
should be plotted (Absorbance vs. concentration) and the correlation coefficient
and slope should be statistically evaluated, through statistical treatment of the
parametric data obtained for each concentration level [54, 70].

A regression analysis for the model Y = $0+ p1X is required to confirm whether
the degree of relationship is significantly linear between the two variables (absor-
bance and concentration). Table 3 illustrates the coefficient that defines the slope
of the regression line and the t-statistics for cadmium, making it possible to contrast
the null hypothesis (Ho) that the slope has a value of zero. According to the results,
the calculated statistics are greater than the tabulated ones, confirming that the
slopes differ significantly from zero and therefore, the absorbance is significantly
correlated to the concentration [54, 70].

The one-way ANOVA was applied to confirm the association between the
two variables (absorbance and concentration) by means of a linear regression
for cadmium. The results showed that the calculated F (6119.282) was higher
than the tabulated F (4.080) and therefore, the null hypothesis raised is rejected
(Ho = There is no significant linear relationship between absorbance and
concentration) [54, 70].

3.4.2 Precision

Standard deviation (s) and the coefficient of variation (CV) must be deter-
mined in order to analyze the degree of agreement between the individual data
obtained when the method is repeatedly applied to multiple aliquots of a homoge-
neous sample.

Accuracy is evaluated at two levels: Repeatability and Intermediate accuracy as
described below.

3.4.2.1 Repeatability

We analyzed the precision obtained after performing five calibration curves, in
a concentration range of 0.1 to 1.0 pg/L for cadmium, where absorbance is mea-
sured four times per standard, under the same operating conditions in a short time
interval (same day) by the same analyst and using the same equipment, materials,
and reagents. This value corresponds to 0.136 [54, 70].

Metal Slope Calculated T Tabulated T
Cadmium 0.1324 78.226 2.048
Table 3.

Regression analysis for model Y = po+ pix.
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3.4.2.2 Intermediate precision

We analyzed the precision obtained after performing seven calibration curves,
in the same concentration range as for repeatability, where absorbance is measured
four times per standard under the same operating conditions, in different time
intervals (7 different days), by the same analyst and using the same equipment,
materials, and reagents. This value corresponds to 0.135 [54, 70].

This method increases sensitivity when the analysis is conducted on the same
day, indicating that the proposed method for sample preparation is appropriate.
The sensitivity measured for the method was 0.136.

For the two previous procedures (Repeatability and intermediate precision), the
Shapiro-Wilk test was applied with N-1 degrees of freedom (N = readings of absor-
bance) and Homogeneity of variances with degrees of freedom 1 and 2 calculated as
K-1and (k-N)-K respectively (where N = readings of absorbance and K = number
of calibration curves), posing the corresponding null and alternative hypotheses at
a 95% confidence level. In addition, for each of the (standard) concentration levels,
the respective standard deviations and variation coefficients were obtained to
determine whether the method is accurate.

For repeatability, the results show that at a 95% confidence level, the
calculated W is lower than the tabulated W (0.999) for all levels of metal con-
centration, with 3 degrees of freedom for cadmium. Thus, the null hypothesis
is accepted and it is concluded that the data come from a normal distribution.
Applying Levene’s test for cadmium data, we can see that for 4 and 15 degrees of
freedom, the calculated statistic is lower than the tabulated statistic for all levels
of concentration. Thus, we conclude that the variances are homogeneous. The
standards present a low standard deviation (less than 0.004) and a coefficient
of variation that is lower or equal to 5%, thus indicating that the method used
presents a good repeatability [54, 70].

For the intermediate precision, the calculated Shapiro-Wilk statistic was lower
than the tabulated statistic (0.999), therefore concluding that the data come from a
normal distribution at a 95% confidence level. Taking into account Levene’s statis-
tic, the calculated statistic was lower than the tabulated one, thus concluding that
the variances are homogeneous [54, 70].

The metal standards, show a small deviation (less than 0.005) and a coefficient
of variation that is lower than or equal to 4.0%, leading to the conclusion that the
method is of good accuracy [54, 70].

3.4.3 Sensitivity

Sensitivity is assessed as analytical sensitivity and calibration sensitivity, as
described below.

3.4.3.1 Analytical sensitivity

The parameters used to determine analytical sensitivity are the limit of detection
and quantification. Fifteen absorbance readings were taken from the metal target
and the standard deviation calculated along with the detection and quantification
limits, following the method suggested by IUPAC (1995) [70, 71].

The LOD of Cd was 0.02 mg/L (0.4 mg/kg) and corresponds to the minimum
amount of Cd derived from the lowest analytical signal that can be detected with
reasonable certainty. The LOQ of Cd was 0.07 mg/L (1.4 mg/kg) and represents
the minimum concentration that can be measured with precision and accuracy. The
LOD and LOQ are adequate for the quality control of biopolymers [54, 70].
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3.4.3.2 Calibration sensitivity

This parameter is determined by comparing the slopes of the Cd calibration
curves obtained with the precision of the method (repeatability and intermediate
accuracy). The slopes obtained for repeatability (0.1358 + 0.004) and intermediate
precision (0.1351 + 0.004), show that there is a greater response to concentration
changes in repeatability [70].

3.4.4 Accuracy assessed as percent recovery

The accuracy of the method is determined in terms of percent recovery by
adding in triplicate, known amounts (4, 8 and 12 pL) of a 1000 pg/L standard of
cadmium to a thermoformed or flexible film sample prior to the digestion process.
Following this, the respective readings (4 absorbance readings for cadmium) are
taken using the atomic absorption equipment of the doped sample and of the
sample with the standard added.

To calculate the percentage recovery, the cadmium concentrations in the samples
are determined previously, as indicated in Eq. (2).

Concentrationwith stock added — Concentrationwithno stock added

Recovery(%) = *100 (2)

Concentrationwith stock added

The percent recovery of Cd ranged between 96.23% and 97.31% for the MPER
183 thermoformed material, which makes it possible to conclude that the extraction
method used is suitable, and that the determinations are therefore reliable [54, 70].

A statistical t-student test should be applied to determine whether there are
significant differences between the value obtained from recovery and the 100% level.
The experimental t-values are compared with the tabulated values (t(0.05, 8) = 1.860)
for 8 degrees of freedom in our case. The results show that for all the recoveries of the
thermoformed samples, there are significant differences between the average values
and 100% since t calculated > t tabulated (11.489> 1.860) [54, 70].

3.5 Stability of the metals

To establish the testing time for a standard and a sample in a laboratory, the
stability of the samples over time must be determined as follows.

3.5.1 Standavrd stability

Cadmium standards are prepared (0.8 pg/L) and kept refrigerated while they are
analyzed for ten consecutive days. A one-way ANOVA analysis (calculated F < tabu-
lated F, 1,675 < 2,420) indicates that there are no significant differences between the
average absorbances during the days analyzed, and therefore this standard can be
prepared and stored at a temperature of 4 °C for analysis for up to 10 days [54, 70].

3.5.2 Stability of metals in digested samples
To evaluate the stability of cadmium, a thermoformed sample is subjected to
digestion via a dilution of 5 to 100 mL, which is refrigerated and read on the equip-

ment for ten consecutive days. The samples for flexible film were not read, as in our
case, they were not detectable.
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By applying a Shapiro-Wilk statistical analysis, we were able to conclude that
the data come from a normal distribution, since the calculated W is smaller than the
tabulated W and the data maintain a homogeneous distribution, since the calcu-
lated Levene statistic is smaller than the tabulated one [70].

A one-way ANOVA was applied to determine any significant differences in
the average absorbances between the different days analyzed. The results show
that cadmium was stable in the thermoformed sample analyzed in our study
(CM 4574-7) as the calculated F < tabulated F (1.87 < 2,420) [70].

According to the results obtained, cadmium is stable in the thermoformed
digested sample. Thus, these samples can be stored at 4 °C and analyzed on consec-
utive days [70], allowing the laboratory to establish its analysis times and organize
the relevant protocols.

3.6 Determination of cadmium by atomic absorption spectrometry
3.6.1 Thermoformed and flexible films

To quantify cadmium in the samples, the graphite furnace atomic absorption
spectrometer was used under the instrumental conditions shown in Table 4. The
metal was measured in triplicate in the thermoformed and flexible film samples,
as well as in the source materials (cassava flour, cassava starch and fique fiber), in
order to determine whether the metal in the samples derives from the raw material
used for manufacture.

Cd concentrations in the thermoformed products typically ranged between
4.2 mg/kg and 17.9 mg/kg, which could be the result of the quality of the raw
materials used to process the biopolymers. Sample concentrations were signifi-
cantly different from each other, given that when applying one-way ANOVA,
the calculated F value was greater than tabulated F (1507.861 >3.501) at 95%
confidence.

Cd was not detected in flexible films, meaning that no contamination was
present.

The cadmium concentrations found in the thermoformed products were lower
than those established by NTC-4096" (1 mg Cd/kg). Thus, these biopolymers can
be used for these purposes, but care needs to be taken as this metal can bioaccumu-
late, causing serious environmental problems in the long term.

Method Graphite Furnace-AAS
Atomization Electrothermal
Element Cd
Lamp Hollow cathode Cd
Background correction D2 Quadline
Wave length (nm) 228.8
Injection volume 20
Slit (nm) 0.5

Table 4.

Instrumental conditions in the GF-AAS for cadmium determination.

! The standard that regulates the maximum level of heavy metals in samples that are going to be in
contact with food.
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3.6.2 Raw material

Once the Cd concentration in the samples of thermoformed products had been
determined, we proceeded to analyze the main raw material —cassava flour and
fique fiber— in order to identify whether the metal found in the thermoformed
products originated in the processing materials.

The results show that the flours presented Cd concentrations of between
3.5-18.2 mg/kg, while Cd concentration in the fique fiber was 7.2 mg/kg, meaning
that it contributes the most Cd to the thermoformed film.

Given that the fique fiber and flour are agricultural products, the presence of
cadmium in these samples may be due to the fact that this metal is used in herbi-
cides used to control weeds such as Linuron or Dinuron. It can also be present in
soil from municipal waste and the incineration of plastic materials, in fertilizers
(phosphorous and nitrogenous fertilizers), pesticides and fungicides such as copper
oxychloride and carbofurans among others, used to cultivate cassava [4, 10, 42, 72].

4, Conclusions

The GF-AAS method developed was efficient (highly sensitive and acceptable in
terms of accuracy and reliability) to quantify Cd in thermoformed and biodegrad-
able flexible films and cassava flour samples. The method is therefore reliable, with
low variation coefficients, and limits of detection and quantification that indicate
that the standardized method is optimal.

The concentrations that were found in the samples of thermoformed and flex-
ible films, are below the amounts allowed for products that come into contact with
food (1 mg/Kg), but, as mentioned above care needs to be taken as Cd bioaccumula-
tion can lead to grave environmental problems.

Cd content found in thermoformed films is associated with prior contamination
of the raw material (during cultivation, pretreatment, and/or transportation) or
contamination derived from old machinery used for manufacturing.

This study also provides new data for food safety authorities and which broaden
the existing knowledge of the contribution of raw materials in terms of Cd concen-
trations in biopolymers.

There is great potential in using biopolymers in packaging and food conserva-
tion, in terms of the value these materials add to agricultural activity and in helping
to reduce nonbiodegradable plastics in the environment.
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Chapter 4

Simultaneously Recovery of
Phosphorus and Potassium

Using Bubble Column Reactor as
Struvite-K and Implementation on
Crop Growth

Endar Hidayat and Hivoyuki Harada

Abstract

Struvite-K, similar to NH,-struvite with a composition of Mg:K:P (1:1:1). It
is called struvite-K because the K replaces the NH, in struvite. The composition
usually used as fertilizer and can be recycling from wastewater including livestock
wastewaters. In addition, Struvite-K which tends to form scale on surfaces of equip-
ment which problem in many industries. The present study was used bubble column
reactor which simple and efficient. In addition, the process can be implementation
in wastewater industry which low-tech processes. Then, the struvite-K precipitate
was implementation on crop growth which compared with coffee husk compost.
The results show the removal of P via struvite-K showed 98.5% with the precipita-
tion Mg:P of 0.7 and K:P of 1 with yields of 11.28 gram. Increases of magnesium
dosage which decreases of P removal rate and affected of crystal size structure.
Compost and struvite-K have similar positive impact on crop growth of (radish
and komatsuna) were compared than control. In the other hand, the struvite-K is
more effective than compost. This might be indicated that struvite-K is more slow-
release nutrient than compost and higher macro nutrient supplied on soil which
crop needed.

Keywords: Struvite-K, precipitates, soil, recovery of wastewater, fertilizers

1. Introduction
1.1 Bubble column reactor for struvite-K precipitation

Magnesium potassium phosphate hexahydrate, commonly known as struvite-K,
is a sparingly crystallize consisting of equal molar amount of magnesium potas-

sium and phosphate and six water of hydration, hence the chemical formula is
MgKPO,.6H,0. Struvite-K is formed according to the following reaction:

Mg** +K' +PO,* - MgKPO,.6H,0 (1)
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Struvite-K has been synthesized to show its viability for phosphorus and potas-
sium removal from wastewater [1-4] and naturally occurring. Tanaka [5] reported
that phosphorus and potassium from effluents of livestock wastewater contains
(5.5 mM) and (63.9 mM), respectively. This is a new resource for potassium and phos-
phorus demand for use as fertilizers which following global population in every year.
It was estimated the world population to reach between 9 and 10 billion by 2050 [6, 7].

Struvite-K precipitates as a white powder needle-like structure, which tends to
form scale on surfaces of equipment. Struvite-K scaling is a well-recognized prob-
lem in many industrial processes and domestic applications. The problem is that not
only from pipes but also pumps, centrifuges and aerators can be blocked by struvite
[8-10]. In the other hand, this is not problem but solution to supplying nutrient on
crop growth.

Struvite-K, similar to NH,-struvite has a desired low solubility and chemical
composition of Mg:K:P (1:1:1). It also has a high market value in the agricultural
area (Sean 2018). It is called struvite-K because the K replaces the NH, in struvite
(MgNH,PO,.6H,0). The present study, we used synthetic wastewater was designed
using bubble column reactor to simulate effluent from livestock wastewater to
recovery of phosphorus and potassium as struvite-K which used as fertilizers for
increasing global food production.

1.2 Implementation on crop growth

Most of the nutrients absorbed by plants come from organic matter. Therefore,
the unique fertilizer formula comes from compost or struvite-K precipitate.
They provide a rich source of nutrients and can be added to the soil to promote
the growth of various crops. Therefore, compost and struvite-K precipitation
are intended to serve the society by increasing farmers’ incomes to revitalize the
soil and increase farm yields. We fertilized the two fertilizers from compost and
struvite-K precipitate, in order to evaluate the effects of fertilizer on soil and yields
of radish (Raphanus sativus L.) and Komatsuna (Brassica rapa var. perviridis).

1.2.1 Radish (Raphanus sativus L.)

Radish (Raphanus sativus L.) belongs to the genus and species of Radish in the
cruciferous family. Radishes are grown and consumed all over the world and are con-
sidered part of the human diet, although it is not common in certain populations.

It is one of the most important and popular root vegetables in tropical, subtropical
and temperate regions of the world (including Japan). It is grown as an annual and
biannual vegetable crop, depending on its planting purpose. Radishes are mainly
cold-season vegetable crops. Asian varieties can tolerate higher temperatures than
European varieties. In a mild climate, radishes can be grown almost all year except
for the summer months [10]. Its young roots can be eaten raw in salads or cooked as
vegetables. It has a spicy taste and is considered an appetizer. Young leaves can also
be cooked and eaten as vegetables. Radish preparations are useful for liver and gall-
bladder diseases. Roots, leaves, flowers and pods are active against Gram-positive
bacteria, urinary system diseases, hemorrhoids and stomach pain. In addition, the
salt extracted from the roots can be dried and burned into white ash, which can be
used to relieve stomach problems [11].

1.2.2 Komatsuna (Japanese mustard spinach)

Japanese mustard spinach (Brassica rapa var. perviridis) is also called Komatsuna
in Japanese. It is a common and popular leafy vegetable in the Japanese diet.
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Komatsuna contains low energy and high nutrients, which is very effective in
lowering serum cholesterol. On the other hand, Komatsuna has a compound called
sulforaphane, which can help our body fight cancer. Sulforaphane actively kills
cancer stem cells and slows the growth of tumors [12]. Komatsu greens are rich in
calcium and are commonly used in kimchi in Japan and as feed crops in many Asian
countries.

In 2019, the production of Komatsuna in Japan increased by 26.5% compared
with 2006, and the planting area increased by 29.2%, with a total output of 114,900
tons [13]. Komatsuna can be worn in relatively temperate regions most of the year,
but it is usually grown as a cool seasonal crop (spring and autumn). It can toler-
ate some extreme cold and hot conditions, but it cannot stand for long periods of
time [14]. Economically important members of this family include vegetables such
as broccoli, cabbage, chinese cabbage, radish, cauliflower as well as the oil crop
canola [15].

2. Materials and methods
2.1 Materials

Sodium dihydrogen phosphate, magnesium chloride and sodium hydroxide were
obtained from the Kanto Chemical Co. Inc. (Tokyo/Japan), potassium chloride was
obtained from Wako Pure Chemical Industries Ltd. All chemicals and reagents were
of analytical grade and used without further purification.

The soil was collected at 0-20 cm of depth in the field center of Prefectural
University of Hiroshima. The soil was analyzed in the laboratory at the Department
of Environmental Science, Prefectural University of Hiroshima, Japan. Elemental
characteristics of soil and compost were described previous work [16]. Radish
(Raphanus sativus L.) and komatsuna (Brassica rapa var. perviridis) were collected
from market store, which is in the Shobara city, Hiroshima Prefecture.

2.2 Experimental design and treatments.
2.2.1 Bubble column veactor for struvite-K precipitation

The use of different magnesium additives to recover MgKPO,.6H,0 (MPP) was
investigated. The experimental conditions are summarized in Table 1. [llustrates
the experimental setup of the bubble column used in this study which has capacity
of 10 L (Figure 1). There was a draught tube structure inside the bubble column.
Air was fed using an air pump from the bottom of the tower as instead of mixing
for homogeneous of solution. A pH probe was placed directly into the reactor just
below the liquid surface. The bubble column was first filled with synthetic waste-
water, and then potassium chloride, magnesium chloride and sodium dihydrogen
phosphate solutions were fed from the outer reactor to the inner tubes. The pH

Run no. Mg mM PO,-PmM K'mM Mg/Pinitial

1 52 6.4 134 0.8

2 6.9 64 134 1.08

3 78 6.4 134 1.22
Table 1.

Characteristic of vaw water.
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Figure 1.
Experimental set-up.

was adjusted to 12.9 with 0.1 M NaOH solutions. Afterward the solution of potas-
sium chloride, magnesium chloride and sodium dihydrogen phosphate were added
continuously with had pH of 3.4 by dose pump until pH of 11 with retention time of
1.98 (defined Eq. (2)).

HRT = Total volume reactor (L)/Influent flow rate (L) 2)

Set points for minimum and maximum pH values defined a narrow band of 0.3
pH units. After filtering the reactor solution, a white precipitation was obtained; it
was desiccated at 60°C for 24 h. Samples were taken directly from the precipitation
zone. All experiments were done at room temperature.

2.2.2 Pot treatment designs

The experimental design was completely randomized design, with five treat-
ments and three replications were presented by pots. Seeds were soaked in water for
24 h before sowing at a maximum depth of 1.2 cm. The equal proportions of com-
post samples (150 g and 10 seeds) i,e Radish (Raphanus sativus L.) and komatsuna
(Brassica rapa var. perviridis) were filled and installed in a greenhouse. The LED
model (PF15-SSWT8-D with power 5 W) was used as a light source with free space
between lamps and a pot about 37 cm. Treatments consisted of C: 100% (control),
A1: 0.1% of compost, A2: 0.3% of compost, B1: 0.1% of struvite-K and B2: 0.3%
of struvite-K. The pots were watered periodically to prevent drought stress of the
plants. The experimental were conducted for 9 days.
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2.2.3 Analytical methods of struvite-K precipitates

The concentrations of PO, were determined by standard method (Japan
Industrial Standard method JIS KO 102). The concentrations of potassium and mag-
nesium ions were measured using atomic absorption spectrophotometer (AA-6300,
Shimadzu Kyoto, Japan). The white precipitation was dissolved in 0.5 M HNO; in
1 h for determination of the crystalline components. Microscope images (Olympus
CX-32) was used to observe the surface morphology of the crystals. The percent P
removal and P recovery are in Egs. (3) and (4), respectively.

P Initial — P equilibrium
P Initial

P removal% =

100 (3)

P in white precipitation

P recovery% = 100 4)

P decrement

2.2.4 Analytical methods of soil
The sample was ground by using a coffee mill to pass through a sieve <2-mm

before analysis [16]. Cation exchange capacity (CEC) were extracted 1 M NH,OAc
pH 7 via NH, with the procedure in below:

CEC(meq/100g)=13.7*NH, (mg/L)+*dilution /3 (5)

The ammonium (NH,) was measured by the phenate spectrophotometric
with UV-Vis Spectrophotometer (Jasco V-530) at 640 nm. The detailed procedure
in below:

Solution A

1.Phenol 5 gram

2.Sodium nitriferricyonide dehydrate 0.1 gram

3.Homogenized and adjusted with dilution water 500 mL

Solution B

1.200 ml of NaCLO (assay 5%) = 200/5 = 40 mL

2.NaOH =15 gram

3.Homogenized and adjusted with dilution water 1000 mL

Procedure:

10 mL from the liquid sample and 5 ml from solution A and B, respectively.

Afterward, waiting for 30 minutes before analysis. Standard solution was used
NH,Cl with calibration curve, y = 0.1747x — 0.1465. R? = 0.9999.
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3. Results and discussion
3.1 Effect different initial of Mg:P ratios on % P removal and precipitate

Bubble column reactor was used in laboratory studies with hopefully, it can be
implementation in wastewater industry. From a structural point of view, they are
very simple units equipped with added a dose pump as mixing system that allows
for the homogenization of the wastewater with the reactants. The mixing condition
inside the reactor represents a fundamental aspect because it affects the struvite
formation [17]. An effective mixing promotes the crystals nucleation and growth by
improving the mass of ions from the solution to the solid phase. Generally, com-
pletely mixed reactors can operate continuously or in batch mode. A batch column
reactor works according to a series of phase and the struvite-K production and
precipitation occur in the same unit (Figure 2).

In this study, we used MgCl,.6H,0 as magnesium source which have advan-
tages of being very soluble allowing to recovery a precipitate with a high purity
degree [18]. Due to easy management was used in many studies through which
the kinetics of the nucleation process have been assessed [19, 20]. While the pH
was maintained in alkaline condition of 11 which following based on [21]. Since
the conditions favorable precipitation of struvite-K. Based on Figure 3 shows that
P removal rate was decreased from 98.5-80% which increasing of molar ratios of
Mg:P from 0.8 to 1.22 since strong influence of precipitation in many scientist [22].
While for hydraulic retention time we maintained at 1.98 h; since in around of this
was much more consistent than the rate reported in the literature and no effect
with difference of HRT in precipitation [3, 4]. Furthermore, P recovery of struvite-
K we conducted only for Mg:P of 0,8 since these concentrations was effective for
% P removal than others with precipitate of Mg:P of 0,7 and K:P of 1 are shown in
Table 2.

The optimal molar ratios must be assessed case-by-case as it depends heavily
on the chemical-physical characteristics of wastewater and the reactor used.

On the contrary, other works in which unconventional reagents were exploited,
found that greater dosages are necessary. For example, Quintana et al. [23] found
a strong influence a Mg:P molar ratio on the abatement of phosphate amount
and the major removal was detected when used MgO dosed at molar ratio of 1.5.
Moreover, the authors observed that the increase of the molar ratio promoted
the removal rate growth (Quintana et al. [24]). In agreement with this consid-
eration, Jaffer et al. [25] affirmed that with Mg:P addition lower than 1.05 the
precipitation resulted was greater to avoid the formation of magnesium sodium

phosphate [4].

100
. .\‘\

60

% P removal

40

20

0.8 1.08 1.22

Initial of Mg:P ratios concentration

Figure 2.
Percentage of P removal with different of initial of Mg:P ratios concentration.
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Sample 1 gram

-
1. Put1gram of sample
2. 20mLof1 N NH,;OAc
pH 7
. Close the water pipe

____»| Water pipe close Waiting for 15

+ W

minutes
@/y Beaker glass

l Next step

6. Open the water pipe

- and close again then take
o mL of solution filtered.
5 mL of solution filtered o
7. Waiting for 5 minutes.
8. Then open the water
pipe until the solution is
over.

b. Extracted by using 10% NaCL
1. After filtered of solution is over, measure CEC via NH,
2. Make a solution 10% NaCL

15 mL of 10% NaCL

Jury

-
. Put 15 mL of 10% NaCL
2. Close the water pipe
3. Waiting for 15 minutes
4. Open the water pipe and

close again then take 5 mL
Next step of solution filtered.
5. Waiting for 5 minutes.
6. Then open the water pipe

until the solution is over.
7. Measure NH,. Then
calculate of CEC with the
equation in Eq 5 below:
Figure 3.

Procedure for measure exchangeable cation and CEC via NH,.
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pH Dosage Mg:Pratio Mg:P (precipitate) K:P (precipitate) % Precovery
11 0.8 0.7 1 99.6
Table 2.

Effect of the magnesium dosage on the Mg:P molar concentration ratio in precipitate.

However, an excess of Mg can cause the formation of magnesium phosphate and
reducing the precipitation of struvite which following for P removal rate. Korchef
etal. [26] observed the phosphate removal caused by precipitation for Mg:P molar
ratio under 4 and newberyite (MgHPO,.3H,0) and cattiite (Mg;(PO,4),.22H20)
formation for Mg:P = 5.

3.2 Morphology of struvite-K precipitation

The morphology of struvite-K was observed by using Microscope images
(Olympus CX-32). Figure 4A shows needle-like structure. This is agreement with
some reported [3, 4, 27, 28]. While for Figure 4B, the needle-like was mixed with
block and hexagonal structure. Furthermore, there are more blocks and hexagons
seen in Figure 4C. This shows that as the amount of magnesium increases and the
removal rate of phosphorus decreases, the structure is affected which mixed with
another structure. The increase in the magnesium dosage also reduces the crystal
size. The average of crystal size of 22.45 ym (Figure 4A). This is agreement with
[29] that increase magnesium dosage reduced the average crystal size. Struvite-K
forms a white crystalline solid. When dried in 60°C the struvite-K precipitated into
appearance of white powder as shown in Figure 4D. While for the struvite-K yields
of 11.28 gram.

Figure 4.

Struvite-K crystals as seen x10/0.25 of Olympus. Image captured with microscope of Olympus CX-32. (A) Initial
Mg:P of 0.8, (B) initial Mg:P 1.08, (C) initial Mg:P of 1.22 and (D) image of struvite-K precipitated dried
(crystal of white powder).
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3.3 Effect of fertilizers on soil cation exchange capacity

The cation exchange capacity (CEC) is a very important soil property for
nutrient retention and supply and acts as a bridge between soil and plant [30].
Table 3 presents the characteristics of soil CEC on two-kind of crop growth (radish
and komatsuna). The results shows that all treatment of fertilizer (compost and
struvite-K) with two-kind of crop growth were higher than control (soil only).
However, the highest results seen in treatment of struvite-K with 0.3% percent
ratio of soil for both of crop growth. This is indicated that struvite-K is effective as
supplying of nutrient sources which have higher macro nutrient such as phosphate,
magnesium and potassium. This is agreement with [31] who found application of
phosphate fertilizer increasing of soil CEC after 40 years of application. This can be
explained that phosphate, potassium and magnesium is the most important factor
affecting on soil CEC.

3.4 Effect of fertilizers on yields of crop growth

As shown in Table 4 presents the stem height, leaf area of radish. Overall, the
treatment of fertilizers was highest than control (soil only).

In the treatment of compost, the highest rate of 0.3% with 4.46 and 0.98 cm
on stem height and leaf area, respectively. While for treatment of struvite-K the

Treatment CEC (meq/100 g)
Komatsuna
Control 55.3
Compost 0.1% 718
Compost 0.3% 74.1
Struvite-K 0.1% 72.5
Struvite-K 0.3% 94.0
Radish
Control 571
Compost 0.1% 6738
Compost 0.3% 723
Struvite-K 0.1% 69.1
Struvite-K 0.3% 86.4
Table 3.

Chavacteristics of soil cation exchange capacity.

Treatment Stem length (cm) Leaf wide (cm)

Control 267 0.43

Compost 0.1% 3.08 0.68

Compost 0.3% 4.46 0.98

struvite-K 0.1% 4.38 0.8

struvite-K 0.3% 6.36 131
Table 4.

Radish (Raphanus sativus L.).
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highest rate of 0.3% with 6.36 and 1.31 cm on stem height and leaf area, respec-
tively. For images of radish on pot treatment as shown in Figure 5. Both of fertil-
izers were given benefits effect on yields of radish and positive correlation with soil
CEC. If we comparison, the struvite-K was given more benefits effect which cause
the struvite-K is higher contains of macro content such as magnesium, potassium
and phosphate as nutrient sources on crop growth. Furthermore, Table 5 presents
the stem height and leaf area of komatsuna. The same dosage treatment with radish
between 0.1% and 0.3%. Overall, the supplying of fertilizers was given benefits
effect on yields of komatsuna. However, the more benefits in the treatment of

Figures.
Images of radish on pot treatment; (C) 100% (control), (A1) 0.1% of compost, (A2) 0.3% of compost, (B1)
0.1% of struvite-K and (B2) 0.3% of struvite-K.

Treatment Stem length Leaf wide

Control 343 0.58

Compost 0.1% 4.42 0.87

Compost 0.3% 54 122

struvite-K 0.1% 4.36 0.99

struvite-K 0.3% 574 127
Table 5.

Komatsuna (Japanese mustard plant).

Figure 6.
Images of komatsuna on pot treatment, (C) 100% (control), (A1) 0.1% of compost, (A2) 0.3% of compost,
(B1) 0.1% of struvite-K and (B2) 0.3% of struvite-K.
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struvite-K on dosage of 0.3% with 5.24 and 1.27 cm, on stem length and leaf wide,
respectively. This might be indicated that struvite-K is more slow-release than com-
post and higher macro nutrient supplied on soil which needed on crop. Slow-release
fertilizer which releases nutrients slowly over a long release time. Furthermore, it
can reduce the number fertilization times and amount of fertilizer applied, which
have good impact on fertilizer use efficiency [32-35]. Images of komatsuna on pot
treatment as shown in Figure 6.

4, Conclusion

The present study used bubble column reactor which simple and efficient.
Removal of P via struvite-K showed 98.5% with the precipitates Mg:P of 0.7 and K:P
of 1. The yields of 11.28 gram. Compost and struvite-K have positive impact on crop
growth of (radish and komatsuna) were compared than control. Which might be
caused supplied nutrient source on soil and uptake on crop. However, the struvite-K
is more effective than compost may cause contains higher macro nutrient such as
magnesium, potassium and phosphate. This is indicated that the recovery process of
P and K via struvite-K using bubble column reactor was very effective and efficient
to utilization as a fertilizer.
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Chapter 5

Recent Developments in the
Crystallization of PLLA-Based
Blends, Block Copolymers, and
Nanocomposites

Amit Kumar Pandey and Shinichi Sakurai

Abstract

Despite the extensive studies of poly(L-lactic acid) (PLLA), the crystallization of
PLLA-based materials is still not completely understood. This chapter presents
recent developments of crystallization of PLLA-based blends, block copolymers and
nanocomposites. The first section of the chapter discusses the acceleration of PLLA
crystallization by the inclusion of biobased (solid and liquid state) additives. It was
found that the solid state additives work as a nucleating agent while the liquid-state
additive works as a plasticizer. Both type of the additives can significantly enhance
the crystallization of PLLA, as indicated by crystallization half-time (¢ s) values.
Such composites are of great interest as they are 100% based on renewable
resources. The second section talks about the enhanced formation of stereocomplex
(SC) crystals in the PLLA/PDLA (50/50) blends by adding 1% SFN. It was found
that the loading of SFN enhances the formation of SC crystals and it suppresses the
formation of HC (homocrystal). The third section deals with confined crystalliza-
tion of poly(ethylene glycol) (PEG) in a PLLA/PEG blend. The PLLA/PEG (50/50)
blend specimen was heated up to 180.0°C and kept at this temperature for 5 min.
Then, a two-step temperature-jump was conducted as 180.0°C — 127.0°C — 45.0°
C. For this particular condition, it was found that PEG can crystallize only in the
preformed spherulites of PLLA, as no crystallization of PEG was found in the
matrix of the mixed PLLA/PEG amorphous phase. The last section describes the
confined crystallization of PCL in the diblock and triblock copolymers of PLA-PCL.
Furthermore, enantiomeric blends of PLLA-PCL and PDLA-PCL or PLLA-PCL-
PLLA and PDLA-PCL-PDLA have been examined for the purpose of the improve-
ment of the poor mechanical property of PLLA to which the SC formation of PLLA
with PDLA components are relevant.

Keywords: Crystallization, poly(lactic acid), stereocomplex crystallization, poly
(ethylene glycol), poly(caprolactone), biobased additives, improvement of

crystallizability, X-ray scattering, crystalline block copolymer, crystalline polymer
blend, confined crystallization

1. Introduction

Biobased polymers are gaining great popularity recently due to the increasing
environmental concerns associated with conventional polymers. One such polymer
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is poly(lactic acid) (PLA), which is obtained from 100% natural resources such as
corn starch and sugar cane. PLA has a good advantage of mechanical strength and
modulus (comparable to PET), however, it has slow crystallization rate, low elonga-
tion at break, and processing difficulties due to the low thermal stability which
significantly restricts its practical applications. PLA exists in three optical isomeric
forms poly(L-lactic acid) (PLLA), poly(D-lactic acid) (PDLA), and poly(D, L-lactic
acid) (PDLLA). The PLLA and PDLA both can be partially crystallized with a melting
temperature of 170-180 °C. However, a racemic blend (50% L and 50% D) gives an
amorphous polymer. Generally, commercial PLA grades are comprised of L-lactic
acid in majority with small amount of D moiety. The thermal and mechanical prop-
erties of PLLA are significantly affected by the presence of D units in PLLA [1].

The study of crystallization behavior of PLLA is very important to control its
thermal, mechanical, and gas-barrier properties. The crystalline structure of PLLA
has been studied by many researchers [2-5]. It has been reported that the crystalli-
zation of PLLA leads to several crystal forms (a, o, §, and y). The a form is the most
stable polymorph which is developed from the melt or solution. The crystalline
structure of PLLA a form is pseudo-orthorhombic with dimensions of
a =1.0683 nm, b = 0.617 nm, ¢ (chain axis) = 2.78 nm, where the molecules adopt a
103 helical conformation. Aleman et al. [6] proposed the space group of P2;2,2; as
the most plausible packing mode of 103 helices.

In this chapter, we review the recent developments [7-15] of crystallization of PLLA-
based blends, block copolymers and nanocomposites. This chapter contains four sec-
tions. The first section deals with the enhancement in the crystallization of PLLA by
adding biobased additives. Over the years, there have been several strategies employed
by researchers to improve the crystallizability of PLLA [1, 16-19]. One of the most
common and effective method is the addition of a nucleating agent. The nucleating
agents are known to provide the sites for nucleation in polymers which results in the
enhancement of overall crystallization process. Most of the nucleating agents reported
for PLLA (talc, carbon nanotubes, graphene, clay) are inorganic materials that are non-
biodegradable in nature [1, 20]. Recently, it is an emerging trend to utilize renewable
resources for the improvement of crystallizability of PLLA. In this regard, we used solid-
state biobased additives like silk fibroin nanodisc (SFN) and cellulose nanocrystal
(CNC) with the aim of improving the crystallization of PLLA. The SFN is a biobased and
environmentally benign material which was extracted from the waste of muga silk
cocoons, which is composed of 83.8% poly(L-alanine) [21]. The CNC is also a biobased
material which was extracted from the waste of marine green algae biomass residue
(ABR). Further, we used liquid-state biobased additive, i.e., organic acid monoglyceride
(OMG) for the sake of improvement of crystallizability of PLLA. The differential scan-
ning calorimetry (DSC), polarizing optical microscopy (POM), synchrotron small-angle
X-ray scattering (SAXS), and wide-angle X-ray scattering (WAXS) measurements were
used for the study of crystallization of PLLA. It is worthy to mention here that the time-
resolved SWAXS (simultaneous measurements of SAXS and WAXS) technique is one of
the most promising technique to detect the initiation of nucleation and follow the change
in the structure of growing crystals during the crystallization from the melt.

The second section talks about the stereocomplex crystallization of PLA. When
PLLA (left-handed helix) and PDLA (right-handed helix) are mixed, the resultant
mixture is known to form a complex so-called “stereocomplex (SC)”. The SC is
known to improve the thermal stability of PLA [22, 23]. This is due to the approx-
imately 50°C higher melting temperature of the SC crystals compared to the PLLA
or PDLA homopolymer crystal (HC). While pure PLLA and PDLA crystallize in
pseudo-orthorhombic form with a 105 helix conformation, the SC has a 3; helix
form [24]. The crystalline structure of PLA stereocomplex is triclinic with dimen-
sion of a = b = 0.916 nm, ¢ (chain axis) = 0.87 nm, a = f = 109.2°, and y = 109.8°, in
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which PLLA and PDLA chains are packed parallel taking 3; helical conformation
[25]. The formation of SC is influenced by the molecular weights of PLLA and
PDLA. It is very challenging to get SC crystals exclusively in the high molecular
weight PLLA/PDLA blend due to the competing formation of SC and HC during the
crystallization [26]. In view of this, we added 1% SFN in PLLA/PDLA (50/50)
blend, aiming to enhance the SC crystallization.

The third section deals with the blend of PLLA and poly(ethylene glycol), PEG. PEG
is a biocompatible polymer which is known for improving the toughness of PLLA
[20, 27, 28]. The crystallization study of the PLLA/PEG blend is important from the
aspect of the structural development, due to the fact that both the component (PLLA
and PEG) are crystallizable having different Ty and Ty,. Since PLLA and PEG are known
to be miscible with each other, PLLA/PEG blend has attracted many researchers for the
studies of structure control. Although there have been extensive research on the crystal-
lization of PLLA part in the dual crystalline PLLA/PEG blend [28-32], the effect of PLLA
spherulites on the PEG crystallization is not well-known. In this regard, we studied the
effects of space confinement when the PEG crystallizes from the molten mixed amor-
phous phase sandwiched by the crystalline lamellae of the PLLA.

The final section of this chapter deals with the block copolymers of PLA (PLLA or
PDLA) and poly (e-caprolactone), PCL. PCL is a biodegradable polymer which is also
known for improving the toughness of PLLA [28, 33]. Since it is known that PLA and
PCL are immiscible, copolymerization is a better route in comparison with the blending
to avoid the macro-phase separation. In view of this, we studied the crystallization
behavior of dual crystalline PLLA-b-PCL, PDLA-b-PCL diblock copolymers by changing
the block length of PLLA or PDLA, however, the block length of PCL was fixed.
Furthermore, the blend of PLLA-b-PCL and PDLA-b-PCL is also studied for the study of
formation of SC crystal by changing the block length of PLLA and PDLA components.

The PLLA samples were obtained from NatureWorks and the PDLA was
obtained from Purac. The sample characteristics are summarized in Table 1. The
specimens preparation method is mentioned in the respective section.

The DSC measurements for the isothermal crystallization were performed by
DSC214 Polyma (NETZSCH, Germany). The specimens were first melted at 200°C (or
260°C) for 5 min and immediately cooled to T}, with the cooling rate of 300°C/min,
and kept isothermally until the completion of the crystallization process. POM obser-
vations were conducted by using a Nikon Eclipse Ci-POL polarizing optical micro-
scope equipped with the Linkam THMS600 hot stage (Linkam Scientific, UK). The
specimens were sandwiched between two coverslips. Next, the specimens were melted
on the hot stage, then quickly cooled (cooling rate = 150°C/min) to the isothermal
crystallization temperature, and then kept isothermally until the completion of the
crystallization process. The POM images were taken under crossed polarizers with a
530 nm optical retardation plate inserted in the optical path. The time-resolved
SWAXS measurements were carried out at the beamline BL-6A of Photon Factory at
the KEK (High-Energy Accelerator Research Organization) in Tsukuba, Japan. The
wavelength of the incident X-ray beam was 0.150 nm. The T-jump experiments were

Sample code Optical purity Number-average molecular weight (M,,) M, /M,

PLLA 4032D (D1.4) 98.6% 1.66 x 10° 2.05

PLLA 2500HP (DO0.5) 99.5% 1.74 x 10° 2.22

PDLA D130 > 99.5% 1.41 x 10° 2.03
Table 1.

Sample characterization.
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conducted using a sample holder designed to allow for a quick T-jump (385°C/min).
The details of the experimental set-up are reported elsewhere [7].

2. Improvement of PLLA crystallizability by biobased additives
2.1 Solid state additives (nucleation agents)

In this section, we report the effect of solid-state additives (SFN and CNC) on
the isothermal crystallization of PLLA from the melt (200°C).

2.1.1 Silk fibroin nanodisc (SFN)

The SFN used in this study was extracted from wastes of the muga silk
(Antheraea assama) cocoon [21]. The crystalline portion (the p sheets) of the silk
fibroin was isolated by using the acid-hydrolysis method. The obtained extract
comprises 83.8% L-alanine, and the well-defined disc-like nano particles were
obtained (see Figure 1 for the chemical structure of poly(L-alanine)). Such mor-
phology and dimensions have been reported as the average diameter and thickness
of ~45 nm and ~ 3 nm, respectively [21]. The detailed information about the
preparation of SFN can be found in Ref. [21]. PLLA/ SFN specimens were prepared
by the solution-casting method, using dichloromethane (DCM) as a solvent [8].
The specimens are labeled as D1.4/SFN(x) or D0.5/SFN(x), where the numbers
after D denote the % of D moiety in PLLA, and x stands for % of SFN inclusion.

POM observations were conducted to observe spherulites and to evaluate the
growth rate of spherulites and the nucleation density as a function of time. The
specimens were melted on the hot stage at 200°C for 3 min, then quickly cooled
(cooling rate = 150°C/min) to the isothermal crystallization temperature (Tjs,) of
120°C, and then kept isothermally until the completion of the crystallization
process. The representative images of the evolution of spherulites for the D1.4
neat and D1.4/SFN(1.0) specimens at 120°C as a function of time are shown in
Figure 2(a) and (b). First, negative spherulites were observed for both of the D1.4
neat and D1.4/SFN(1.0) specimens. As shown in Figure 2(d) the total number of
spherulites increased ~4.7 times (from 9 to 42). In addition, the induction period
was shortened from 101 to 39 s. However, the growth rate of the spherulites was
unchanged (5 pm/min) by the addition of SFN. These results clearly show that
SEN can enhance nucleation of PLLA. SFN is considered to provide sites for easy
formation of PLLA nuclei.

H

%,
£ v,

n n
Poly (L-lactic acid) Poly (L-alanine )

Figure 1.
Chemical structuves of poly(L-lactic acid) and poly(L-alanine). L-alanine is the main component (83.8%) of
the silk fibroin nanodisc.
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Figure 2.

POM images as a function of time for isothermal crystallization at 120°C (a) D1.4 neat (b) D1.4/SFN(1.0)
specimens. (c) Spherulite diameter and (d) the number of spherulites formed during the isothermal
crystallization at 120°C (adapted from veference [8] with a permission).

Figure 3 shows the DSC results of the isothermal crystallization of neat and 1%
SEN included specimens at 110°C. the degree of PLLA crystallinity (¢psc) as
evaluated based on the heat flow results using the following equation.

fH (t)de
$psc(t) = OAT;JW (1)

where t denotes time and AHY, is the enthalpy of fusion for the 100% crystal of
PLLA. The value of AHY, is taken as 93 J/g, following reference [34]. Figure 3(b)
clearly indicates that the induction period was reduced and the final degree of
crystallinity was increased by the presence of SFN. Maximum achievable
crystallinity was found in the case of D0.5/SFN(1.0).

The inverse of crystallization half-time (¢ 5) can be used for the discussion of
the crystallization rate, which is plotted as a function of the crystallization temper-
ature in Figure 4. The graph shows a parabolic curve thereby producing maximum
crystallization rate (1/t( 5max). As shown in Figure 4, the overall crystallization
growth rate was significantly increased by the inclusion of SFN, the maximum
crystallization rate, 1/£o 5 max, Was observed at 107.2°C. It should be noted that for
both specimens D1.4 and DO.5, the crystallization rate showed the same tendency,
as the most effective temperature is ~107°C, although the T differs (The TS
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Figure 3.

(a) Heat flow as a function of time during isothermal crystallization at 110°C and (b) degree of crystallinity
(¢dpsc) as a function of time, which was evaluated based on the heat flow result (adapted from veference [8]
with a permission).
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Figure 4.
Inverse of crystallization half time as a function of crystallization temperature, calculated from DSC results
(adapted from veference [8] with a permission).

values for the D1.4 neat and DO0.5 neat specimens were 180.7°C and 193.3°C,
respectively [8]). These results indicate that the PLLA crystallization is predomi-
nantly governed by the kinetic driving force (T — T) rather than the thermody-
namic driving force (TS — T). It is important to note here that the spherulite
growth rate does not change in the presence of SFN (Figure 2), while 1/¢¢ 5 is
increased. The reason for the enhancement of 1/¢4 5 can be attributed to the
increased number of nuclei due to the addition of SFN (Figure 2). The enhanced
nucleation of PLLA by SFN may be ascribed to the plausible formation of hydrogen
bonding between the C=0 group in PLLA and the N-H group of poly(L-alanine)
(see the chemical structure in Figure 1).

Figure 5(a) and (b) show the time-resolved WAXS profiles for the D1.4 neat
and D1.4/SFN(1.0) specimens as a function of time for isothermal crystallization at
110°C. Here, the magnitude of the scattering vector q is defined as, | q | = g = (4n/2)

sin(6/2) with 4 and 0 being the wavelength of X-ray and the scattering angle,
respectively. As shown in Figure 5(a) and (b), there is no crystalline peak initially,
which shows the presence of 100% amorphous phase in the early stage. As time
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Time-resolved (a)-(b) WAXS and (c)-(d) Lorentz-corrected SAXS profiles of D1.4 neat and D1.4/SFN(1.0)
specimens. The red arrow indicates the first detection of the peak (adapted from reference [9] with a
permission).

proceeds, a crystalline peak appears at ¢ = 11.96 nm ™' (which has been shown by
the red arrow). The induction period (o) of the crystallization is evaluated from the
first detection of the crystalline peak. It was found that loading of 1% SFN
decreased the ty from 90 s to 40 s, which shows that SFN enhanced the nucleation
of PLLA.

The time evolution of the degree of crystallinity was calculated from the WAXS
profiles by using the following equation

ZA,

- 2
Ty @)

Here, £A, is the summation of the peak area of the crystalline peaks, and A, is
the peak area of the amorphous halo. The peak decomposition was conducted, and
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Figure 6.
Degree of crystallinity as a function of time for the isothermal crystallization at 110°C (adapted from reference

[9] with a permission).

the degree of crystallinity ¢hwaxs was calculated, which is plotted as a function of
crystallization time in Figure 6.

As can be seen in Figure 6, the final degree of the crystallinity has been
increased and ¢y 5 is decreased by the inclusion of 1% SFN, indicating the accelera-
tion of the crystallization rate.

Figure 5(c) and (d) show the changes in the Lorentz-corrected SAXS profiles as
a function of time during the isothermal crystallization at 110°C for the D1.4 neat
and D1.4/SFN(1.0) specimens. Here, the scattering intensity, I(g), is corrected as
q°I(q) by multiplying ¢>. There was no SAXS peak observed in the early stage of
crystallization. As time goes on, a clear scattering peak was observed at ¢ = 180 s for
the D1.4 neat or ¢ = 90 s for the D1.4/SFN(1.0) specimen, which indicates the
development of the lamellar stacking with sandwiching the amorphous layers. It is
significant to observe that the SAXS peak appears later than the WAXS peak

(Figure 5) which indicates that single lamellae (without stacking) are generated in
the initial state of the PLLA crystallization from the melt.

As seen in Figure 5(c) and (d), the SAXS peak moves towards the higher ¢ as
the crystallization proceeds. The long period (D) of the lamellar stacks was evalu-
ated from the peak position (¢*) as D = 2n/q*. As shown in Figure 7(a), the D
decreases as a function of the crystallization time which seemed to be conflicting to
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Figure 7.

SAXS results for isothermal crystallization at 110°C (a) long period (D), (b) average lamellar thickness (L) as
a function of (t-t,), where t, is the induction period (adapted from veference [9] with a permission).
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the process of crystallization. To understand this behavior, the average thickness of
the crystalline lamella (L) was calculated from the SAXS profile through the corre-
lation function [35]. The correlation function is expressed as:

1(q)q* cos (qr)dq
y(r) =—=% 3)
6[ I(q)q*dq

ST

Here, y(r) is the correlation function and r is the distance in the real space. y(r)
function was obtained from the comprehensive I(g) from g = 0 to g = o by
conducting the extrapolation of SAXS data for ¢ — oo according to Porod’s law and
for ¢ — 0, Guinier’s law is used. The detailed procedure is reported in Ref. [7].
Figure 7(b) shows thus-evaluated L as a function of time. As a result, the average
lamellar thickness, L increases with time, which is reasonable as a crystallization
behavior. Therefore, the decreasing behavior of D (as shown in in Figure 7(a)) is
also reasonable, as schematically shown in Figure 8. Upon crystallization, shrinkage
takes place. Since the lamella thickens with time, this results in the decrease of D
(Figure 8(b) and (c)), as the amorphous layer thickness is decreased to a greater
extent as compared to the increasing extent of L (lamellar thickness).

2.1.2 Cellulose nanocrystal (CNC)

In this section, we discuss the enhancement in PLLA crystallizability by the inclu-
sion of marine green algae biomass residue (ABR) based additives, i.e., washed ABR
(WABR) and the ABR extracted cellulose nanocrystal (CNC). The CNC was extracted
from the waste of ABR by using acid hydrolysis method. The complete extraction and
characterization process is reported in Ref. [14]. Apart from effect of CNC on the
crystallization behavior of PLLA, we also compare the utility of waste ABR after
washing, i.e., WABR (washed algae biomass residue) as a filler for PLLA. As reported
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Figure 8.

Schematic illustrations showing the change in the nanostructure upon crystallization of PLLA. (a) At the
amorphous state before crystallization of the polymer melt, (b) in an early stage of crystallization, (c) lamellar
thickening in the subsequent stage of the crystallization (adapted from reference [9] with a permission).
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in Ref. [14] it was found that WABR had irregular morphology (micron size), while
the CNC had needle-like morphology with an average diameter of 30-35 nm, and
average length of 520-700 nm. [14]. PLLA/WABR and PLLA/CNC composites were
prepared by solution casting method using chloroform as a solvent. The loading
amount of the additives were 0.5%, 1%, and 2% by weight. The effects of WABR and
CNC on isothermal crystallization of PLLA are discussed by DSC and POM.

Figure 9 shows the degree of crystallinity as a function of time based on DSC
results for the isothermal crystallization of neat PLA, PLA/WABR and PLA/CNC
nanocomposites at 110°C. The degree of crystallinity (¢) was calculated by using
Eq. (1). As shown in Figure 9, the addition of WABR, and CNC can improve the
crystallizability of PLLA by reducing induction period, crystallization half-time,
and by increasing the ultimate degree of crystallinity. It was observed that the CNCs
were more effective as a crystallizing agent in comparison to WABR. Based on the
DSC measurement in heating scan, it was found that WABR and CNC does not
change the Ty and T, of PLLA [14]. These results are similar to the case of loading
SFN which is also a solid state additive [8].

Figure 10 shows the representative POM images for the isothermal crystalliza-
tion at 125 °C for the neat PLA, PLA/WABR(1.0), and PLA/CNC(1.0) specimens at
t = 12 min. First, negative spherulites were observed for all the specimens which
shows that WABR and CNC had no effect on the structure of the PLA spherulites.

0.70

E PLA/CNC 2 PLA/CNC 0.5 PL?!CNC 1
b 0.56
E
E 0.42 - PLA/WABR 1 PLA/WABR 2
7]
S. PLA/WABR 0.5
— 0.28 \
bt N
eat PLA
b
'Sn 0.14 -
2
(=
0 - :
0 10 30 40

20
Time (min)

Figure 9.

Degree of crystallinity as a function of time based on DSC vesults for the isothermal crystallization of neat PLA,
PLA/WABR and PLA/CNC nanocomposites at 110°C. the degree of crystallinity (¢) was calculated by using
Eq.(1) (adapted from veference [14] with a permission).

Neat PLA PLA/WABR(1.0) PLA/CNC(1.0)

Figure 10.

The representative POM images for the (a) neat PLA, (b) PLA/WABR(1.0), and (c) PLA/CNC(1.0)
specimens for the isothermal crystallization at 125°C for t = 12 min (adapted from reference [14] with a
permission). The figure has been slightly modified.
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Figure 11.

(a) Spherulite diameter, (b) number of spherulites in the PLA/CNC bio-nanocomposites, and (c) spherulite
diameter, (d) number of spherulites in the PLA/WABR bio-composites as a function of time at an isothermally
crystallized temperature of 125°C (adapted from veference [14] with a permission).

Furthermore, Figure 11 shows the spherulite diameter, and number of spherulites
as a function of time, which were calculated from the POM images. It was observed
that the incorporation of WABR, and CNC into the PLA matrix accelerated the rate
of nucleation, however, the growth rate of the PLA spherulite was almost
unchanged. CNC was found to be more effective than the WABR. The needle-like
morphology and high aspect ratio of CNC were mainly accountable for the better
effectiveness on improvement in the crystallization of PLA. On the contrary, the
larger particle size of WABR might be the possible reason for its less effectiveness.

The results shown in this section suggest that even the low loading amount of
solid state additives can enhance the crystallization of PLLA by providing more sites
for nucleation without altering Ty, Tr,, and spherulite growth during the isothermal
crystallization from the melt.

2.2 Liquid state additive (plasticizer)

In this section, we will focus on the enhancement in crystallizability of PLLA by
using a special plasticizer (organic acid monoglyceride; OMG). The chemical struc-
ture of OMG is shown in Figure 12. OMG is a product of Taiyo Kagaku Co., Ltd.
The commercial name of OMG is Chirabazol D, which is a biobased plasticizer. The
OMG has a molecular weight of 500 and a melting temperature of T, = 67°C. PLLA/
OMG specimens were prepared by the solution casting method, using chloroform as
a solvent. The specimens are labeled as D1.4/OMG(x) or D0.5/OMG(x), where the
numbers after D denote the % of D moiety in PLLA, and x stands for % of OMG
inclusion.

Figure 13 shows the effect of OMG on the glass transition temperature (T;) of
PLLA. It is noticeably observed that T, of PLLA decreases with the OMG content.
More rigorously, we compare the result with the estimation by the plasticizing
effect. The T, can be simply estimated as.
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wt%of plasticizer
100

T, (PLLA/plasticizer)(K) = (1 - ) x Tg(neat)(K) (4)

Figure 13 shows the experimental T;; and the estimated T, (with two straight
lines) as a function of OMG content. The data points are almost in accord with the
lines up to 1.0%, and then deviated from the lines above the OMG content of 1.0%.
These results suggest that the OMG acts as a plasticizer for PLLA when the OMG
loading is <1.0%. Figure 14(a) shows the DSC results of the isothermal crystalli-
zation of neat and 1% OMG loaded specimens at 110°C. The reduction in ¢ 5 in
Figure 14(b) confirmed the enhancement in crystallization rate. Figure 14(c)

CH, - OCO - R
|
CH, - OH

|
CH, - OH

R: substituent group with
380 molecular weight

Figure 12.
Chemical structurve of OMG.
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Figure 13.
Glass transition temperature (Ty) as evaluated from DSC curves. The lines show estimated T, (adapted from
reference [10] with a permission).
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(a) DSC results for isothermal crystallization at 110°C (b) crystallization half-time as a function of OMG
loading (c) apparent crystallinity based on WAXS results, and (d) d spacing as a function of time (adapted
from reference [7] with a permission,).

shows the apparent degree of crystallinity which was evaluated using Eq. (2), based
on the WAXS results as a function of the crystallization time for all specimens. The
effect of the OMG is very clear for the acceleration of crystallization.

Figure 15(a) shows the change in long period, D as a function of time during the
isothermal crystallization at 110°C for neat and 1% OMG loaded specimens. The
long period decreases as the crystallization proceeds which can be explained by
Figure 8. Furthermore, Figure 15(b) shows changes in the lamellar thickness (cal-
culated from SAXS profile through the correlation function, y(r)) as a function of
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SAXS results for isothermal crystallization at 110°C (a) long period (D), (b) lamellar thickness (L) as a
Sfunction of time (adapted from reference [7] with a permission,).
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time. As time proceeded, the lamellar thickness increased in the early stage and then
leveled off in the later stage. These results suggest that the lamellar thickness
increased quickly in the early stage of crystallization due to a decrease in the D-
content and the addition of OMG. The ultimate lamellar thicknesses (at 3000 s) for
all specimens are relatively similar, although the value for the D0.5/OMG is 0.94
times those of the others.

The time-resolved Lorentz-corrected SAXS profiles during isothermal crystalli-
zation at 100°C form the melt (200°C) for D1.4/OMG and D0.5/OMG specimens
are shown in Figure 16. There was no SAXS peak observed in the early stage. As the
crystallization proceeds, the SAXS peak appears which gradually shifts towards the
higher g range. As can be seen in Figure 16(b), there was observed a clear second
peak in the higher ¢ range for the D0.5/OMG(1.0) specimen. However, the position
of the new peak is not twice of the position of the first-order peak which means that
the new peak is independent of the first-order peak. This result correspond to the
newly formed lamellar stacking. There are three possible models to account for the
appearance of a new peak in the higher g range. One is the formation of new
lamellar stacks in the amorphous region with much shorter long period, as sche-
matically shown in Figure 17(a). The second one is the new lamellar stacks formed
perpendicular to the original lamellar stacks, as schematically shown in the
Figure 17(b). This model is referred to as the cross-hatched lamellae [36-38]. The
third one is the insertion of a new lamella into the amorphous phase, which is
sandwiched by the neighboring two preceding lamellae, as schematically shown in
the Figure 17(c). This kind of insertion of a new lamella has been considered by
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Figure 16.

Temporal changes in the Lorentz-corrected SAXS profiles upon T-jump from 200 °C to 100 °C for the specimen
(a) Do.5 neat, (b) Do.5/OMG(1.0), (c) Do.5/OMG(2.0), (d) D1.4 neat, (¢) D1.4/OMG(1.0), and (f)
D1.4/OMG(2.0) specimens (adapted from veference [10] with a permission).
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Figure 17.

Schematic vepresentation for the formation of a new lamellar stack. (a) Independent stacking, (b) formation of
a new stack in the amorphous phase in between the oviginal lamellae with the stacking direction perpendicular
to each other (cross-hatched lamellae) and (c) insertion of a new lamella in between the original lamellae
(adapted from reference [10] with a permission,).

Hama et al. [39]. At present, it is difficult to specify which model is appropriate.
Although there was no such peak observed for the D0.5/OMG(2.0) specimen, the
shoulders are clearly observed for this specimen (Figure 16(c)). Therefore, even
for this specimen the effect of OMG to induce such a new lamellar stack can be
recognized.

The POM observations were conducted to count the number of the spherulites as a
function of time during the isothermal crystallization at 130 °C. Figure 18(a) and (b)
show the representative POM images for the isothermal crystallization at 130 °C for
the D1.4 neat and D1.4/OMG(1.0) specimens at ¢ = 29 min. Since, the negative
spherulites were observed which indicates that there is no effect of OMG on the
structure of the spherulites. Figure 18(b) shows enhanced number of spherulites by
loading of OMG which indicates that OMG can enhance the nucleation process of
PLLA. From Figure 18(c), it can be seen that the OMG enhances the spherulite
growth of PLLA which clearly shows the effect of OMG to improve the
crystallizability of PLLA. We speculate that the lowering of the activation energy for
the PLLA crystallization may be the main effect of the OMG [10].

3. Enhancement in stereocomplex crystallization of PLLA/PDLA blend

In this section, the PLLA/PDLA (50/50) blends were prepared by solution cast-
ing method. Firstly, the PLLA and PDLA solutions were separately prepared with a
concentration of 5% (w/v), using dichloromethane (DCM) as a solvent. The SFN
was dispersed in DCM by using the ultrasonication method as discussed in the
reference [8]. The PLLA, PDLA solutions, and the SFN dispersion, all together were
mixed in one glass vessel and stirred for 12 h. The loading of SFN was 1% with the
weight ratio of PLLA, PDLA, and SFN as 49.5/49.5/1.0. After the mixing, the
solution was poured into a Petri dish for solvent evaporation at RT. After complete
evaporation of the solvent, the as-cast films were obtained which were further dried
in a vacuum oven at 50°C for 24 h. The specimens are labeled as LD neat and
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Figure 18.

(a), (b) POM images for the D1.4 neat and D1.4/OMG(1.0) specimens for the isothermal crystallization at
130°C fort = 29 min. (c) Plots of the radius of spherulite vs. time evaluated from the results of POM (adapted
from reference [10] with a permission). The figure has been slightly modified.

LD/SFN(x), where LD denotes the blend of PLLA/PDLA(50/50), and x denotes the
% loading of SFN.

Prior to the study of the effect of SFN on the crystallization of PLLA/PDLA
(50/50) blend, we checked the effect of SFN on PDLA crystallization as SFN was
known to improve the crystallization of PLLA (see Section 2.1.1). Figure 19 shows
the comparison of degree of crystallinity during isothermal crystallization of PLLA
neat, PLLA/SFN(1.0), PDLA neat, and PDLA/SFN(1.0) specimens at 110°C. It can
be seen from this figure that the ultimate degree of crystallinity (¢*) at the iso-
thermal crystallization temperature of 110°C is increased by adding 1% SFN in
PLLA or PDLA specimen. As shown in Figure 19 the induction period, #, and the
crystallization half-time, ¢, 5 of the PDLA neat specimen are shorter than those of the
PLLA neat specimen. This may be because the optical purity of the PDLA sample
(D-content >99.5%) is higher than that of PLLA sample (L-content = 99.5%), as we
know that the nucleation and crystallization of PLA (PLLA or PDLA) becomes
quicker with the increasing optical purity. By adding SFN, the ¢, was almost
unchanged for the case of the PDLA/SFN(1.0) specimen, while it was significantly
decreased for the case of PLLA/SFN(1.0), furthermore, the ¢, 5 is decreased for both
cases. It was much decreased for the case of PLLA than that of PDLA, ensuring the
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Figure 19.
Degree of crystallinity (¢psc) as a function of time, which was evaluated based on the heat flow results

(adapted from vefevence [15] with a permission,).

superior SFN effect due to its similarity of the chemical structure to PLLA. These
results indicate the enhancement in the crystallizability of PDLA by adding 1% SFN,
although SFN is much effective for the improvement of crystallizability of PLLA.

For the isothermal crystallization from melt, we set the melt temperature at 260°
C for 5 min and then immediately quench to 110°C or 170°C and hold it isother-
mally until the crystallization completes. The reason why we selected 110°C is that
it was found in Figure 4 that the rate of crystallization of PLLA HC crystal is
maximum at ~110°C. This is the best temperature to achieve the maximum amount
of crystallinity of PLLA which is desirable for industrial purposes.

Furthermore, since at 110°C the formation of HC and SC occurs simultaneously
so to see the effect of SFN on the formation of SC crystals solely, we conducted the
isothermal crystallization at 170°C because at this temperature HC crystals cannot
form (T uc = 170 ~ 180°C) due to the shallow quench depth (AT = T,?l -T.).

The effect of SFN on the isothermal crystallization behavior of the PLLA/PDLA
blend specimen was investigated at Tjs, = 110°C. Figure 20 shows the DSC results of
the isothermal crystallization of LD neat and LD/SFN(1.0) specimens at 110°C from
the melt (260°C). In Figure 20(a), the heat flow as a function of time at the
isothermal crystallization temperature is plotted. Adding 1% SFN, the crystalliza-
tion exothermic peak shifts to the shorter time, showing an enhancement in the
crystallization speed. However, it was not possible to distinguish the evolution of
HC and SC phases from the plots of Figure 20(a). To see the crystallites formed in
the isothermal crystallization, the subsequent heating is conducted after the com-
plete crystallization at 110°C. Figure 20(b) shows the results of the DSC heating
scan. It is seen that by adding 1% SFN the AH,;,, yc and T, yc decreased and the
AH,, sc and Ty, sc increased. These results indicate that the SFN can enhance the
formation of SC and can suppress the formation of HC. The change in the melting
temperature indicates that the presence of SFN may increase the lamellar thickness
of the SC crystals while the lamellar thickness of HC crystals may be decreased due
to the suppression of the HC crystallization. The increase in the melting point of SC
is helpful to increase the thermal stability of PLA.

The effect of SFN on the isothermal crystallization behavior of the PLLA/PDLA
blend specimen at 170°C was studied by the DSC measurement as shown in
Figure 20(c). Since the temperature 170°C is too high for the formation of HC
(T, uc = 170 ~ 180°C), only the formation of SC can be considered at this
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Figure 20.

(a) Heat flow as a function of time during the isothermal crystallization at 110°C from the melt (260°C), and
(b) the subsequent heating scan from 110-260°C with the rate of 20°C/min. (c) Heat flow curves as a function
of time during the isothermal crystallization at 170°C from the melt (260°C), and (d) changes in the degree of
crystallinity (¢ppsc) as a function of time at 170°C, (adapted from reference [15] with a permission,).

temperature (see later WAXS results in Figure 21(c) and (d)). From Figure 20(c)
and (d), it is clearly seen that the ultimate degree of crystallinity at the isothermal
crystallization temperature of 170°C is increased by the presence of SFN. The #, was
decreased from 13 min to 7.4 min and the ¢, 5 was also decreased from 32.3 min to
19.1 min. These results indicate the enhancement in the stereocomplex crystallization
of PLLA/PDLA (50/50) blend specimens by adding 1% SFN.

To clearly distinguish the evolution of HC and SC during the isothermal crystal-
lization, we conducted the time-resolved WAXS measurements at 110°C upon T-
jump from 260°C. Figure 21(a) and (b) show the change in WAXS profiles for the
LD neat and LD/SFN(1.0) specimens as a function of time at 110°C. The peaks
located at g = 8.75, 14.6, and 16.6 nm " belong to the SC crystals while the other
reflection peaks belong to the HC. As shown in Figure 21(a), even at the very early
stage the SCq10y refection peak was observed for both the specimens, while the
peak area of SC(y10y was much larger for the case of LD/SFN(1.0) specimen. The
shorter induction period of SC than HC is due to the fact that the nucleation of SC is
faster than that of HC in PLLA/PDLA (50/50) blend by the difference in the
thermodynamic driving force of the crystallization. (ATsc > ATy where
ATsc = Ty, sc— T and ATyc = Ty, ne— T). As time goes on, the HC peak appears at
125 s. It is noteworthy to observe here that the induction period of HC is unchanged
by adding SFN. The time evolution of the degree of crystallinity was calculated
from the WAXS profiles which is plotted as a function of time in Figure 22. As can
be seen from Figure 22 for the case of LD neat specimen, the HC peak appears later
than the SC peak while it keeps on increasing and finally, ¢ overcomes ¢sc. For
the case of LD/SFN(1.0) specimen, the SC crystallization is much accelerated
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Figure 21.

Ti;gnlz-resolved WAXS profiles after the T-jump from 260-110°C for (a) LD neat (b) LD/SFN(1.0)
specimens. (the ved arrow indicates the first detection of the peak for the HC). (c) Time-resolved WAXS profiles
after the T-jump from 260-170°C for (¢) LD neat (d) LD/SFN(1.0) specimens. (the red arrow indicates the
first detection of the SC peak) (adapted from veference [15] with a permission).

in the very early stage with the almost zero induction period and in the final stage
¢uc < < ¢sc. The fraction of SC (f5c) is increased after loading of 1% SFN while the
total degree of crystallinity (¢uc + ¢sc) is unchanged at 30 min.

The average crystallite size (Dy;) in the direction normal to the (kkl) plane was
evaluated by Scherrer’s Equation [40].

K2

D = B cos (5)

)

where K is a constant (0.9) and 1 is the wavelength of the incident X-ray. By is a
full-width at half maximum (FWHM) in the unit of radian, and 6 is the scattering
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Degree of crystallinity calculated from the results of Figure 21 for (a) LD neat and (b) LD/SFN(1.0)
specimens. (c) Total (HC + SC) degree of crystallinity and (d) fraction of SC as a function of time. Plots of
average crystallite size as a function of time evaluated by Scherrer’s equation for (e) HC and (f) SC (adapted
from veference [15] with a permission).

angle. Note here that the raw data were used as the f;; values without correction
for the peak broadening due to the collimation error of the WAXS setup, if any.

As seen in Figure 22(e) and (f), the crystallite size is initially increasing as a
function of time and it levels off after 5 min elapsed from the onset of crystalliza-
tion. The slope of the plots in Figure 22(e) and (f) can be considered as the
crystallite growth rate. Then, it can be stated that the growth rate of the HC
crystallites is unchanged by the addition of SFN. The final value of the size of the
HC crystallite for LD/SFN(1.0) specimens is slightly smaller than that in the LD neat
specimen due to the effect of the SFN loading. As can be seen from Figure 22(f), the
size of the SC crystallite in the LD/SFN(1.0) specimen is much smaller than those of
the LD neat specimen. Furthermore, it is interesting to notice that the initial size of
the SC crystallite is the same for both the LD neat and the LD/SFN(1.0) specimens
(Figure 22(f)).

To check the effect of SFN loading on the formation of SC crystals solely, we
conducted the time-resolved WAXS measurements at 170°C. The changes in the
WAXS profile were measured in the isothermal crystallization process at 170°C
from the melt (260°C). Figure 21(c) and (d) show the WAXS profile for the LD
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neat and LD/SFN(1.0) specimens as a function of time. It is also clearly shown that
there is no peak for HC crystals which is due to such a high temperature, i.e. 170°C.
It can be said that at 170°C only SC crystal formation takes place.

Figure 23(a) and (b) show the changes in Lorentz corrected SAXS profiles as a
function of time during isothermal crystallization at 110°C for the LD neat and LD/
SFN(1.0) specimens. The SAXS profiles in Figure 23(a) and (b) show the scatter-
ing from both the HC and SC crystal (as evidenced by WAXS results in Figure 21).
To distinguish the contribution of HC and SC crystal, we conducted the peak
decomposition of the SAXS profiles. The detailed procedure about the peak
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Figure 23.

Changes in the Lorentz-corrected SAXS profiles as a function of time for LD neat and LD/SFN(1.0) specimens
during the isothermal crystallization at (a)-(b) 110° C and (c)-(d) 170°C from the melt (260°C) (adapted
from veference [15] with a permission).
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decomposition is mentioned in Ref. [15]. For t < 6 min, the SAXS profiles are
symmetric which belong to SC crystals. As time goes on, after ¢ = 6 min, the second
peak appears which shows the scattering from HC crystals. From the peak position
(¢*), the long period (D) of the lamellar stacks was evaluated as D = 2z/g*.

Figure 24(a) shows the plot of D as a function of time for the LD neat and LD/SFN
(1.0) specimens which show the contribution of HC and SC separately. As seen in
Figure 24(a), D decreases as a function of time for HC crystals in the LD neat
specimen. After loading 1% SFN, a similar trend was observed while the value of D
of the HC lamellar stack was smaller than that of the LD neat specimen. The D of
the SC lamellar stack in the LD neat specimen first increases up to ¢t = 6 min and
then decreases after ¢ > 6 min. Considering Figure 22(a), ¢ = 6 min can be taken

asto s (crystallization half-time). Then, the crystallization was quick in the stage

t < tos. Namely, D increased with time during the rapid crystallization while D
decreased with time during the subsequent slow crystallization. Figure 22(f), also
suggests that the lateral size of SC lamellae was very rapidly increased for t < 6 min.
Therefore, it can be considered that the SC lamellae grow in their lateral direction
by folding the polymer chains in the amorphous region outside of the lamellar
stacks. In the meantime, thickening of the lamellae can be considered during this
stage (t < to5). Namely, the lamellar thickening may be considered to take place by
including the amorphous chains from outside of the lamellar stack. This situation
quite differs from Figure 8, for which D is explained to be decreasing with time
because of shrinkage in volume upon crystallization. As for the current case, no
change in the amorphous layer with increasing of the thickness of the crystalline
lamellae result in increasing the long period, D. For the LD/SFN(1.0) specimen D of
the SC lamellar stack decreases from the beginning however the decreasing ten-
dency became more evident for ¢ > 6 min.

Figure 23(c) and (d) show the changes in Lorentz corrected SAXS profiles as a
function of time during isothermal crystallization at 170°C for the LD neat and LD/
SFN(1.0) specimens. The intensity of the peak observed at ¢ = 0.29 nm ™" increases
as a function of time. As seen in Figure 23(c) and (d), the SAXS peak moves
towards the higher q as the crystallization proceeds. Increase in q suggests the
decrease in D as shown in Figure 24(b). It can be seen that the long period, D
decreases by the loading of SFN.

POM observations were conducted to evaluate the spherulite growth rate and
the nucleation density as a function of time. The POM images of the evolution of
spherulites for the LD neat and LD/SFN(1.0) specimens at 170°C as a function of
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Figure 24.

Plots of long period (D) as a function of time during the isothermal crystallization at (a) 110°C and (b) 170°C
from the melt (260°C) (adapted from reference [15] with a permission).
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POM images as a function of time for the isothermal crystallization at 170°C for (a) LD neat (b) LD/SFN
(1.0) specimens. (c) Changes in the number of spherulites as a function of time, (d) the plots of spherulite
diameter as a function of time during isothermal crystallization at 170°C, evaluated from the POM images
(adapted from veference [15] with a permission,).

time are shown in Figure 25(a) and (b). First, negative spherulites were observed
with the typical Maltese-cross patterns for both of the LD neat and LD/SFN(1.0)
specimens. The number of spherulites and the spherulite diameter as a function of
time are plotted in Figure 25(c) and (d). As shown in Figure 25(c) the number of
spherulites increases as a function of time for the LD neat specimen below 4 min,
suggesting homogeneous nucleation. In contrast, for the case of LD/SFN(1.0), the
number of spherulites significantly increases and kept constant as a function of time
(Figure 25(d)), suggesting heterogeneous nucleation due to the nucleation effect of
SEN. The final number of spherulites increased approximately 3.6 times (from 21 to
73) upon the addition of SFN. Based on these results, SFN is considered as a
nucleation agent for SC nuclei. The induction period calculated from Figure 25(c)
looks unchanged. Furthermore, as seen in Figure 25(d) the growth rate (8.6 pm/
min) of the spherulites in the LD/SFN(1.0) specimen is smaller than that of the
spherulites in the LD neat specimen (10.7 pm/min). Although the growth rate of the
SC crystals is decreased by the loading of SFN, the ultimate degree of crystallinity at
170°C (see Figure 20(d)) is increased by the loading of SFN. The slower growth of
SC spherulites by adding SFN seems conflicting with the larger nucleation effects of
SEN. These two conflicting results (as shown in Figure 25(c) and (d)) induced by
the SFN loading are worthy of future research.
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4. Confined crystallization of PEG inside the preformed PLLA
spherulite

In this section, we focus on the confined crystallization of PEG inside the
preformed PLLA spherulite. The PLLA sample used in this study is the product of
NatureWorks (code 4032D, D-content = 1.4%). The PEG sample was purchased
from Wako Pure Chemical Industries, Ltd., of which M,, is 20,000. The PLLA/PEG
(50/50) blend specimen was prepared by the solution casting method, using DCM
as a solvent to obtain a solution with ca. 5 wt% of the total polymer concentration.
The polymer solution was then poured into a Petri dish for complete evaporation
of DCM.

The PLLA/PEG (50/50) blend specimen was heated up to 180.0°C and kept at
this temperature for 5 min to obtain complete melt without liquid-liquid phase
separation. Then, a two-step temperature-jump was conducted as 180.0°C — 127.0°
C — 45.0°C. The isothermal crystallization time at 127.0 °C was controlled as 0, 5,
10, and 15 min where the PLLA spherulite grew. After that, the specimen was
quenched to 45.0 °C and kept at this temperature for 40 min to induce the
crystallization of PEG, as shown in Figure 26.

As can be seen from the POM micrographs in Figure 27(a), PEG does not
crystallize at 45.0 °C upon the direct quench from melt at 180.0 °C, however at 41°C
PEG crystallization was clearly observed. This is due to the freezing temperature (T¥)
depression of PEG in the mixture of the PLLA/PEG (50/50) blend specimen by
noting that T for the neat PEG specimen is 52.0 °C. It should be noted that here we
prefer to use the terminology “freezing temperature” instead of “crystallization tem-
perature” to avoid any confusion with the “isothermal crystallization temperature” at
which the isothermal crystallization experiment was conducted. Furthermore, the T,
of the PLLA/PEG (50/50) blend is approximately estimated as —8.2 °C by using the
Fox equation with Ty pgg = — 53.0 °C [41] and Ty prra = 59.6 °C [8]. Therefore, the
homogeneous mixture of PLLA and PEG is in the rubbery state at 41°C. However,
PLLA crystallization was not observed at 41°C which may be due to the worse
crystallizability of PLLA as compared to that of PEG.

The direct evidence of the confined crystallization of PEG inside the preformed
PLLA spherulite was observed by the bright-field optical microscopic observation
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Figure 26.
Temperature protocol for the POM observations and the DSC measurements for the PLLA/PEG (50/50) blend
specimens isothermally crystallized by the two-step T-jump (adapted from reference [13] with a permission,).
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POM micrographs showing the crystallization processes of PLLA/PEG (50/50) blend specimens at 45.0 °C
(40 min) after the temperature jump from 127.0 °C, where PLLA was allowed to crystallize for (a) o, (b) 5,
(c) 10, and (d) 15 min. Subsequently, the specimens were subjected to reheating with 50°C min~" up to
67.0°C. POM images shown in the right column were taken after 10 s of the temperature equilibration at
67.0°C (adapted from reference [13] with a permission).

which is shown in Figure 28. Actually, polarizer and analyzer plates were removed
after first-step of T-jump at 127.0°C for 600 s. Afterwards, the specimen was
quenched to 45.0°C. Around 484-486 s elapsed at 45.0°C, the dark spokes were
observed inside the PLLA spherulite which were disappeared when temperature
was increased up to 67.0°C. Thus, the confined crystallization of PEG in the
preformed PLLA spherulite was evident. Upon further quenching from 67.0°C to
45.0°C, the confined crystallization of PEG again occured inside the PLLA spheru-
lite, as shown in the bottom row of Figure 28. It is interesting to observe that the
crystallization of PEG did not start from the center of the preformed PLLA spheru-
lite. It rather seems that the initiation of the PEG crystallization was at random.
Also, interesting to note no memory effect, i.e., the trajectories of the second-time
PEG crystallization were completely different from the first-time ones. Further-
more, there observed a bridging PEG crystalline region which continuously strides
over two-neighboring PLLA spherulites being contacted to each other with a
straight boundary.

Figure 29(a) shows the change in the WAXS profiles during the isothermal
crystallization at 45.0°C after the PLLA crystallization for 15 min at 127.0°C. Ini-
tially at ¢ = 315 s, only the PLLA crystalline reflection peaks at ¢ = 11.95, 13.43, and
15.45 nm ™" were observed. As time goes on, the PEG crystalline reflection peaks
also appear at ¢ = 13.56, 15.94, 16.12, 16.30 nm " with increasing their intensity.
Figure 29(b). shows the plots of peak area as a function of time. The peak area for
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POM image obtained at 127.0°C (600 s isothermal crystallization; shown at the top-left corner) and bright-
field micrographs showing the confined crystallization of PEG in the PLLA spherulites for the PLLA/PEG (50/
50) blend specimen. The specimen was quickly cooled from the melt state (180.0°C) to the crystallization state
of PLLA at 127.0°C. after 600 s elapsed (isothermal crystallization for 600 s at 127.0°C), the specimen was
again quenched to 45.0°C for the isothermal crystallization of PEG. Then, the specimen was subjected to
reheating up to 67.0°C to melt the PEG crystalline phase. Subsequently (after 6 s elapsed), the specimen was
quenched to 45.0°C for the isothermal crystallization at 45.0°C for the second time by keeping the same PLLA
spherulites in which the confined crystallization of PEG took place again (adapted from veference [13] with a
permission,).

the PLLA crystalline peak was unchanged with the time however, that of PEG peaks
showed the increasing tendency and then leveled off. The onset time of the peak
evolution can be considered as the induction period which was about 5 min for this
particular case. Although the peak positions of the PEG reflections in the second-
step of T-jump of the blend specimen are the same as those for the neat PEG, it is
specific to recognize the tremendous suppression of the (124)/(124) reflection peak
for the blend specimen as compared to that for the neat PEG [13]. This may indicate
the effect of the space confinement that the direction of the PEG crystal growth was
suppressed, which is the [124]/[124] direction almost parallel to the c-axis, in turn,
the polymer chain direction. On the other hand, the (120) reflection peak was not
suppressed, indicating that the PEG crystal growth in the direction perpendicular to
the polymer chains was not affected. Assuming the folded-chain crystal of the PEG
crystalline lamella, these results suggest the suppression of the lamellar thickening
due to the space confinement in the amorphous phase sandwiched by the
preformed PLLA crystalline lamellae. This further suggests the orientation of the
PEG lamellae parallel to those of PLLA. The parallel orientation of the PEG lamellae
(parallel to the preformed PLLA crystalline lamellae) as a consequence of the space
confinement can be explained by the previous work of Huang et al. [42].

Such a space confinement effect results in the formation of extraordinarily thin
PEG lamellae, in turn the lowering of the melting temperature according to the
Gibbs-Thomson equation. To check this speculation, the DSC measurements were
conducted. The specimens were first quenched from 180.0°C to 127.0°C to allow
isothermal crystallization of PLLA for X min (X = 5, 10, 15, and 20) in prior to the
second-step T-jump to 45.0°C to allow isothermal PEG crystallization at 45.0°C for
30 min. After the isothermal PEG crystallization at 45.0°C for 30 min, the specimen
was then heated with the rate of 10°C/min where the DSC measurement was
conducted. Figure 30 shows the change in T}, of PEG as a function of the PLLA
crystallization time at 127.0°C. It is clear that the T},'s of PEG in PLLA/PEG(50/50)
blend are much lower than that for the neat PEG crystallized, suggesting the
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(a) Time-resolved 1 d-WAXS profiles along the PEG crystallization at 45.0°C in the PLLA/PEG (50/50)
blend specimen after PLLA crystallized at 127.0°C for 15 min. (b) Plots of the area of crystallization peaks as a
Sfunction of time, which was evaluated from WAXS results shown in Figure 29(a) after the peak decomposition
(adapted from veference [13] with a permission,).

formation of thinner PEG lamellae in case of the confined crystallization. It is
noteworthy to observe that Ty, of PEG is monotonically increased with an increase
of the PLLA crystallization time, which might imply that the space confinement
effect becomes lesser with the growth of the PLLA spherulite and eventually
reaching no space confinement effect for the PLLA crystallization time larger than
20 min. Although this tendency seems to be reasonable, it should be noted that
thickening of the PLLA lamellae with an increase in the PLLA crystallization time
results in more significant confinement to the PEG crystallization taking place in
the amorphous region sandwiched by two PLLA crystalline lamellae. Therefore, the
result shown in Figure 30 rather implies the effect of the increase in the weight
fraction of PEG (wpgg) in the amorphous region comprising the homogeneous
mixture of PEG and PLLA. Furthermore, there might be still a weaker confinement,
as the density of crystalline PLLA (1.29 g/cm3) [43] is higher compared to that of
amorphous PLLA (1.25 g/cm3) [43]. Consequently, at the same time as PLLA
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Figure 30.
T, of PEG as a function of the PLLA crystallization time at 127.0°C (adapted from reference [13] with a
permission,).

lamellae grow in size, the amorphous phase will deplete in PLLA and due to the
difference in densities there might be an overall gain in space, which enhances the
growth of the PEG lamellae. As this effect becomes larger with the progress in the
PLLA crystallization, the PEG lamellae can grow more so that the T, of PEG
increases with an increase in the PLLA crystallization time at 127°C, as shown in
Figure 30. Thus, the DSC confirmation of the above-mentioned speculation of the
formation of the PEG lamellae oriented parallel to the preformed PLLA lamellae is
not satisfactory. We will report results of detailed DSC experiments using several
PEG/PLLA blend specimens with different wpgg in our future publication.

Furthermore, the Tt of PEG in the melt mixture of PEG and PLLA amorphous
phase were determined by conducting the DSC measurements. Here, it is important
to avoid crystallization of PLLA. Therefore, the specimens were quickly cooled
from 180°C to 80.0°C and then cooled to 10°C with cooling rate 1,2 5 and 10°C/min.
We conducted cooling-rate dependencies to correct for the cooling-rate effect on
this temperature and to evaluate T of PEG by the extrapolation of the onset
temperature of the exothermic peak to the zero-cooling rate [13]. Thus-evaluated T¢
of PEG is plotted as a function of wpgg for the PLLA/PEG blend specimens in
Figure 31(a). It can be seen that T is increased when wpgg is increased. Based on
this plot, the mechanism of the confined crystallization in the preformed PLLA
spherulites is considered. Upon the crystallization of PLLA from the melt of the
PLLA/PEG amorphous phase, the PEG content in the amorphous region inside
the PLLA spherulite is increased so that T is increased from its original one
(T¢ = 45.3°C) at wpgg = 0.5. The fact that no PEG crystallization at 45.0°C
(Figure 27(a)) was observed for this blend specimen with wpgg = 0.5 seems to
conflict with the fact of Tt = 45.3°C. Since this value (T = 45.3°C) was estimated by
the extrapolation of the onset temperature of the PEG crystallization to the zero-
cooling rate, the PEG crystallization at 45.0°C would take infinitely long time for
this blend specimen (PLLA/PEG (50/50)). Figure 27(a) showing no PEG crystalli-
zation at 45.0°C implies that the PEG crystallization would take place more than
40 min. Consequently, it can be considered that when the PLLA crystallization time
at 127.0°C is longer, the PEG content in the amorphous region becomes higher so
that the PEG crystallizability becomes more sufficient. The experimental results
definitely supported this speculation.

Next, the PEG fraction in the amorphous phase in the preformed PLLA spheru-
lite was estimated by DSC measurements. The PLLA/PEG (50/50) blend specimens
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were annealed at 180.0°C for 5 min, and then quenched first to 127.0°C for 10 min
to form the PLLA spherulites. Afterward, the specimens were quenched to 60.0°C
and then cooled gradually down to room temperature and DSC scans were observed
[13]. Thus-evaluated T; of PEG are plotted as a function of the crystallization time
of PLLA at 127.0°C in Figure 31(b). Based on the result shown in Figure 31(b)
combined with Figure 31(a) it was possible to estimate wpgg, which is increased
from wpgg = 0.5 with increasing of PLLA crystallization time at 127.0°C. Figure 32
shows the Awpgg (= wpgg — 0.5) behavior as a function of the PLLA crystallization
time. It is clearly observed that wpgg is increased with increasing of PLLA crystalli-
zation time at 127.0°C, which supports the above-mentioned discussion that wpgg in
the amorphous region inside the larger PLLA spherulite is larger than that inside the
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Figure 31.
(a) Dependence of the freezing temperature of PEG (Ty) on the weight fraction of PEG (wpgg) in the PLLA/
PEG blend specimens. (b) Dependence of Ty of PEG on the PLLA crystallization time at 127.0°C (adapted
from veference [13] with a permission).
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Figure 32.
Plot of wpgg as a function of the PLLA crystallization time at 127.0°C (adapted from reference [13] with a
permission).
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smaller PLLA spherulite because of the progress in the PLLA crystallization. It is
noteworthy that it leveled off around 20 min, suggesting completeness of the PLLA
crystallization at 127.0°C around 20 min.

5. Confined crystallization of PCL in the block copolymer of PLA
and PCL

In this section, we focus on block copolymers of PLA with PCL, namely, PLLA-
PCL diblock copolymers and PLLA-PCL-PDLA triblock copolymers with respect to
the confined crystallization within the microphase-separated domain of PCL which
is sandwiched by the glassy PLLA microphase. In this study, PLLA, PDLA, PCL and
their block copolymers were synthesized. The polymer synthesis method is
described in Ref. [12]. The molecular weight information is reported in Table 2.
The diblock copolymers are represented by XCL-YL and XCL-YD where X and Y
denote the block length or the number-average molecular weights (M,,) in kDa of
the component PCL (CL), PLLA (L), and PDLA (D) blocks. Whereas, the tri-
stereoblock (trisb) copolymers are represented by XCL-YL-ZD where X, Y, and Z
denote the block lengths or M,, values in kDa of its following block sequences shown
by the abbreviated symbols. Further, the synthesized diblock copolymers were
blended with their corresponding enantiomers, which are abbreviated as B_X-Y
where X and Y denote the block length. For example, B_10-10 shows the blend of
10CL-10 L and 10CL-10D. Furthermore, all the prepared specimens were hot-
pressed followed by quenching in ice-water, to obtain polymer films.

The DSC thermograms of the block copolymers compared with that of neat PCL
and neat PDLA are shown in Figure 33. The enthalpy of melting (AH,,) of PCL
decreases from 42.4 to 20.2 J/g with increasing the block length of PDLA, whereas
the AH,, of PDLA is increased from 36.8 to 43.4 J/g. These changes in enthalpy
correspond to the decreasing content of PCL and increasing content of PDLA in
the copolymer system. Furthermore, different melting peaks of PCL and PDLA
confirms separate crystallization of PCL and PDLA blocks of varying length.
Figure 33(b) shows the DSC results of the enantiomeric diblock copolymer blends
and the trisb copolymer in the heating scan (10°C/min). As can be seen in the
figure, the specimen B_10-10 form perfect SC crystal upon blending, without
generating the HC. This is because of the low molecular weight of the PDLA/PLLA
blocks. Furthermore, double melting peaks were observed for SC crystal at 221.8°C
and 235.4°C which may be due to the formation of relatively thinner and thicker
lamellae of SC crystal. It should be noted that more formation of HC in B_10-20 and
B_10_30 specimen is due to the increasing molecular weight of PLLA/PDLA blocks.
Therefore, it can be concluded that the higher molecular weight of the block
sequences increases the formation of HC instead of SC.

Specimen M,, M, M, | M,

10CL-10D 48.6 71.8 1.47

10CL-10 L 45.5 69.8 1.53

10CL-10 L-10D 59.0 100.6 170

10CL-20D 64.0 107.2 1.67

10CL-30D 69.8 160.5 2.30
Table 2.

Molecular weight of the synthesized block copolymers (analyzed by GPC).
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Figure 33.
DSC thermograms of (a) neat PCL, neat PDLA, and PCL-PDLA diblock copolymers and (b) enantiomeric
diblock copolymer blends and trisb copolymer (adapted from veference [12] with a permission).

The stress—strain (SS) curves of the polymer films of the block copolymers and
their enantiomeric blends as well as that of the trisb copolymer are shown in
Figure 34. As can be seen that the elongation of 30PCL specimen is higher than that
of 30D specimen. The higher elongation of PCL is due to its soft and flexible nature
as the stress—strain test is performed at 25°C (rubbery region of PCL) while PDLA is
in glassy state. The tensile strength, modulus, and the toughness of the diblock
copolymers are enhanced with increasing the block length of PDLA. The highest
elongation at break was found for the specimen 10CL-30D. To understand such an
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Representative data for stress vs. (%) Strain of (a) homopolymers and diblock copolymers; (b) diblock blends
and trisb copolymer (adapted from reference [12] with a permission,).

unusual increase in elongation at break for 10CL-30D, it is important to consider
the structure at the amorphous state at higher temperature. Here, it is noted that
PCL/PLLA polymer blends exhibit LCST (lower critical solution temperature)
phase behavior [44] so that PCL-PLLA blends are subjected to microphase separa-
tion at higher temperature. As a matter of fact, the SAXS results (Figure 35) indi-
cated the microphase separation at higher temperature (210°C) for the PCL-PDLA
diblock copolymers. The judgment of morphology was uncertain due to the pres-
ence of only a first order peak. For the 10CL-30D specimen, there may be the
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Loventz-corrected scattering intensity vs. q of (a) homopolymers and diblock copolymers and (b) enantiomeric
diblock copolymer blends and trisb copolymer (adapted from reference [12] with a permission,).

possibility of the formation of PCL lamellar or cylindrical microdomains due to the
PCL fraction being 25%. It may be perceived that upon rapid quenching from 210 to
0°C, the PDLA matrix is vitrified due to which the PCL block chains would only
crystallize in the interior of the cylindrical microdomains surrounded by the glassy
matrix. Because of the confined crystallization, the crystallite may be considered as
tiny and dispersed in the interior of PCL microdomains. In such a situation, the
crack propagation of glassy PDLA matrix is terminated at the PCL microdomains
when the specimen is drawn which could be attributed to amorphous PCL phase
(rubbery domain) at room temperature. Also, the PCL block chains are much easier
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to be unfolded from the tiny crystalline lamellae as compared to larger (thicker)
lamellae in other specimens. Therefore, the 10CL-30D specimen is found to exhibit
the most stretchable character which may be ascribed to its structural origin.

6. Conclusions

The crystallization of PLLA is one of the key factor for analyzing structure-
property relationships of PLLA-based blend, block copolymer and nanocomposites.
The presence of solid state additives (SFN and CNC) increased the nucleation of
PLLA, thus influences the whole crystallization process, however the spherulite
growth of PLLA was not significantly changed by loading SFN or CNC. For the case
of liquid-state additive i.e. OMG, nucleation and spherulite growth rate both were
found to be increased which improves the crystallizability of PLLA. The presence of
SEN enhanced the SC crystallization while it suppressed the HC crystallization. It is
noteworthy for this particular case that the spherulite growth rate was suppressed
by the addition of 1% SFN whereas the nucleation density was much increased by
SEN. For the case of PLLA/PEG(50/50) blend, a two-step temperature-jump was
conducted as 180.0°C — 127.0°C — 45.0°C. For this particular condition, it was
found that PEG can crystallize only in the preformed spherulites of PLLA. The
confined crystallization of PEG can be accounted for as follows. Upon the PLLA
crystallization at 127.0°C, the PEG content in the amorphous region inside the PLLA
spherulite is increased because of the formation of the pure solid phase of PLLA
(crystalline phase). Then, Ty of PEG increases so that PEG can crystallize but this
crystallization is only allowed inside the PLLA spherulite. The direct evidence of the
PEG crystallization was obtained by the bright-field optical microscopic observa-
tion and WAXS measurements. For the case of PLA and PCL block copolymers, the
poor mechanical property of PDLA (which is poor elongation at break) was
reported to be much improved by the presence of extensible PCL block component
even in case of a short PCL chain in the block copolymer, which may be ascribed to
the confined crystallization of PCL in the microdomain structure. Furthermore, the
formation of SC crystal in the enantiomeric blend of PLLA-b-PCL and PDLA-b-PCL
have been examined by changing the block length of PLLA and PDLA components.

Author details
Amit Kumar Pandey' and Shinichi Sakurai**
1 Department of Biobased Materials Science, Kyoto Institute of Technology, Japan

2 Indian Institute of Technology Guwahati, India

*Address all correspondence to: shin@kit.ac.jp

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

116



Recent Developments in the Crystallization of PLLA-Based Blends, Block Copolymers...

DOI: http://dx.doi.org/10.5772 /intechopen.97088
References

[1] Saeidlou, S.; Huneault, M.A.; Li, H.;
Park, C.B. Poly(lactic acid)
crystallization. Prog. Polym. Sci. 2012,
37, 1657-1677.

[2] Wasanasuk, K.; Tashiro, K.;
Hanesaka, M.; Ohhara, T.; Kurihara, K.;
Kuroki, R.; Tamada, T.; Ozeki, T.;
Kanamoto, T. Crystal structure analysis
of poly(I-lactic acid) o form on the basis
of the 2-dimensional wide-angle
synchrotron X-ray and neutron
diffraction measurements.
Macromolecules 2011, 44, 6441-6452.

[3] Wasanasuk, K.; Tashiro, K.
Structural regularization in the
crystallization process from the glass or
melt of poly(l-lactic acid) viewed from
the temperature-dependent and time-
resolved measurements of FTIR and
wide-angle/small-angle X-ray
scatterings. Macromolecules 2011, 44,
9650-9660.

(4] Zhang, ].; Tashiro, K.; Tsuji, H.;
Domb, A.]. Disorder-to-order phase
transition and multiple melting behavior
of poly(L-lactide) investigated by
simultaneous measurements of WAXD
and DSC. Macromolecules 2008, 41,
1352-1357.

(5] Zhang, J.; Tashiro, K.; Domb, AJ.;
Tsuji, H. Confirmation of disorder a
form of poly(L-lactic acid) by the X-ray
fiber pattern and polarized IR/Raman
spectra measured for uniaxially-

oriented samples. Macromol. Symp.
2006, 242, 274-278.

[6] Aleman, C.; Lotz, B.; Puiggali, J.
Crystal Structure of the a-Form of Poly
(L-lactide). Macromolecules 2001, 34,
4795-4801.

[7] Thi Ngoc Diep, P.; Mochizuki, M.;
Doi, M.; Takagi, H.; Shimizu, N.;
Igarashi, N.; Sasaki, S.; Sakurai, S.
Effects of a special diluent as an agent of
improving the crystallizability of poly

117

(L-lactic acid). Polym. J. 2019, 51, 283—
294.

[8] Pandey, A.K.; Katiyar, V.; Sasaki, S.;
Sakurai, S. Accelerated crystallization of
poly(I-lactic acid) by silk fibroin
nanodisc. Polym. J. 2019.

[9] Pandey, A.K.; Katiyar, V.; Takagi, H.;
Shimizu, N.; Igarashi, N.; Sasaki, S.;
Sakurai, S. Structural Evolution in
Isothermal Crystallization Process of
Poly(L-lactic acid) Enhanced by Silk
Fibroin Nano-Disc. Materials. 2019, 12,
1872.

[10] Thi Ngoc Diep, P.; Takagi, H.;
Shimizu, N.; Igarashi, N.; Sasaki, S.;
Sakurai, S. Effects of Loading Amount
of Plasticizers on Improved
Crystallization of Poly (L-lactic acid). J.
Fiber Sci. Technol. 2019, 75, 99-111.

[11] Pandey, A.K.; Diep, P.T.N.; Patwa,
R.; Katiyar, V.; Sasaki, S.; Sakurai, S.
DSC and SWAXS Studies on the Effects
of Silk Nanocrystals on Crystallization
of Poly(l-Lactic Acid). In Advances in
Sustainable Polymers; Springer, 2020;
pp. 321-339.

[12] Mulchandani, N.; Gupta, A.;
Masutani, K.; Kumar, S.; Sakurai, S.;
Kimura, Y.; Katiyar, V. Effect of Block
Length and Stereocomplexation on the
Thermally Processable Poly (e-
caprolactone) and Poly (Lactic acid)
Block Copolymers for Biomedical
Applications. ACS Appl. Polym. Mater.
2019, 1, 3354-3365.

[13] BANPEAN, A.; SAKURAI, S.
Confined Crystallization of Poly
(ethylene glycol) in Spherulites of Poly
(L-lactic acid) in a PLLA/PEG Blend.
Polymer. 2021, 123370.

[14] Mondal, K.; Sakurai, S.; Okahisa, Y.;
Goud, V. V.; Katiyar, V. Effect of
cellulose nanocrystals derived from
Dunaliella tertiolecta marine green algae



Crystallization and Applications

residue on crystallization behaviour of
poly(lactic acid). Submitted to
Carbohydr. Polym. 2020.

[15] Pandey, A.K.; Takagi, H.; Igarashi,
N.; Shimizu, N.; Sakurai, S. Exclusive
Formation of Stereocomplex Crystallites
in Poly(L-lactic acid)/Poly(D-lactic
acid) Blends Promoted by Silk Fibroin
Nanodisc. Submitted to Macromolecules
2021.

[16] Li, H.; Huneault, M.A. Effect of
nucleation and plasticization on the

crystallization of poly (lactic acid).
Polymer. 2007, 48, 6855-6866.

[17] Carbone, M.].; Vanhalle, M.;
Goderis, B.; Puyvelde, P. Van Amino
acids and poly ( amino acids ) as
nucleating agents for poly ( lactic acid ).
2015, 35, 169-180.

[18] Kawamoto, N.; Sakai, A.; Horikoshi,
T.; Urushihara, T.; Tobita, E. Nucleating
agent for poly(L-lactic acid) - An
optimization of chemical structure of
hydrazide compound for advanced
nucleation ability. J. Appl. Polym. Sci.
2007, 103, 198-203.

[19] Ouchiar, S.; Stoclet, G.; Cabaret, C.;
Gloaguen, V. Influence of the Filler
Nature on the Crystalline Structure of
Polylactide-Based Nanocomposites:
New Insights into the Nucleating Effect.
Macromolecules 2016, 49, 2782-2790.

[20] Miiller, A.J.; Avila, M.; Saenz, G.;
Salazar, J. CHAPTER 3. Crystallization of
PLA-based Materials; 2015; ISBN
9781782624806.

[21] Patwa, R.; Soundararajan, N.;
Mulchandani, N.; Bhasney, S.M.; Shah,
M.; Kumar, S.; Kumar, A.; Katiyar, V.
Silk nano-discs: A natural material for
cancer therapy. Biopolymers 2018, 109,
23231.

[22] Tsuji, H. Poly(lactic acid)

stereocomplexes: A decade of progress.
Adv. Drug Deliv. Rev. 2016, 107, 97-135.

118

[23] Tan, B.H.; Muiruri, J.K.; Li, Z.; He,
C. Recent Progress in Using
Stereocomplexation for Enhancement of
Thermal and Mechanical Property of
Polylactide. ACS Sustain. Chem. Eng.
2016, 4, 5370-5391.

[24] Tsuji, H.; Ikada, Y. Stereocomplex
Formation between Enantiomeric Poly
(Iactic acid)s. 9. Stereocomplexation
from the Melt. Macromolecules 1993, 26,
6918-6926.

[25] Okihara, T.; Tsuji, M.; Kawaguchi,
A.; Katayama, K.L.; Tsuji, H.; Hyon, S.
H.; Tkada, Y. Crystal Structure of
Stereocomplex of Poly(L-lactide) and
Poly(D-lactide). J. Macromol. Sci. Part B
1991, 30, 119-140.

[26] Tsuji, H.; Fukui, I. Enhanced
thermal stability of poly(lactide)s in the
melt by enantiomeric polymer blending.
Polymer. 2003, 44, 2891-2896.

[27] Long, H.; Wu, Z.; Dong, Q.; Shen,
Y.; Zhou, W.; Luo, Y.; Zhang, C.; Dong,
X. Effect of polyethylene glycol on
mechanical properties of bamboo fiber-

reinforced polylactic acid composites. /.
Appl. Polym. Sci. 2019, 136, 47709.

[28] Liu, H.; Zhang, J. Research progress
in toughening modification of poly
(lactic acid). J. Polym. Sci. part B Polym.
Phys. 2011, 49, 1051-1083.

[29] Lai, W.-C,; Liau, W.-B,; Lin, T.-T.
The effect of end groups of PEG on the
crystallization behaviors of binary
crystalline polymer blends PEG/PLLA.
Polymer. 2004, 45, 3073-3080.

[30] Li, Y.; Li, X.; Xiang, F.; Huang, T.;
Wang, Y.; Wu, J.; Zhou, Z.
Crystallization, rheological, and
mechanical properties of PLLA/PEG
blend with multiwalled carbon
nanotubes. Polym. Adv. Technol. 2011,
22, 1959-1970.

[31] Kulinski, bZ; Piorkowska, E.
Crystallization, structure and properties



Recent Developments in the Crystallization of PLLA-Based Blends, Block Copolymers...

DOI: http://dx.doi.org/10.5772 /intechopen.97088

of plasticized poly (L-lactide). Polymer.
2005, 46, 10290-10300.

[32] Piorkowska, E.; Kulinski, Z.;
Galeski, A.; Masirek, R. Plasticization of
semicrystalline poly (L-lactide) with
poly (propylene glycol). Polymer. 2006,
47, 7178-7188.

[33] Zhao, X.; Hu, H.; Wang, X.; Yu, X.;
Zhou, W.; Peng, S. Super tough poly
(Iactic acid) blends: a comprehensive
review. RSC Adv. 2020, 10, 13316
13368.

[34] Tsuji, H.; Ikada, Y. Properties and
morphologies of poly (L-lactide): 1.
Annealing condition effects on
properties and morphologies of poly (L-
lactide). Polymer. 1995, 36, 2709-2716.

[35] Strobl, G.R.; Strobl, G.R. The physics
of polymers; Springer, 1997; Vol. 2;.

[36] Padden Jr, F.J.; Keith, H.D.
Mechanism for lamellar branching in
isotactic polypropylene. J. Appl. Phys.
1973, 44, 1217-1223.

[37]1 Yamada, K.; Matsumoto, S.;
Tagashira, K.; Hikosaka, M. Isotacticity
dependence of spherulitic morphology
of isotactic polypropylene. Polymer.
1998, 39, 5327-5333.

[38] Uchida, K.; Mita, K.; Higaki, Y.;
Kojio, K.; Takahara, A. Lamellar
orientation in isotactic polypropylene
thin films: a complement study via
grazing incidence X-ray diffraction and

surface/cross-sectional imaging. Polym.
J. 2019, 51, 183-188.

[39] Hama, H.; Tashiro, K. Structural
changes in isothermal crystallization
process of polyoxymethylene
investigated by time-resolved FTIR,
SAXS and WAXS measurements.
Polymer. 2003, 44, 6973-6988.

[40] Patterson, A.L. The scherrer formula

for X-ray particle size determination.
Phys. Rev. 1939, 56, 978-982.

119

[41] Faucher, J.A.; Koleske, J. V; Santee
Jr, E.R.; Stratta, J.J.; Wilson lii, C'W.
Glass transitions of ethylene oxide
polymers. J. Appl. Phys. 1966, 37, 3962—
3964.

[42] Huang, P.; Zhu, L.; Guo, Y.; Ge, Q.;
Jing, A.J.; Chen, W.Y.; Quirk, R.P.;
Cheng, S.Z.D.; Thomas, E.L.; Lotz, B.
Confinement size effect on crystal
orientation changes of poly (ethylene
oxide) blocks in poly (ethylene
oxide)-b-polystyrene diblock
copolymers. Macromolecules 2004, 37,
3689-3698.

[43] E.W. Fischer, H.]. Sterzel, and G.
Wegner, Investigation of the structure
of solution grown crystals of lactide
copolymers by means of chemical
reactions. Kolloid-Z.Z. Polym. 1973,
251(11), 980-990.

[44] Meredith, J.C.; J. Amis, E. LCST
phase separation in biodegradable
polymer blends: poly (D, L-lactide) and
poly (e-caprolactone). Macromol. Chem.
Phys. 2000, 201, 733-739.






Chapter 6

Polymorphism and
Supramolecular Isomerism: The
Impasse of Coordination Polymers

Francisco Sdnchez-Férez and Josefina Pons

Abstract

The chapter presented hereafter, outlines the narrow link between chemistry
and crystallography that impelled the identification of polymorphism and provided a
priceless grounding to understand structure-properties relationship. It was initially
conceived for organic substances but actually embraced by metal-organic products,
especially in the study of coordination polymers. All of the technologic advances
have provided profound insights on the control of crystal structures formation
revealing that any applied stimulus over a substance can undergo a structural
transformation. This has led to the implementation of several methodologies in the
industrial and academic segment shedding light on the source of hitherto, not well
understood results.

Keywords: polymorphism, pseudopolymorphism, solvates, transition metals,
organic linkers, crystal structures

1. Introduction: historical perspective

The intrinsic awareness in structure-properties relationship of solids was
firstly introduced on the study of minerals and inorganic compounds and has been
preserved over time [1]. Within this frame, the first step on the polymorphism
phenomenon was unknowingly given by Klaproth [2] in 1788 identifying three
different crystalline phases of calcium carbonate (calcite, vaterite and aragonite).
In 1819, Mitscherlich commenced his research on phosphates and arsenates of
potassium (KH,PO4 and KH,AsO,) and established their complete morphologi-
cal similarity, noting that they crystallize in similar forms. His subsequent results
with the corresponding potassium salts (NH,H,PO, and NH,H,AsO,) confirmed
that observation and led him to pose that there do exist bodies of dissimilar chemi-
cal composition having the same crystalline form. He not only recovered the work of
Whollaston with orthorhombic carbonates and sulfates of barium, strontium and
lead, who already noticed this phenomenon in 1812 but also, extended to rhombo-
hedral carbonates of calcium, magnesium, iron and manganese, and to sulfates of
iron, copper, zinc, magnesium, nickel and cobalt. Curiously, he also evinced the
basis of seeding at realizing that having two substances both able to crystallize in various
forms, the presence of one during the crystallization of the other will force the crystalliza-
tion of the latter in the same form. Then, he moved to Stockholm with Berzelius with
whom he delved deeply into phosphates and arsenates and forged the concept of
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isomorphism. Last but not least, he reported two distinct crystallized forms of sulfur
in 1826 demonstrating a clear case of an element which could be made to crystallize

in two diffevent systems of symmetry at will, by mevely changing the crystallization
conditions. Therefore, Mitscherlich was identified as the one who took the first step
towards the rise of polymorphism [3]. Shortly after, in 1824, the contradictory results
garnered by Liebig [4] and W&hler [5] during their research on silver fulminate and
silver cyanate triggered the conflict which led them to be colleagues and to pose

the following dilemma: can two compounds with the same composition have different
physical properties?. Their results evinced two Ag salts with the same composition
but different physical properties, which did not go unnoticed by Wohler’s master
Berzelius, who merged these results with those of Mitscherlich. It is unclear who
was the first to conceive the notion of polymorphism but this crucial period of
1820-1832 was mainly drawn by Mitscherlich [6-8] who shed light on this phe-
nomenon, even though the concept was still vague. It was during these years when
Berzelius [9] proposed the concept of isomerism (1831-1832) and it took until 1832
for Wohler and Liebig [10] to report the first case of polymorphism in an organic
compound. The awareness of isomerism set the beginning of structural chemistry,
broadening the knowledge and understanding of organic structures.

Since observation was the essential tool to identify polymorphism, this research
drastically changed with the accessibility and wide spreading use of the microscope,
but it was not until 1839 when Frankenheim [11] introduced the first principles
defining polymorphism and a postriori, Mallard [12] set the structural basis of
polymorphism in 1876, relating differences in physical properties with different
arrangements. One of the most remarkable contribution during this period was
the “Rule of steps” or “Law of successive reactions” from Ostwald [13] in 1897.

He pointed that during a succession of polymorphic forms, those appeared later

are generally more stable. Despite not being considered a rule, it is still valid asa
general observation. But the two major queries raised by Buerger and Bloom [14]
in 1937 were still unanswered: what causes the formation of different phases of a
substance and which factors determine them?.

The narrow link between crystallography and polymorphism was forged by
Tamman [15] in 1926 and settled with the first polymorphic X-ray crystal structure
determination of an organic compound, resorcinol, published by Robertson
and Ubbelohde [16] in 1939. Despite this achievement, the next decades passed
without a better understanding of polymorphism, being underrated until 1965 when
McCrone [17] conducted a comprehensive study in which he defined a polymorph
as: “a solid crystalline phase of a given compound vesulting from the possibility of at
least two different arrangements of the molecules of that compound in the solid state”
and published a review in 1969 about the importance of such phenomenon in
the pharmaceutical outlook [18]. Since the introduction of the term allotrope
by Berzelius in 1841, Polymorphism had been taken with allotropy on the same
meaning. But, it was not until the 1990s, when Sharma [19] and Reinke [20] set
the differences between them: polymorphism occurs in chemical compounds while
allotropy occurs in chemical elements. This work was crowned a posteriori by
Dunitz’s [21, 22] crystal description contribution.

In the 1970s, the works of Schmidt [23] and Paul and Curtin [24, 25] grounded
the flourish of solid-state chemistry and precede the breakthrough of conceiving
polymorphism. They served as inspiration to Bernstein and Desiraju, who laid the
foundation for recent supramolecular chemistry. In 1978, Bernstein [26] changed
the landscape of polymorphism by rationalizing the study of crystal packing forces
on molecular conformations of polymorphs and later in 1990, together with Etter
[27-30], applied their graph set descriptors and provide guidelines to understand
polymorphic transformations [31]. Bernstein compiled most of this historical
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results in his book “Polymorphism in Molecular Crystals”, which the authors
encourage reading [32]. Likewise, Desiraju achieved substantial progress in this
field during his studies of structure-properties relationship of organic solids mainly
of pharmaceutical interest, emphasizing and aiming its importance in this industry
as reflected in his book “Crystal Engineering: A Textbook” [33]. Both channeled their
polymorphism vision in terms of supramolecular chemistry.

During 1990s, computational chemistry went hand in hand, achieving
methodologies capable to reproduce experimental results and enabling even
crystal structure predictions. The first attainment was obtained by using Williams’
software [34] that met the main handicap hitherto, the identification of lattice
energy minimums. Subsequent years, many computational approaches were
developed facing with computer-generated structures for prediction, to the extent
that in 1999 a collaborative workshop held at the Cambridge Crystallographic Data
Centre (CCDC) [35] brought together the benchmark computational groups of this
period to provide an objective assessment of the possibilities of crystal structure
prediction. The results gathered in this event were clearly summarized a posteriori
in a paper published by Lommerse [36]. Further advances on prediction methods
accuracy as well as the implementation of Density Functional Theory (DFT) and
Machine Learning (ML) can be found in Spark’s review [37].

Despite the basis of polymorphism were already defined at the end of the
twentieth century, the increasing advances on X-ray diffraction techniques and
crystallization methods afforded the determination and analysis of metal-organic
structures, especially coordination polymers. Polymorphism of metal-organic
complexes was still unexplored and these new class of materials, from which
polymorphic structures grew exponentially, required classification and awareness.
This impasse was encouraged by renowned researchers as Sharma [38], Ciani [39],
Rogers [40] and Zaworotko [41]. In this regard, the same Zaworotko was who
published a review in 2001 emphasizing the difference between polymorphism and
supramolecular isomerism and underlined the link between them in organic and
metal-organic networks [42].

2. Types and borders: from organic to metal-organic

During the early stages of polymorphism, the lack of crystallographic tools
conditioned the understanding and therefore, classification of the different
polymorphic forms, but the exponential advances in this field provided perhaps
too many concurrent data to bring it together and form a unique mindset. It was
not until 1965 when McCrone [17] gathered the knowledge hitherto and seta
more excluding definition of polymorphism. The inclusion or not of hydrated
forms and solvates have been discussed since the rise of polymorphism, but be
that as it may, he ventured to propose their exclusion from polymorphic forms
and to avoid the use of pseudopolymorphism to define them. This assertion was
underpinned by Bernstein [32] in 2002, even if actually it is a wide spread term,
probably because of its acceptance by the pharmaceutical industry [43] from its
regulatory and patentability point of view. Since the aim of this chapter is not about
pseudopolymorphs we therefore, decided to exclude this term to refer to solvates
and hydrates, which can lead to undesirable misunderstandings. In 2012, Desiraju,
Karpinski, Thaper and Zaworotko [44] defined cocrystals as solids that are crystalline
single-phase materials composed of two or morve different molecular and/or ionic
compounds generally in a stoichiometric ratio which are neither solvates nor simple salts.
Aswell as salts that are any of numerous compounds that result from rveplacement of
part or all of the acid hydrogen of an acid by a metal or a radical acting like a metal;

123



Crystallization and Applications

an ionic or electrovalent crystalline solid. Instead, solvates have one component,
commonly a solvent, which is liquid by itself and hydrates are a particular case of
solvates, containing water as solvent. A deeper discussion on pseudopolymorphism
can be found in references [45-47].

Until the beginning of the twenty-first century, the polymorphs’ classification
was settled from the perspective of crystal packing forces and introduced confor-
mational and packing polymorphism to sort the examples hitherto. Coordination
polymers are infinite repeating coordination entities composed of organic mol-
ecules serving as linkers and metal ions as nodes [48]. Their main classification is
based on dimensionality which is the number of directions in which the array is
extended. Therefore, they can be divided into one-, two- or three-dimensional.
The rise of this field befell in 1961 when Bailar [49] firstly introduced the term
coordination polymers. Distinction between polymorphs and other forms as sol-
vates, hydrates or cocrystals in organic structures was well defined, but in the case
of metal-organic structures, in particular coordination polymers, this classification
was not sufficient.

Numerous structures which were not truly polymorphs (solvent molecules
were present in the lattice), but neither were solvates, started to rise at the end of
the twentieth century. This new domain required the borders to be clarified and
established. Yet, these rigid structures were thought to be less disposed to suffer
structural variations but some examples were gathered in works of Janiak [50]
with Zn(II) poly(pyrazolyl)borates, Ciani [39] with Ag(I) and 4-cyanopyridine,
Zaworotko [41, 51] with Co(II) and pyridyl containing linkers, Ripmeester [52]
with Cu(II) and a diketone and Rogers [40] with Hg(II) and tetrapyridylporphy-
rines. Thus, supramolecular isomerism was invoked to merge those different types
of structures (mainly coordination polymers) assembled from identical building
blocks. In this impasse, Zaworotko [42] strongly contributed to shed light upon
this ambiguity in his review of 2001. He defined supramolecular isomerism as “..the
existence of move than one type of network superstructure for the same molecular build-
ing blocks..” and pointed that polymorphs are a particular case of supramolecular
isomers “...polymorphs can therefore be regarded as being supramolecular isomers of one
another but the reverse is not necessarily the case”. This assertion should be clear before
classifying metal-organic structures.

Henceforth, supramolecular isomerism was divided into structural (regarding
the formation of different networks inter alia ladder, brickwall, 3D frame,
herringbone, bilayer or Lincoln logs), conformational (relying on the flexibility
of the ligands) and a new class named catenane (promoted by interpenetration),
being polymorphic forms a certain condition of them. A schematic representation
highlighting such division is depicted in Figure 1. At that time, structural isomerism
was focused on the particular case of architectural isomers [41], understood as
variations of the connectivity of the ligands between two structures, sharing the
same composition as a result of ligand conformations [53]. In particular, to those
cases in which the accommodation of different solvent guest molecules promoted
the change in the spatial disposition of the organic linkers.

In this direction, Robin and Fromm [48] in 2006 described supramolecular
isomerism as the ability of a substance to arrange into one or several network
superstructures by different molecular or supramolecular assemblies with the
inherent condition that organic linkers and metal ion remain the same and
this metal ion retains an equal coordination sphere. They also reported several
examples of a new subclass of structural supramolecular isomers named as ring
opening. Recently, Zhou [54] has provided the specific term framework isomers to
define supramolecular isomerism in MOFs, in which solvent occluded molecules
are trivial.
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Figure 1.
Schematic vepresentation of the structural velationship between the diffevent architectures among organic and
metal-organic compounds.

3. Thermodynamic vs. kinetic factors: formation and transformation
of polymorphs

A brief summary of fundamental thermodynamics principles is required prior
to understand their relevance on polymorphism. Despite ideal systems are not viable,
the definition of boundaries within this phenomenon based on simple laws could
be achieved with a sufficient accuracy to be useful. It is essential to stress that the
result of any structural change will be reflected as a change on the properties of the
system. Since energy changes are empirically measurable, they are a pragmatic way
to face polymorphism and led these energy differences to be a useful descriptor. The
identification of the relative intensities within the different forms of energy displays
whether exchanges of energy between two polymorphs will occur. Remarkably, this
allows to induce energetic modifications, by an external stimulus, only on a selected
form of energy to establish relationships in a linear manner.

The quantity of energy a system exchanges with environs is named enthalphy and is
referred to as H. Taking a chemical reaction as the case study, the character of the ener-
getics involved in it, is represented as the enthalpy of reaction, which is the difference
in enthalpies between products and reactants. This concept is useful to determine the
direction in which energy will flow but such information is not conclusive to establish
spontaneity. Hence the introduction of the notion of entropy (S) is essential. It is a way
to represent the organization of a system approached as the degree of disorder and it is
measured in terms of entropy changes of the system. Using both terms, Gibbs free energy
(G) provides further insights into spontaneity at constant temperature and pressure.

To understand the relative stability of the different polymorphs within a given
system as well as their transformations, the energy/temperature diagrams (E/T)
introduced by Buerger in 1951 [55] are the most valuable approach, being capable to
encapsulate much data in a single representation. It is based on the G equation:

G=H-TS 1)
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As a general representation, the diagram on Figure 2a displays how these terms
evolve at increasing temperature. Since the term TS is more significantly affected
by temperature than H, its effect on G becomes intense as the temperature of the
system raises and thus, G of the system tends to decrease. The energy of a trans-
formation undergone within a polymorphic system, under conditions of constant
temperature and pressure, are defined by:

AG =AH-TAS )

Within a series of polymorphic forms their crystal lattices are unique per se, so
despite their G at a certain temperature could be equal (isoenergetic forms), the values
of H and S will be different (Figure 2b). If isoenergetic forms are present, thereisa
crossing point between the two G value curves in the E/T diagram, named transition
point (t.p.), which to be useful is to be placed below the melting point (m.p.). In such
a scenario, if the formation of these polymorphs is allowed by kinetic factors, both
forms coexist and can be formed as concomitant polymorphs (vide infra in Section 5).

For instance, considering a case study as the one represented in Figure 2b, contain-
ing two polymorphic forms (dimorphic) named as A and B, a brief analysis of this E/T
diagram can provide some useful data. Below thet.p. (blue region) form A is the most
thermodynamically stable as its lower G value states. Within this region, its transfor-
mation into form B is related to an increase in H and it is defined as an endothermic
transition. At thet.p. both forms have the same G (AG = 0), which applied to Eq. (2) is
set that AH = TAS, where AH = Hp-Hj and AS = Sg-Sa. All these equations allow to
quantify the entropic change of a polymorphic transformation once the enthalpic
variation (AH, z,4) is experimentally determined (see Section 4.1). Above the £.p.
(green region), within this range of temperature and before the change of state at the
m.p., form B is the thermodynamically stable and therefore, transformation from A to
B isassociated with a decrease in H (exothermic process). After defining these borders,
one can infer the proper conditions in which the formation of one polymorph is
favored instead of the other.

Considering that theoretical thermodynamic relations applied to systems
undergoing phase transformation are bounded by experimental data, more empiri-
cal concepts were developed to better represent these changes. Consequently,
the terms Enantiotropism and Monotropism were defined to meet this requirement.
The former refers to those systems presenting a reversible transformation before the
m.p. when heated above or cooled below the t.p. Contrarily, Monotropism sets that
only one polymorph is the more thermodynamically stable over the entire range

a) b)

E (a.u.) E(a.u.) .

0 T [K] t.:p.

Figure 2.
(a) Progression of the terms G, S, TS and H at increasing temperature. (b) Representation of the evolution of
H and G variables in a dimorphic system (polymorphs A and B) at increasing temperature.
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of temperatures until the 7.p. Both examples are illustrated in Figure 3a and b,
respectively.

The incorporation of energetics associated with the liquid state into the E/T
diagram, enthalpy (Hjq) and free energy (Giyq), ease to parse their behavior and
classification. If the crossing points between the Gj;q curve and the G curves of both
A and B are after the t.p., they are said to be enantiotropes. The absence of crossing
points between A and B before their m.p. classify them as monotropes. The terms
AHg¢B and AH¢A are the energy that B or A require to change into liquid state,
respectively.

Burger and Ramberger [56] in 1979, pioneered in the development of many experi-
mental rules to empirically establish the nature of this relationship between polymor-
phic forms and their applicability was exemplified with 113 substances [57]. All giving
fundamental knowledge to determine the proper conditions to control their forma-
tion: Heat-of-transition, Heat-of-fusion, Entropy-of-fusion, Phase transformation
reversibility, Enthalpy of sublimation, Heat-capacity, Infrared, Solubility and Density
rules. Among them, the most applied are Heat-of-transition and Heat-of-fusion rules.
The former being based on using Differential Scanning Calorimetry (DSC) to identify
the endothermic or exothermic character of the transition. If this rule cannot be
applied, Heat-of-fusion rule, which rely on the determination of the m.p., states that
the relation is enantiotropic when the higher melting polymorph has the lower enthalpy
of fusion while monotropic systems are defined by the higher melting polymorph
having the higher enthalpy of fusion. Detailed explanation on the application of them
could be found in Burger publication [57] or in the more recent Brittain’s review [58].

Crystallization is the process related with nucleation and growth of a crystal
structure. This process is, in principle, directed by thermodynamic factors that
tend to reach the structure with a lower lattice energy. However, the crucial stage is
supersaturation which is determined by kinetics, in particular, by the rate of nucle-
ation and thus, the first structure to be formed is the one with preferred nucleation.
Therefore, a metastable form can grow despite being unfavored by thermodynamic
factors. Subsequently, this form can be converted into a more thermodynamically
stable by solution or solid state-mediated phase transformation. This successive
phase change was identified and proposed as the Law of States by Ostwald [13].

To avoid common mistakes in ascribing the nature of the nucleation process, Mullin
[59] divided it into primary, in which any crystalline matter is directing the process,
and secondary, pertaining to the circumstances of nucleation generated in the vicinity
of crystals, previously nucleated or intentionally placed, a methodology known as
seeding (vide infra in Section 4.2). Furthermore, secondary nucleation can be classified
as homogeneous if it is spontaneous or heterogeneous if it is induced by foreign particles.

a) b)
AHg/ AHr, / Hj
E(a.u.) AHf,B/“ a E(a.u.) g, a
l—Hg
liquid :/ Ha
A
B
§\GB
Ga
: Giig
t.p.gers M.pgM.P. m.p.z M.p.
0 T[K] B+*A B A 0 T[K] B A
Figure 3.

E/T diagrams of (a) enantiotropic and (b) monotropic dimorphic systems.
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Solid-state phase transformations are usually promoted by an external stimulus
in the form of mechanical work or temperature. They are thought to be related with
intrinsic defects, whether coming from the original structure or being caused by
mechanical stress, which commence and propagate the formation of the new phase.
The most studied transformations are those based on order—disorder changes,
mainly promoted by temperature variations. Disordering processes arise from
increasing temperature whereas ordering processed are observed at decreasing tem-
perature. An excellent analysis of such phenomena with the most relevant examples
were summarized by Dunitz and Bernstein [60].

The reversibility of these changes could not be evident or even accessible since
hysteresis plays a crucial role. It is the lagging of the transition behavior respect to
the applied stimulus. Therefore, it is possible to need heating or cooling beyond
the t.p. to let the phase change occurs and even with the sufficient high degree of
hysteresis is conceivable to avoid transformation [61]. Although ideal reversibility is
often desired, control of hysteresis [62] also leads to unique properties [63], often
advantageous to the application of these materials, only achievable by a precedent
transformation. Hysteresis phenomenon is associated to structural fatigue [64-66],
which means the rise of structural changes in the crystalline material as dislocations
as well as to a different nucleation with different energy barriers from one to
another [67]. Further concerns regarding the basis of this topic can be addressed
reading Flanagan’s publication [68].

Overall, since crystallization is a competitive process between minimizing lattice
energy (thermodynamic) and reaching supersaturation (kinetic), the achievement
of non-minimal energetically stable forms allows to the transformation into lower
energetic forms after reaching the activation barrier.

4. Strategies to identify and achieve polymorphs and the influence on
their properties

4.1 Identification of polymorphs

The identification of polymorphism had been, in the vast majority of cases, a
matter of chance, but this all changed as a result of the efforts of many scientists in
the field. The first tool of recognition was visual observation inasmuch as it was the
most affordable and accessible technique. Since it is not a strict approach, however,
it is often useful to detect anomalies. In particular, observation of crystalline
materials through optical microscopy can allow to differentiate between two
crystal habits (their characteristic external shape), because this shape is governed
by its molecular packing and intermolecular interactions (internal structure).
Notwithstanding that more than a century has passed, it is still a routinely used
technique, even if optical microscopy is being superseded by Scanning Electron
Microscopy (SEM), which allows more accurate surface topology and morphology
analysis. The closely related Transmission Electron Microscopy (TEM) was not
appropriate for this kind of materials even given its uniqueness. It could collect
structural and dynamic data from single crystals in a bulk powder and therefore,
have remarkable benefits compared to any other. Unfortunately, the high energy
applied to the samples caused strong damages precluding their characterization.
Over years, researchers intended to reduce the applied voltage, seeking for this
technique to be applicable by minimizing sample damage and improving cameras
and detector technologies. This was especially aimed to the study of metal organic
frameworks (MOFs), one of the most emerging topics with fundamental need to
understand structure-properties relationship. Hence, breakthrough developments
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in characterization techniques as cryogenic-TEM (cryo-TEM) [69] and High-
Resolution TEM (HR-TEM) [70] paved the way to structural features at the
nanometric scale as well as recent improvements for i situ measurements inter alia
hot stage TEM, liquid cell TEM (LCTEM) [71] or environmental TEM (ETEM)

[72] enabled to observe the dynamics of these systems. Advanced 3-dimensional
electronic techniques as automated electron diffraction tomography (ADT) [73]
and Rotation Electron Diffraction (RED) [74] were able to gather sufficient data for
ab initio structure elucidation and thus succeeded where conventional diffraction
techniques failed [75].

Despite all these advances, the most valuable technique has been and remains,
single-crystal X-ray diffraction (SC-XRD). Only neutron diffraction is tantamount,
being capable to collect specific and accurate data of atomic positions, bond
distances, and angles [76]. Thus, serving as a complementary technique to SC-XRD.
However, one must consider the possibility of temperature driven single-crystal
to single-crystal transformations since a growing number of examples have been
reported in the literature. Careful inspection of temperature effects on the sample
is to be required. The generally used condition in SC-XRD is about 100 K which can
undergo the phase transformation. If such events are not assured, one could fail at
drawing conclusions of property changes from structural differences.

Although SC-XRD provides complete information about atom positions and
structural packing, the growth of suitable crystals for structure determination is
sometimes a laborious and very time-consuming task or even not attainable. Often,
but nowadays less and less, it is not thought to be part of the endeavors of a chemist.
That is why structural studies goes hand in hand with Powder X-Ray diffraction
(PXRD), which is in many cases more available and can reflect any structural
difference between SC-XRD and the bulk powder. But one must not forget that after
ensuring no phase transformation, SC-XRD and neutron diffraction are the unique
unambiguous techniques while the rest requires to be combined to successfully
identify polymorphism. Recent advances in diffraction methodologies have enabled
to improve PXRD characterization. For instance, variable temperature-PXRD and
variable temperature-SC-XRD not only ease to determine differences in crystalline
materials but also allow to trace phase transformations being subject to temperature
changes.

Solid-state spectroscopic techniques are also a complementary tool during the
identification of structural differences. Sometimes these changes are not evident
but, in many cases, subtle structure modifications are reflected in the spectra.
The most marked differences observable by Fourier Transformation Infrared
Spectroscopy-Attenuated Total Reflectance (FTIR-ATR) [77] or Raman spec-
troscopies [78] usually appears in the fingerprint region since it is unique for a
substance. In the case of polar molecules, transitions associated with rotation can
be measured in absorption or emission by microwave or far infrared spectrosco-
pies [79]. Also solid-state Nuclear Magnetic Resonance (SS-NMR) [80] as well as
solid-state Ultraviolet-Visible absorption (SS-UV-Vis) [81] and fluorescence [82]
have proven to be fruitful techniques to identify polymorphism and phase trans-
formations. The recording of SS-NMR data can be improved by using Schaefer
and Stejskal [83] experiments, in which high power heteronuclear decoupling,
cross polarization (CP) and magic-angle spinning (MAS) are combined. Careful
attention should be paid during MAS since the required high spinning rates
generate mechanical stress and local heating, thus favoring conditions for trans-
formations. Isotopomeric polymorphs [84] have also been identified, albeitin a
lesser extent.

Solid-state Electron spin resonance (ESR) also known as Electron Paramagnetic
Resonance (EPR) can be used only for materials containing paramagnetic metal
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ions or structures in which those metal ions have been embedded. Copper(II) but
also cobalt(II) are the archetypal metals for this technique and there already exist
examples incorporating Cu(II) into the structures of templated materials [85].
More sophisticated variations include variable-temperature magnetic-susceptibility
and variable-temperature solid-state EPR measurements. An increasingly com-
mon strategy combines them in the study of single-ion magnets (SIMs), a type of
single-molecule magnets (SMMs). This EPR analysis is not easily available since it
is preferably implemented with a synchrotron radiation source [86]. The magnetic
evaluation of SIMs is performed in solid state so the structural differences between
polymorphic forms promoted by conformational changes could lead to a dramatic
alteration of the magnetic properties [87]. This effect is marked in Clathrochelates,
a special class of structurally rigid cage metal complexes [88].

Last but not least, thermoanalytical techniques inter alia hot stage microscopy
(also known as thermal microscopy), Thermogravimetric analysis (TGA),
Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry
(DSC), are widely used to characterize both polymorphism as well as phase
transformation phenomena. They are usually combined to maximize the efficiency
of the data collection as TG-DTA or DSC-TGA, among others.

During hot stage microscopy, the sample is subjected to heating and cooling
processes under polarized light. It provides m.p. data as well as, if it occurs, the
reversible or irreversible character of the transition. TGA method is used to
determine the thermal stability of the products and as previously mentioned, it
is commonly combined with DTA. By the use of a thermobalance, it is capable
to measure weight losses during temperature changes. It is especially useful to
determine desolvation temperatures and thermal stability ranges but it is less
accurate to quantify these transitions. The most appropriate technique to track
phase transformations with quantitative data is DSC.

DSC is routinely used to measure the difference in the amount of heat required to
increase the temperature of the sample respect to a reference. It is divided into power
compensation DSC and heat-flux DSC methods. The quantification of the AH, 5,4
enables to identify its exo- or endothermic character, as well as the determination of
reversible or not transitions provides essential data about the enantiotropic or mono-
tropic behavior. DSC has not been deeply exploited yet for metal-organic materials but
this practice is inevitably set to change. In particular, it is increasingly used in the study
of breathing metal-organic frameworks (MOFs) [89] or solid-state phase transforma-
tions in Zeolitic imidazolate frameworks (ZIFs) [90].

Evidence of polymorphism can also be confirmed by nanoindentation or by opti-
cal properties as refractive index (n) or the identification of an interference figure
caused by birefringence, which is the presence of different# and mainly depends on
crystallographic orientations [91]. Once polymorphism has been identified and char-
acterized, the proper conditions to isolate or to only reach one polymorphic form
are to be established, avoiding the presence of mixtures and undesired products.

4.2 Screening and isolation of polymorphic forms

There are significant factors determining the formation of polymorphs inter alia
molecular structure, chemical composition, energetic differences and experimental
conditions (solvent, additives, pH, temperature and pressure). What should be
clear is that the different polymorphic forms of a given structure can be selectively
reach either by crystallization from the melt or solution, or by solid-state trans-
formation. Crystallization approach has been the most widely studied heretofore
but awareness of hitherto ignored solid-state transformations has led to value their
tantamount importance. The solution-mediated approach is based on the proper
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adjustment of the crystallization process and involves much more control of the
polymorphs forming conditions. Instead, the advances in solid-state characteriza-
tion techniques have triggered a significant increase of polymorphism studies
allowing traceability of such conversions. This is especially the case of coordination
polymers and MOFs, optimal materials for polymorphism study because of their
flexibility and capability to accommodate structural modifications without the
breaking of bonds.

The first step in polymorphs screening is to determine the phase space of
a substance and the boundaries of stability for the different forms as well as
identifying, if it is the case, interconversion. Defining the most stable phase is
recommended since, unless modulating external factors dictate otherwise, that
form would be the result. The occurrence of polymorphs and their transformations
are confined to what is known as occurrence domains that encompass all the
conditions in which the targeted crystal forms originate. Early studies carried out
by Sato [92] on stearic acid delved deeply into the dependence of temperature and
supersaturation on solvent polarity. Is in those regions with domain overlap where
polymorphic transformations can occur, bearing in mind that the domain is not
unique for one crystallographic form.

The many attempts to control the formation of a desired form have supplied
us of a vast number of methods to selectively achieve it through crystallization or
solid-state phase transformation. Most of the old and recent methods have been
compiled in Figure 4. Further details about fundamental crystallization methods
are found in Hulliger’s review [93].

Over all of the difficulties of achieving isolated polymorphs, to identify
the conditions to reach isolated forms is an essential task. When dealing with a
polymorphic mixture scenario, the initial way of facing it, is the use of common
crystallization methods as those mentioned before. However, crystallization of less
stable forms is often intricated and therefore, it requires the design of more robust
strategies inter alia high-pressure crystallization, spray-drying, crystallization from
a melt or crystallization from a quenched amorphous phase. They give sometimes
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Figure 4.
Classification of the different methods to achieve polymorphic forms by crystallization or transformation.
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satisfactory results, but their major drawback is the lack of control in the formation
of a single product. Hence, the use of additives and substrates was implemented

as template though a limited triumph, considering that only thermodynamic
aspects are contemplated and kinetic factors have a determinant role in nucleation.
Subsequent methods as application of external fields, surface templating, selec-
tive nucleation by supersaturation control and nucleation temperature or seeding
experiments emerged, but there is still a need for their improvement.

It is nevertheless important to note again that MOF materials are themselves
appropriate candidates for filing structural modifications, since the predefined
preferences of the organic linkers combined with those of the metal ions result in
arestricted range of potential structures. This is strongly reflected in the common
formation of isostructural products although they combine different linkers and
metal jons. Such a controllable way of structure design is therefore adequate to
identify new strategies for the isolation of different crystalline phases. Currently,
throughout all the advances in MOFs design, polymorphism and isomerism aware-
ness has driven the seeking of selective crystalline phase formation methods. For
instance, in the case of mixed-metal MOFs, in which the addition of more than
one metal ion disrupts the predefined structural formation, the selective phase
formation has been achieved by the incorporation of guiding organic linkers or even
metal ions to template the structural assembly. There was already consciousness
of polymorphism and isomorphism in chromium (III) terephthalate MOFs [94], but
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the strategies to reach them were lacking. In 2018, Bureekaew [95] controlled the
formation of this family of MOFs by using iron(III) metal-cationic competition,
which served as modulator during crystallization. Likewise, UZarevic [85] demon-
strated a rapid and selective way of controlling polymorphism in this family of MOFs
by a mechanochemical approach using additives.

4.3 Properties

Become aware of a difference in the properties of a unique sample or two sample
which in principle, are to be identical is the commencement of most polymorphism
studies. One important aspect to be considered, sometimes careless, is the manipu-
lation of the samples before the measurements. It is widely reported that a routinely
sample treatment as grinding can undergone phase transformation. Even this subtle
stimulus can provoke changes in the sample with the consequent incongruent
results, thus hampering their correct analysis. These changes produced by polymor-
phic modifications could range from slight differences to dramatic alterations of the
target properties and those which have raised more interest are listed in Figure 5.

5. The special cases: concomitant, vanishing (or disappearing) and
intergrowth polymorphism

The terms Vanishing or disappearing polymorphs were renowned during the
second half of the twentieth century by referring to the evolving nature of some
crystal forms over time that caused their unrepeatability. In the course of the
subsequent years, researchers realized that every crystal form can be repeated being
the finding of the proper conditions (control over nucleation and crystal growth)
the main trouble.

Within the polymorphism landscape, the presence of mixtures of crystalline
phases has brought a profound attention whereby, many efforts were devoted to
the understanding of such circumstances. Reproducibility and purity have always
been a requisite for chemists, so such demonstration of lack of control led them to
seek to comprehend and identify the source of these phenomena. These two closely
related special cases, named as Concomitant and Vanishing polymorphs, refers to
a condition describing all the forms involved. Concomitant polymorphs are those
simultaneously formed at the exactly same conditions. This assertion is not trivial
since many factors contribute to the crystallization process. The case of vanishing
or disappearing polymorphs describes the formation of a metastable phase which
undergoes transformation into a more thermodynamically stable one. This phe-
nomenon is quite thorny since as mentioned, reproducibility of the results is often
intricated. Such conversions can be found by redissolution of the former crystal or
in solid-state. In the solution-mediated process, the formation and disappearing of
a metastable product can be quenched by seeding. A crucial statement is to be noted,
once seeds of one polymorph are formed, the other form will no longer be formed.
By using this criterion, seeding crystallites of the desired polymorph will lead to the
growth of its crystals, even though it is a metastable form [60]. This method allows
to avoid both undesirable cases, concomitancy and vanishing, if phase-pure materi-
als are to be achieved. Vanishing by solid-state transformations is even less evident,
indeed, any slight appliance of an external stimuli can promote this phase change
and routinely sample treatments required for many characterization techniques as
grinding, milling or pressure and temperature changes could be sufficient to trigger
it. Both phenomena have probably been less reported than occurs and just a curious
point is that the first recognized example of polymorphism in an organic substance
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described by Wohler [10] the dimorphism of benzamide, that was also the first
precedent of concomitancy.

The critical point describing concomitant and vanishing polymorphs is based on
the same kinetic/thermodynamic factors, better understandable by the mentioned
E/T plots and promoted by the kinetic govern. In fact, concomitancy is dependent
on where from the diagram the polymorphs are growing. Having this data, one can
also design a strategy to favor the nucleation of one polymorphic form instead of
the other.

Identification of concomitant polymorphs is as always, initially assessed by
visual recognition. Thus far, careful inspection during hot-stage microscopy has
been the most reliable method. Differences in crystal habit and variable melting
point suggesting crystalline mixtures could provide a clue as to trace concomitancy.
Also broadening signals in solid-state NMR or FTIR-ATR may be a symptom of this.

Reported cases of vanishing polymorphs in metal-organic compounds are in
large part still unfathomed. The phenomenon of concomitant polymorphs is equally
meager being only few examples reported hitherto. Oliver [96] in 2012 reported
the special case of two Cd(II) coordination polymers concomitantly formed from
which the less stable form was subsequently identified as a disappearing poly-
morph. Both products crystallize in the monoclinic crystal system but the stable
form (2) exhibited a C,/c space group and bigger unit cell parameters than the
vanishing form (1), which displayed a P2/c space group. Their main dissimilarity
was the slightly different orientation of the dipicolinate ligands (Figure 6), which
improved the inter-chain n---x interactions in the structure of the stable form and
provoked a different packing.

In the case of organic structures, several examples can be found in literature.
Chalcones are a class of natural products widely used in medicinal chemistry. For
instance, the (E)-3’-dimethylamino-nitrochalcone has demonstrated concomitant
polymorphism, easily detectable by the different colors associated to each form [97].

In spite of topologically flexible MOFs as ZIFs and other azolates are prone to
manifest polymorphism, the scarce monitoring of iz situ structure formation thwart
its recognition. An example of concomitant polymorphism has been recently
reported by Sanchez and Fernandez [98] with two Pt(II) metallosupramolecular
polymers. Both products were formed by self-assembly of monomeric units but

 Form (2) |

Figure 6.

(a) Overlapping representation of the two Cd(II) polymeric chains in the two polymorphs. Different
disposition of dipicolinate ligands: front chain (1) and back chain in dark (2). (b) ¢ axis view of the packing of
the less stable form 1 and (c) a axis view of the packing of the more stable form 2 [96].
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differed in presenting slipped or pseudoparallel packings. In 2020, a new study
from Hanusa and Fri$ci¢ [99] identified the presence of a disappearing polymorph
during the formation of two different Hg(II) imidazolate (Hg(Im),) phases,
synthesizing a new layered structure (sql) with the consequent disappearing of a
previously reported interpenetrated dense phase (dia) Hg(Im), [100]. Both forms
exhibited an orthorhombic crystal system but having evident structural differ-
ences driven by an agostic interaction (C-H--Hg) in the sq/ form. The dia-Hg(Im),
contained tetrahedral Hg(II) nodes in a Pbca space group and cell parameters of
a =14.5899(3) A; b = 10.8076(2) A; ¢ = 9.8200(2) A while the sql-Hg(Im), form pre-
sented a tetrahedral see-saw geometry in the space group P2,2;2, witha = 9.4089(4)
A, b =76414(3) A, ¢ = 5.3625(2) A. The transient nature of the dia form was tracked
by PXRD during the mechanochemical synthesis of sql form, being inaccessible to
reach dia form as a final product.

Intergrowth polymorphism was firstly reported by Bond, Boese and Desiraju
[101] in 2007 during a study about the doubtful crystalline forms of aspirin and the
related difficulties of its structural refinement. It was conceived to refer to the exis-
tence of distinct structural domains within a single crystal of a compound. When ana-
lyzing the one-dimensionally diffuse diffraction data, using Biirgi [102] method,
they noticed some diffuse streaks between the Bragg reflections. Considering
the reported results of Biirgi, this would be associated with the presence of a less
ordered domain. Careful inspection of such results led them to identify two differ-
ently ordered domains in the same crystal of aspirin. They also demonstrated by a
nanoindentation study in 2014, a bimodal mechanical response depending on which
of the crystal faces were measured [103]. From the metal-organic perspective, there
had already been examples reported by Ciani of coordination polymers of cobalt(II)
intergrowth supramolecular isomers [104] and copper (II) intergrowth polymorphs
[105] due to the presence of conformational non-rigid linkers.

6. Interest of polymorphism in organic and metal-organic structures

Polymorphism has an implicit interest since it represents a special situation for
the study of structure-properties relationship with limited number of variables as
well as provides essential information to understand and control the crystalline
inception. The special case of concomitant polymorphs, is in turn, an even more
worthwhile situation. From a unique reaction, one could establish direct relations
between structure modifications and properties. They are also benchmark prod-
ucts for computational analysis as well as for verification of structure-prediction
softwares. All this beneficial knowledge can be fruitfully employed throughout the
industrial and academic landscape.

6.1 Industrial interest

In the industrial field, stability and purity are mandatory equal for organic and
metal-organic materials. Properties of organic solids reflected in their processability
and storage as well as solubility and dissolution rates are directly related with bio-
availability of a drug and hence are of prime interest to the pharmaceutical industry.
For instance, an important concern in the manufacturing, storage and transport of
energetic materials is that polymorphic modifications alter the energetics and safety
risks associated to them. A representative case is 1,3,5,7-tetranitro-1,3,5,7-tetrazo-
cane (HMX), in which higher compact crystal packings lead to the safer form [106].
In addition, polymorphism has relevant commercial impact in the patenting of drugs
[107] as in the renowned case of Ranitidine, a drug for the treatment of stomach and
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intestines ulcers. The subsequent discovery of the polymorphic form 2, having an
easier manufacturing procedure, after the patenting of form 1, originated a lengthy
court process [108]. Concomitant polymorphs are regularly found in industrial
precipitation processes in the pharmaceutical and fine-chemicals sectors as in the
case of L-histidine, to which anti-solvent crystallization became an inevitable pro-
ceeding [109]. Coordination polymers has special interest for waste water treatment,
protective coatings and fluorescent chemosensors [110]. For instance, in MOFs the
thermo-mechanical stability is crucial to move towards the industrial segment.
Among the most promising applications, those of industrial interest are adsorp-
tion, separation, purification and catalysis. They are being exhaustively tested to
supersede, by improved performance, the extensively exploited zeolitic molecular
sieves, activated carbon and base metal oxides [111]. Furthermore, ZIFs materials
have exhibited remarkable efficiency in separation of olefin/paraffin mixtures [112]
and emerged as appropriate candidates to adsorb and retain radioactive iodine [113].
All of these applications depend on the structural arrangement of the materials and
thus, control over crystal structure formation is imperative.

6.2 Academic interest

The interest of polymorphism in coordination polymers lies on the always present
structure-properties relationship. The exact control of their structural arrange-
ment is reflected in the achievement of the desired chemical and physical proper-
ties. Despite being known as promising functional materials their modular nature
can result in polymorphic forms and thus, hampering their application. This is
emphasized in applications demanding a high selectivity as enantiomeric separa-
tion, gas storage, sensing, molecular recognition, ionic exchange [114], heteroge-
neous catalysis [115] or non-linear optics. The rise of MOFs, a remarkable case of
ordered coordination polymers with potential voids and permanent porosity was
driven by the breakthrough of the archetypal MOF-5 [116]. Their main attribute is
the controlled porosity to which the formation of cages allows their controlled use
in such applications. Currently research is devoted to study structural transforma-
tions in Zr-based MOFs. Also a particular family of MOFs essentially constructed
with zinc(II) or cobalt(II) metal ions, the Zeolitic Imidazolate Frameworks
(ZIFs), have been explored for their superior thermal and chemical stability but
as zeolites, the ZIF family displays rich polymorphism [117]. The Zn(Im), itself
can accommodate 18 polymorphic forms, being essential towards its application
the finding of controlled synthesis as the recently established template-mediated
route [118]. As afore mentioned, there has been evidence in the recent cases of
Cd(II) coordination polymers or especially in the ZIF material dia-Hg(Im), of the
undesirable scenario of vanishing polymorphs. In the latter case, the formation
of the more stable form has hampered the obtention of the 3D structure being
superseded by the new layered sq/-Hg(Im),. These examples demonstrate the
dormant resemblance of metal-organic materials with such well known phenom-
enon in organic compounds. Another important subject are phthalocyanines,
being copper phthalocyanine the model compound. They revolutionized color
printing offering a better economic remedy but facing polymorphic troubles since
their discovery. Subtle alterations of their crystal packing which is based on n--n
interactions, acutely influences the absorption properties with the consequent
color change from blue to red [119]. Intergrowth polymorphism and intergrowth
supramolecular isomerism in coordination polymers has also been promoted by
flexible linkers and several examples have been reported hitherto mainly with d*
metal ions [120]. This ability to present different properties available in a single
crystal open new possibilities for materials design.
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7. Conclusions

The perspective of polymorphism was primarily based on organic substances
until the beginning of the twenty-first century. The increasing advances on solid
state characterization, especially in situ measurements, benefited the rise of metal-
organic structure and its awareness on polymorphic modification. Currently, the
ease of tracking structural transformations of dynamic materials has brought to
promising insights into the understanding and control of polymorphism.
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Abstract

In this chapter, besides its biomedical applications, the synthesis and properties
of brushite were investigated. Brushite consists of two types of crystals, platy and
needle-like, and their formation depends on the pH of the medium during precipita-
tion. Platy crystals are formed in a slightly acidic medium, pH = 5, and needle-like
crystals at a higher pH = 6.5-7. In this study, the monoclinic brushite crystals were
synthesized using dissolution-precipitation reactions. It is found that the brushite
crystal growth occurs mainly along the (020) crystallographic plane. The thermo-
gravimetric analysis confirms the presence of the two structural water molecules,
which decompose at a temperature range between 80 and 220°C. Brushite was used in
the preparation of tetracalcium phosphate mineral, which is the powder component
for calcium phosphate cement (CPC). CPC was subsequently prepared from TTCP
and phosphate-based hardening solution. I vitro evaluation of the resultant CPC
using Hanks’ Balanced Salt Solution results in the growth of nanofibrous crystals of
Calcium-deficient hydroxyapatite (CDHA) layers on the surfaces of the CPC. The
cultured CPC exhibits new connective tissues and throughout the CaP matrix.

Keywords: brushite, hydroxyapatite, tetracalcium phosphates, bioactivity, porosity

1. Introduction

Calcium phosphates (CaP) are one of the most important compounds found in
nature [1, 2]. There are many applications for these compounds in various fields,
especially agricultural, environmental, and medical applications. CaP are charac-
terized by their wide diversity as it is produced at different temperatures and pH
ranges. In addition, the molar ratio of calcium to phosphorous in the precursors
plays an important role in the resulting materials. The biochemical characteristics
and mineralogical structures of CaP are similar to inorganic constituents of mam-
mals’ bones [3, 4]. Because of their excellent biocompatibility, high bioactivity,
and low toxicity, CaP are considered as a good candidate for bone tissue engineer-
ing applications. The CaP minerals such as hydroxyapatite, brushite, tricalcium
phosphates (TCP) are used as precursors for the preparation of bone cements
and bio-ceramics [5, 6]. Therefore, these minerals are widely used for biomedical
applications such as drug delivery and bone tissue engineering (Table 1) [6-9].

CaP belong to the family of apatite. There are several CaP phases, the
most ubiquitous being hydroxyapatite [HAp, Ca;o(PO4)s(OH),]. Other CaP
structures include brushite (DCPD, CaHPO,-2H,0) and tricalcium phosphate
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Ca/Pratio Compound Formula Density pH stability
(g/cm3) range (25°C) [a]
0.5 monocalcium phosphate Ca(H,P0O,),-H,0 223 0.0-2.0
monohydrate (MCPM)

0.5 monocalcium phosphate Ca(H,POy,), 2.58 [d]
anhydrate (MCPA)

1.0 dicalcium phosphate dihydrate CaHPO,H0O 2.32 2.0-6.0
(DCPD, brushite)

1.0 dicalcium phosphate anhydrate CaHPO, 2.89 [d]
(DCPA, monetite)

1.0 Calcium pyrophosphate (pyro) Ca,P,0, _ _

1.33 octacalcium phosphate (OCP) Cag(HPO,),(PO,)4+5H,0 261 5.5-7.0

1.5 a-tricalcium phosphate (a-TCP) o -Caz(POy), 2.86 [b]

1.5 p-tricalcium phosphate (B-TCP) B -Ca3(POy), 3.07 [b]

1.2-22 amorphous calcium phosphate Cay(PO,)y-nH0 — [c]

(ACP)
1.5-1.67 calcium-deficient hydroxyapatite Cayg.x(HPO,)(POy4)s- 6.5-95
(CDHA) «(OH),4 (0 <x<1)
1.67 hydroxyapatite (HAp) Cay0(PO,)¢(0OH), 315 9.5-12
2.0 tetracalcium phosphate (TTCP) Cay(P0O,),0 3.05 [b]

[a] In aqueous solution, [b] These compounds cannot be precipitated from aqueous solutions. [c] Cannot be measured
precisely. However, the following values were reported: 25.7 + 0.1 (pH 7.40), 29.9 + 0.1 (pH 6.00), and 32.7 + 0.1
(pH 5.28). [d] Stable at temperatures above 100°C.

Table 1.
List of main phases of CaP [6-9].

(TCP, Ca3(P0s);). Several low- and high-temperature approaches have been
reported for synthesizing HAp and brushite (DCPD), while TCP is primarily
synthesized using high-temperature methods [6]. The chemical formation of CaP
minerals is common in natural systems, although the elucidation of the mechanisms
of formation and transformations between the crystal forms of the minerals remains
amajor challenge. The most thermodynamically stable form, at ambient temperature
and pressure, is calcium hydroxyapatite (HAp); however, this does not form readily
without a transition phase. Other mineral phases, such as octacalcium phosphate
(OCP) and amorphous TCP, are precursor phases that can transform to HAp [10].

Acidic CaP, such as brushite (dicalcium phosphate dehydrate, DCPD), are
thermodynamically unstable under pH values greater than 6-7 and thus undergo
transformation into more stable CaP. Researchers have also demonstrated that
meta-stable brushite (DCPD) may convert to OCP or calcium hydroxyapatite
(HAp), and that OCP may convert to hydroxyapatite, depending on the Ca/P ratio
and the pH value of the setting reactions [11]. Brushite, a type of CaP that is the
most easily synthesized, transforms into monetite (dicalcium phosphate anhydrate,
DCPA) at temperatures above 80°C. Monetite (DCPA) is the anhydrous form of
brushite (DCPD) and can, like brushite, be crystallized from aqueous solutions,
but only when the temperature is above 80°C. At low pH values (<7), monetite is
the most stable of the CaP, although the conversion of brushite to monetite is faster
when the water is warmer and more acidic [8].

Brushite-based biomaterials are characterized by good bioactivity, and they are
bioresorbable and biocompatible. Unlike apatite-based materials, brushite-based
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ones are rapidly resorbed in vivo [12]. The bioactivity and biocompatibility of
brushite-based biomaterials have been investigated in several compositions,
applications, and in vivo [11]. Brushite-based materials are biocompatible with and
tolerated by soft tissues and bone in vivo, so that material resorption was shortly
followed by the formation of new bone tissues. Histological measurements and
experimental studies indicate that brushite-based materials feature good biocom-
patibility, with no appearance of inflammatory cells [12].

Amorphous calcium phosphate (ACP) is often encountered as a transient phase
during the formation of CaP in aqueous systems. Usually, ACP is the first phase
that is precipitated from a supersaturated solution prepared by the rapid mixing of
solutions containing calcium cations and phosphate anions. The chemical composi-
tion of ACP strongly depends on the solution’s pH value and the concentrations of
calcium and phosphate ions. For example, ACP phases are formed with Ca/P ratios
in the range of 1.18:1 (precipitated in a solution with a pH value of 6.6) to 1.53:1
(precipitated in a solution with a pH value of 11.7), although ratios of up to 2.5:1
have also been encountered [8]. The structure of ACP is still uncertain and it has
been reported to be more soluble than brushite [13]. ACP could be stabilized by
another chemical compound: e.g., pyrophosphate (P,O,*) retards the conversion
of ACP to apatite. Finally, ACP is characterized by its relatively high solubility and
ability to obtain a substantial release of Ca®* and PO, ions [12].

This chapter aims to synthesis brushite as one of the most common CaP. The
microstructural and thermal properties of this mineral are characterized and
discussed. After that, the thermochemical transformation of brushite was inves-
tigated. The resultant compound is used as precursors for bone cement. Finally,
biomineralization and the bioactivity, and biomineralization of calcium phosphate
cement (CPC) are studied i vitro.

2. Synthesis of brushite (CaHPO,4-2H,0)

The typical method synthesis of the brushite powder was performed at ambient
according to the following equation:

Ca(NO, ), + Na,HPO, — CaHPO, 2H,0 +2NaNO, 1)

Two solutions were prepared for the synthesis of brushite. The first solution
is prepared by dissolving 0.5 mol of Na,HPO4-2H,0 in 1L of distilled water, and
the second solution is a result of dissolving 0.5 mol of Ca(NO;).6H,0 in1L of
distilled water. After preparing the solutions, 200 ml of the Ca(NOs), was added
dropwise using a glass funnel with a glass stopcock (flow rate is 2 ml/min) to the
Na,HPO4-2H,0 solution while stirring and adjusting the pH between 6 and 6.5 using
ammonia solution (25%, Labochemie, India). Afterward, the resultant solution
with precipitates was stirred (400 rpm) at ambient conditions for 1 hour to ensure a
homogeneous mixture. The precipitate was vacuum filtered using a qualitative filter
paper via a Buchner funnel, washed three times with de-ionized water and another
three times with ethanol to reduce the possibility of agglomeration [14, 15], after
which it was placed upon a watch glass and dried at 40°C overnight in a drying-
oven. After the formation of the precipitate, some of the powder was washed with
distilled water, then dried using ethanol at 40°C for a week. The major steps of the
experimental design are reported in Figure 1.
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Ca(NOs3): 4 Na;HPO04.2H;0

1. Drop-wise mixing (1.7 mL/min)
2. pH:6-6.5
3. Additional stirring for 1 h

Stirring

= F = Filtration
Vacuum filtration via a Buchner funnel

Precipitate is washed with:

1. De-ionised water

yUROERTRER

2. Ethanol
40 °C for 1 day Drying
XRD, SEM, XPS, TGA —— [ Characterisation ]

Figure 1.
preparation of brushite [16].

3. Crystal morphology of brushite

Two morphologies of brushite crystal layers are reported in our previous work
[17]. These brushite crystals consist of [2] platy particles (Figure 2A) and a continu-
ous needle-like (Figure 2B) dendritic network [18]. The plate-like brushite crystals
mostly formed in parallelogram shapes stacked in multiple layers. Their dimensions
ranged from 1 pm to a few micrometers, in two directions. The thickness of the platy
crystals is measured in the nano-scale. The needle-like brushite particles appeared to
have a dendritic network structure. The total length of the crystal is around 40 pm.
The EDS measurements (Figure 2C) showed that the needle-like brushite crystals
are composed of, by atomic percentage: O (76.46%), Ca (12.04%), and P (10.95%).
The fact that the percentages of P and Ca are nearly equal and is in good agreement
with the theoretical Ca/P atomic percentages of brushite [19, 20]. The brushite
morphology depends on the pH of the solution during the precipitation; at acidic
pH, around 5, platy crystals of brushite are formed (Figure 2A), whereas needle-like
(Figure 2B) ones are predominant at a higher pH [2].

SEM images of the brushite crystals are shown in Figure 3. These plate-like
crystals are obtained according to the experimental procedure as reported in Figure 1.
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[wt.%] [wt.%] [at.%] [%]

O 8 K-series 58.66 59.45 76.46 7.9
Na 11 K-series 0..61 0.62 0.55 Rl
P 15 R-series 16.26 16.48 10.95 0.6
Ca 20 K-series 23.15 23.46 12.04 0.8

Figure 2.
(A) crystal morphologies of brushite; platy structure, (B) needle-like structure, and (C) EDS analysis [17].

Figure 3.
SEM image of monoclinic brushite crystals, see Figure 1 (preparation procedure).

It is known that the morphology of brushite is characterized by a plate-like or needle-
like structure, depending on the solution pH used [11, 13]. The plate-like crystals are
thin (~400 nm), while their width and elongation are approximately 10 and 20 pm,
respectively, values similar to those reported in other studies [21].

The XRD patterns of brushite, as well as the patterns of standard brushite, are
shown in Figure 4. The mineralogy of the powder confirms that this precipitate
produced after mixing NaH,PO,2H,0 and Ca(NO;),-4H,0 solutions with a Ca:P molar
ratio 1:1 (Figure 1) is pure brushite, while its crystals grow after nucleation in propor-
tion to the three major planes, namely, (020), (121-), and (141). All peaks of the powder
pattern denote the brushite’s monoclinic structure [16], while the peak at 11.7° 2-Theta
indicates that the crystal growth takes place primarily along the (020) crystallographic
plane. Rietveld refined unit cell parameters for brushite are presented in Table 2.
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Figure 4.
XRD patterns of brushite (synthesis details are shown in Figure 1) [16].

wt% a(A) b(A) c(R) (po) V(A3)

100.0 5.8145 15.1693 6.2399 116.392 492.83

“Standard deviation varied between 0.001 and 0.005 for all samples.

Table 2.
Refined unit cell parameters for brushite from XRD data using the Rietveld approach.”

4. Thermal properties of brushite

The results of the TG analysis for the brushite are reported in Figure 5. Brushite
is considered as a water-bearing phosphate mineral [2] and its crystal structure con-
tains compact sheets consisting of parallel chains in which Ca ions are coordinated
by six phosphate ions and two oxygen atoms belonging to the water molecules [22].
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Figure 5.
TGA of brushite: (A) cumulative mass loss, and (B) mass loss rate.
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Brushite contains two water molecules in its lattice and adsorbed water molecules on
its surface, as indicated by the presence of two sharp peaks of mass loss during heat-
ing between 80 and 220°C (Figure 5A) [2, 23]. Part of the chemically-bound water is
released during the transformation of brushite to monetite, CaHPOy,, at ~220°C [17],
and later to calcium pyrophosphate, Ca,P,0;, at ~400°C [24]. Pyrophosphates are
decomposed at higher temperatures of 750-800°C (Figure 5B) [8, 25]. The heating
of pure brushite to 600°C results in a mass loss of approximately 25%wt, while the
theoretical mass loss for the dehydration of brushite is 20.93%wt [1].

Dehydration of brushite over the temperature range 110-215°C takes place
according to Eq. (2) and normally results in a weight loss of about 19%wt, while the
formation of calcium pyrophosphate is accomplished by Eq. (3) a

CaHPO, 2H,0 — CaHPO, +2H,0 )

2CaHPO, —»Ca,P,0, +H,0 3)

Figure 5B shows the rate of mass loss as a function of heating temperature for
brushite. More specifically, Figure 5B shows the dehydration peaks corresponding
to the two water molecules of brushite [26, 27].

5. Calcium phosphate cement (CPC)

Brushite is used to prepare the powder component, tetracalcium phosphate
(TTCP), of the CPC. Brushite was calcined at 500°C and transformed into a more
stable phase; calcium pyrophosphate (Ca,P,0;). Afterward, calcium pyrophosphate
and calcium carbonate were mixed with a Ca/P molar ratio of 1.9 [5]. These two
compounds were mixed in ethanol for 10 h. Then the resultant mixture was dried at
105°C for 24 h and then crushed. The mixture was heated at 1500°C for 4 h quench-
ing to room temperature, see Figure 7. The resultant powder (TTCP) was ground
into a fine powder [5]. The general equation TTCP synthesis is as follows:

CaHPO, 2H,0 +2CaCO;, (1500°C for 3h) - Ca, (PO, ),0+2CO,  (4)

Mannitol, sizes vary from 100 to 400 pm, was added to the TTCP with the
weight ratio of 0.5. Diammonium hydrogen phosphate solution with a concentra-
tion of 33.3 wt% was mixed with TTCP-mannitol mixture, with the weight ratio
of 0.34 mL (solution)/g (TTCP). After mixing the CPC components for 2 min,
the paste was packed in a polycarbonate mold which has an opening of 10 x 10 mm
under a pressure of ~1 MPa at 37°C. The hardened samples were then demolded and
immersed in Hanks’ physiological solution at 37°C for 1 day [28, 29]. The composi-
tion of Hanks’ physiological solution is reported in Table 3.

After mixing the two components of CPC, TTCP, and the hardening solution,
TTCP hydrolyses through a dissolution-precipitation reactions resulting in the forma-
tion of layers of Ca-deficient hydroxyapatite (CDHA) crystals, which are similar to the
mineral component of the bone from (Figure 6). This hydrolysis process occurs during
the setting reactions, which is confirmed by XRD and SEM (Figures 7 and 8). These
CDH layers are characterized by wide range distribution of rod-like crystals [30].

The CPC was synthesized for in vitro cultivation [5, 31, 32]. Mesenchymal stem
cells (MSCs) were seeded on the CPC porous matrix in presence of an osteogenic
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Component Concentration
NaCl (mw: 58.44 g/mol) 0.14 M
KCI (mw: 74.55 g/mol) 0.005M
CaCl, (mw: 110.98 g/mol) 0.001M
MgSO,_7H,0 (mw: 246.47 g/mol) 0.0004 M
MgCl, 6H,0 (mw: 203.303 g/mol) 0.0005 M
Na,HPO,_2H,0 (mw: 177.99 g/mol) 0.0003M
KH,PO, (mw: 136.086 g/mol) 0.0004 M
D-Glucose (Dextrose) (mw: 180.156 g/mol) 0.006 M
NaHCO; (mw: 84.01 g/mol) 0.004 M
Table 3.

Composition of Hanks’ physiological solution.

-

(\ Brushite

Calcination at 500 °C

{ caco Calcium
\ ? J (\ pyrophosphate )

IMixing in ethanol for 12 h

N

Ca/P molar ratio=1.8-1.9

Weight ratio: 1.27 (CaC03): 1 (Ca2P207)

[ Heating: 15000C for 5 hours in air ]

4
4

Grinding
Powder component (P)

((NH4)2HPO4, 33.3 wt%} cpe & Water soluble mannitof
Hardening solution of CPC{L) 034 mi/e (porosity)

Figure 6.
Schematic diagram of CPC preparation.

medium for 21 days [5, 12]. As aresult of in vitro cultivation, mineralized nodules
were formed in the constructs. The seeded cells grow and their sizes increase from
5 pm to around 50 pm. The growing cells adhered to the CPC matrix and developed
cytoplasmic extension as reported in Figure 8.

A thick layer of nano fibrous CDH crystals covers the surfaces of the CPC matrix
(Figure 7B). The cultured CPC exhibits new connective tissues and throughout the
CaP matrix (Figure 8). The CPC matrix contains bioactive CDH with both Ca and P,
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Figure7.
XRD patterns of CPC and CPC powder [5].

Figure 8.
Growth of thick Ca-deficient hydroxyapatite (CDHA) layer on the surface of the CaP matrix.

Figure 9.
SEM image of the surface of CPC after MSCs culturing for 21 days.
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therefore, this matrix provides the appropriate environment for MSCs growth and
osteogenic differentiation (Figure 9) [33].

6. Conclusions

Brushite crystals consist of platy and needle-like crystals. It is found that the pH
of the solution during the precipitation of brushite plays the main role in determin-
ing the shape of the crystals. Usually at a relatively low pH, around 5, platy crystals
are formed, while at a higher pH, around ph = 6.5, needle-like crystals are precipi-
tated. In this study, brushite crystals with a monoclinic structure were synthesized
using calcium and phosphate salts. The brushite crystal growth occurs mainly along
the (020) crystallographic plane. Brushite crystal is characterized by the presence of
two structural water molecules. These two molecules are released at a temperature
range between 80°C and 220°C to form monetite minerals.

In this chapter, brushite is used as a precursor to synthesize TTCP, the powder
components of CPC. As a result of the solid reactions between brushite and calcium
carbonate, at high temperature, 1500°C, a new CaP phase is called TTCP. This pow-
der reacts with the phosphate-based solution at 37°C to form CDHA. Immersing
this CPC in Hanks’ Balanced Salt Solution results in the growth of nanofibrous
crystals of CDHA layers on the surfaces of the CPC. The cultured CPC exhibits
new connective tissues and throughout the CaP matrix. The CPC matrix contains
bioactive CDH with both Ca and P, therefore this matrix provides an appropriate
environment for MSCs growth and osteogenic differentiation.

Bioactive features of brushite-based materials affect cell adhesion, proliferation,
and new bone formation. Bioactivity can be altered and controlled by the crystal
structure and physical property of the scaffold. Bioactive characteristics are dif-
ferent depending on the produced type of CaP phases such as HAP, TCP, and ACP.
These different bioactive characteristics are caused by the differences in Ca/P ratio,
crystal structure, stability, and solubility. As mentioned above, brushite is often
used with other CaP to control and improve their chemical, biological, and physical
properties. Various applications have been exploited to actively utilize the bioactive
features of brushite in bone regeneration.
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Chapter 8
Advanced Biocrystallogenesis

Ivana Kuta Smatanova, Petra Havlickova,
Barbora Kascakova and Tatyana Prudnikova

Abstract

Nowadays, X-ray crystallography is one of the most popular structural biology
methods. Successful crystallization depends not only on the quality of the protein
sample, precipitant composition, pH or other biophysical and biochemical param-
eters, but also largely on the use of crystallization technique. Some proteins are
difficult to be crystallized using basic crystallization methods; therefore, several
advanced methods for macromolecular crystallization have been developed. This
chapter briefly reviews the most promising advanced crystallization techniques
and strategies as one of the efficient tools for crystallization of macromolecules.
Crystallization in capillaries, gels, microfluidic chips, electric and magnetic fields
as well as crystallization under microgravity condition and crystallization in living
cells are briefly described.

Keywords: protein crystallization, protein crystal, advanced methods,
crystallization strategies, biocrystallogenesis

1. Introduction

Macromolecular crystallization was invented accidentally in the late 19th
century. The initial goal of crystallization processes was to purify and to prove the
chemical purity of the examined chemical compound. One of the first achieve-
ments in macromolecular crystallization were crystals of hen-egg albumin at
the end of the 19th century and crystals of insulin in the 1920s [1, 2]. Since then,
macromolecular crystallization has developed into a powerful tool for the three-
dimensional structure determination of nucleic acids, proteins as well as for larger
macromolecular complexes.

A good-quality macromolecular crystal is needed in X-ray crystallography for
obtaining a 3D model of corresponding nucleic acids, proteins, macromolecular
complexes or larger biological assemblies, for instance, viruses or ribosomes.
Nevertheless, macromolecular crystallization is a highly unpredictable process,
which relies on a large number of chemical and biochemical parameters, such as the
purity and concentration of the protein, type of precipitant, pH of the buffer, as
well as on physical parameters, as temperature, time, pressure or vibrations, etc.

In order to crystallize the protein from the solution, the supersaturated state has
to be reached using various crystallization techniques. Crystallization process can
be divided into three stages - nucleation, crystal growth and termination. So-called
phase diagrams typically illustrate these steps. For the investigation of the best
conditions for crystal growth of the individual macromolecule, two general strate-
gies are usually applied. Firstly, initial crystallization screening using commercially
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available screening kits is performed to explore the suitable conditions for crystal
growth. Secondly, conditions yielding macromolecular crystals are systematically
modified to allow the growth of the best-quality crystals adequate for X-ray dif-
fraction analysis. Basic crystallization techniques, namely batch, vapour diffusion
and free-interface diffusion are used for initial crystallization screening generally
[3]. In addition, these techniques can be further modified to obtain as good-quality
crystals as possible during the optimization of protein crystallization. However,
some proteins cannot be easily crystallized and produced crystals in diffraction
quality and thus initial hits need to be further improved. It is important to note that
different crystallization methods screen the phase diagram from different points of
view and hence affect the properties of the resulting crystals. Therefore, advanced
biocrystallogenesis methods are recommended to be applied for screening or
optimization of crystallization conditions.

This chapter reviews different advanced methods and strategies as efficient
tools for crystallization of macromolecules. During the past few years, the field of
protein crystallography has significantly developed regarding instrumentation.
Different technologies require different sizes of crystals, for instance homogeneous
nanocrystals for XFEL or big size crystals for neutron diffraction [4, 5]. This also
drives the necessity to develop new and convenient methods for growing suitable
high-quality protein crystals. For this purpose advanced crystallization methods
and strategies have been developed.

2. Advanced biocrystallogenesis methods
2.1 Counter-diffusion

Counter-diffusion belongs to the non-equilibrium crystallization approaches.
The principle of this method is based on the use of one-dimensional experimental
chambers, including protein and precipitant solutions, resulting in slow mutual
diffusion, in other words the slow mixing of the molecules of the solutions and
therefore slow reaching of the supersaturation state [6]. During the diffusion, the
solubility of the macromolecule is significantly reduced (Figure 1-(3)) [7].

The ideal concentration of the protein solution is advised to be higher (more
than 4 mg/ml) and the concentration of the precipitant solution should be very
high, nearly reaching the supersaturation state [8]. At the beginning of the
experiment, the diffusion is faster and thus the amorphous precipitate is formed.
Eventually, the protein concentration decreases at the liquid-liquid interface, which
leads to the nucleation followed by the protein crystal growth [9].

Counter-diffusion method for protein crystallization and screening is popular
since it screens a wide range of the phase diagram while carrying out only one
experiment and increases the chance of hits at the same time.

2.2 Crystallization in capillaries

Crystallization in thin and long capillaries is one of the most used advanced
crystallization technique, frequently applying counter-diffusion. Furthermore, cap-
illaries can be used also in batch crystallization or vapour diffusion (Figure 1-(2)).
This technique does not require further optimization as it precisely screens many
crystallization conditions for one protein solution and one precipitant solution.
Another advantage of thin capillaries is that a small amount of the protein solution
is required for the experiment. Moreover, the protein crystals in capillaries can be
also directly measured at the synchrotrons [10].
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Figure 1.
Advanced biocrystallogenesis methods. 1. Free-intevface diffusion, 2. Crystallization in capillaries, 3. Counter-
diffusion in capillaries, 4. Crystallization in gels and GAME (prepared by author Barbora Kascakova).

Three different organizations of capillaries can be applied for counter-diffusion
experiments: (i) simple one chamber organization composed of the protein and
precipitant solutions, (ii) two chamber single capillary organization is formed by the
precipitant solution and the protein solution mixed with the gel and (iii) three chamber
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single capillary organisation that blocks fast diffusion of the protein and precipitant
solutions by a physical barrier, typically formed by agarose or silica gel, known as gel
acupuncture method (GAME) (Figure1-(1, 3, 4)). Modifications (ii) and (iii) have
been successfully used for the crystallization of not only globular proteins, but also

RNA and DNA protein complexes and larger membrane protein complexes [10-12].

2.3 Crystallization in gels

Crystallization in gels is a suitable method for growth of high-quality macromo-
lecular crystals. This method is effective due to the invariable environment enabling
crystal growth, preventing the production of protein aggregates or sedimentation
and slows diffusion of molecules in the crystallization chamber [13]. The most used
gels for macromolecular crystallization are hydrophilic gels, namely agarose and silica
gels, even though they have different properties triggering the crystal growth [14].

Regarding nucleation, agarose gels significantly promote it, whereas, silica gels
inhibit this process, but the exact mechanism behind it remains unknown. The
benefits of the use of agarose gels are (i) the concentration of agarose gel can be
very low, (ii) agarose gel polymerises faster than silica gels, (iii) agarose gel can be
employed in any crystallization technique, (iv) cofactors, ligands and even cryo-
protectants are reported to be easily soaked into the crystal in the presence of the
agarose gel, (v) agarose gels help to produce bigger crystals for neutron diffraction
analysis and also (vi) serves as delivery medium for nanocrystals for X-ray free-
electron laser analysis (Figure 1-(3, 4)) [14-17].

2.4 Microgravity

The first attempts to confirm the substantial role of microgravity for crystal
growth were done more than 35 years ago [18]. There was an assumption that
absence of gravity can lead to growing of top quality crystals, thus crystallization
experiments in the microgravity environment in the space shuttle were carried
out. First experiments were performed by vapour diffusion method, later the
counter diffusion and dialysis crystallization were applied as well [18, 19]. The main
advantage of growing protein crystals in space is that there is very diffusive mass
transport and reduction of formation of possible crystal defects.

There are different views on the success of this method. In many cases, it was
proven that space provides good conditions for growing better diffractive crystals
against the results of crystals grown on Earth [20, 21]. Many positive examples
of growing the crystals in space show improved diffraction resolution, better
diffraction intensity, reduction of crystal disordering and clustering, prolonged
nucleation process, excluded crystal sedimentation and in some cases growing of
larger crystals, sometimes also with different space groups [20, 22]. Of course, the
microgravity experiments are connected with some limitations that are mainly
bureaucracy for flight approval of protein samples, delays of mission and with this
connected possible degradation of protein or crystal samples [22].

2.5 Microfluidic chips

Recently, screening and crystallization by counter diffusion method has been
improved by the application of microfluidic chips. Typically, the chips are com-
posed of channels connected by a cross section. This organization of the crystal-
lization chamber facilitates the screening of the wide range of the protein and
precipitant concentrations; the supersaturation state is achieved by diffusion of the
molecules [9]. Another advantage of this approach is the requirement of a small
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amount of the protein and thus is suitable for proteins that are demanding to purify
in larger volumes [23]. In practice, the protein sample is loaded into the eight chan-
nels at once by micropipettes and precipitant solutions are placed in the reservoirs
[24]. The crystal growth in microfluidic chips is much faster than in other crystal-
lization systems and the results are highly reproducible [25]. Microfluidic chips are
also applicable for the microseeding strategy or soaking with the ligands [26]. The
resulting crystals can be analysed by iz situ serial crystallography [24, 27].

2.6 Electric and magnetic field

The principle of the method benefiting from electric fields relies on the separation
of the nucleation and crystal growth; it can be applied in the electric as well as the
electromagnetic field. The nucleation process takes place while the current is switched
off [28]. In order to perform crystallization experiments in the electric field, the
specially designed crystal growth cell has to be used. The system contains two parallel
electrodes and is connected to a direct current source that provides direct or alternat-
ing current. Nevertheless, the experiment has to be set up before the application of
the current. It was reported that the current positively influences the size of protein
crystals. Specifically, lower frequencies of alternating current provide less larger crys-
tals compared to higher frequencies [28]. For the purposes of using electric current
the e-crystallization cells based on vapour diffusion or batch method were made [29].

In the case of using magnetic fields, there is a similar outcome as carrying out
an experiment in microgravity. This can be achieved when using a vertical mag-
netic field with use of anti-gravitational force. The crystals treated by magnetic
fields show better diffraction quality as was revealed for microgravity experiments
[30, 31]. In addition, the crystallization conditions need to be known before
initiating the experiment. Moreno 2017 mentions the use of gels for obtaining large
well-arranged crystals together with use of magnetic forces for at best two days and
more days. For this type of experiment, the capillary glass pipettes were reported to
be suitable for use of homogeneous or nonhomogeneous magnetic fields [28]. The
best influence of magnetic field use is regulation of quality and crystal size [32].

3. Advanced biocrystallogenesis strategies
3.1Seeding

The supersaturation level needed for the nucleation and the growth of best
diffracting crystals is often different. Nucleation takes place when the supersatura-
tion level is very high, while crystal-growing process appears when the conditions
are slightly changing to lower supersaturation level [33]. Therefore, the seeding
strategy has been developed as one of the most powerful tools for the optimization
of the size and diffractive quality of single crystal. Another benefit is that it reduces
the amount of the used protein and saves time needed for the spontaneous nucle-
ation. This is also suitable for the examination of the slightly changing crystalliza-
tion conditions, such as testing different pH ranges, adding new additives or even
new precipitants. Several seeding strategies such as macroseeding, microseeding
and/or their modifications can be applied.

In order to perform macroseeding, a single seed crystal has to be selected; its
size is not relevant. The solubility of the crystal has to be investigated by testing of
different precipitant concentrations to establish the conditions where the crystal is
stable. This method is more demanding as multiple washes of the crystal are needed
before the crystal is put into the suitable equilibration condition. The washes are
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aimed to eliminate additional nuclei. The main disadvantage of the method is
that during this handling, the crystal seeds can be damaged and can form only the
microcrystals in the new equilibration condition, which are not suitable for the
X-ray diffraction analysis [33].

Microseeding can be described as a delivery of microseeds into a new equili-
bration condition. Before the experiment, the seed stock has to be prepared by
crushing crystals using vortex, sonication or seed beads [34]. Once the seed stock
is prepared, the dilution series have to be done in order to stabilize the nuclei
presented in the seed stock and enable them to form suitable crystals in the new
crystallization drop.

Another way of seeding strategy is the streak seeding. The drop containing the
protein crystal is opened and the crystal is touched using an animal (cat, horse,
rabbit or chinchilla) whisker. The nuclei can be attached to the whisker and transfer
into a new crystallization drop. The sitting drop technique is recommended for this
experiment, as it does not dry as quickly as the drops in hanging drop technique [33].

Cross seeding is specifically designed for crystallization of related proteins.
These related proteins are different recombinantly modified protein variants,
homologous proteins, and chemically modified proteins, macromolecular com-
plexes with ligand or even misfolded proteins that are crystallizing difficult [35].
Some of the related proteins do not crystallize in the same conditions; however,
sometimes this method can help and save the protein solution and time.

Random microseeding is a modified microseeding strategy using random
screening kits. It is reported to create extra additional hits as well as produce better
quality protein crystals for diffraction experiments [36].

3.2 Co-crystallization with ligands and crystallization chaperones

The co-crystallization of macromolecules with ligands have been developed
because some proteins crystallize efficiently with ligands considering its structure
stabilization role. The use of ligands has benefits not only for improving crystalliza-
tion but also for obtaining stable and functional protein during purification because
they enhance thermal stability of molecules. The study of small ligands stabilization
roles for proteins in aqueous solution is still in progress. There exist online libraries
of ligands as compounds used for crystallization purposes to prepare the best condi-
tion for protein stabilization [37]. The use of ligands for crystallization promotes
the possibility of obtaining good-quality protein crystals. Ligands are regularly used
to expand the screening capacity of commercially available screens [38]. On the
contrary, it can be challenging to crystalize protein-ligand complex and so, the use
of stabilizing additives is necessary. The process of co-crystallization can be further
affected by temperature used for the complex formation prior its crystallization and
by concentration of protein or used ligand [39].

Another “compounds” used for stabilization of proteins are amino acids and
their derivatives such as glycine ethyl ester or glycine amide. There is noted con-
siderable benefit of the stabilization role of amino acids for protein purification as
well as crystallization [40, 41]. Hence, small molecule additives such as coenzymes,
prosthetic groups, inhibitors and small molecules, mentioned in [42], are used
for successful crystallization of macromolecules. Usage of these additives helps
forming hydrogen bonds and crosslinks between molecules that helps formation of
stable crystals with regular lattice order of molecules [38].

Additionally, the antibodies and nanobodies are used to improve protein crystal-
lization. Antibodies such as conventional IgG, Fab-fragments (fragment antigen
binding), scFv (single-chain variable fragments) and Camelid hcAb (heavy chain
IgG) were used to reinforce protein crystallization, mainly for membrane protein
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co-crystallization. Latterly, nanobodies replaced the use of antibodies because
production of antibodies is limited and obtained yield tends to be conformation-

ally heterogeneous with limited solubility [43, 44]. On the contrary, nanobodies

are extremely stable and soluble antibody single-domain fragments that stabilize
unstructured proteins by binding to them, form crystal contacts and thus speed up
crystal growth. For crystallization of selected protein, many conformationally differ-
ent nanobodies can be used to enhance the probability of best quality crystal hits [45].

3.3 Protein engineering

Protein engineering is one of the most used strategies in molecular biology
to produce sufficient amounts of soluble protein. Protein biocrystallogenesis is
likewise using protein engineering for crystallization of proteins that are hard to
crystallize owing to have highly flexible regions, high surface entropy or less com-
mon high surface hydrophobicity or proteins are not able to be produced soluble
[46]. To conquer these issues some strategies such as designing modified proteins,
mutation of surface residues or designing fusion proteins are used [47].

The modifications of proteins include designing only some parts of protein such
as conserved domains, and removing flexible parts or internal loops that prevent
crystal formation. This can be fulfilled by creation of genetic constructs based on
e.g. computation selection of expression clone libraries to find the clones with frag-
ments that would encode the concerned part of the protein [47]. In the literature,
several strategies for protein modification have been mentioned such as colony
filtration blot technique [48], the open reading frame selection through the ESPRIT
automation to find soluble complexes [49] and fluorescence screening based on
protein fusion with GFP protein [47, 50].

Next strategy to enhance crystal formation is design of protein mutants by site-
specific mutation or chemical modification. Mutagenesis is ordinarily used to pro-
duce soluble protein assuming that wild type is not soluble. The substitution of Lys,
GIn or Glu that are frequently located on the molecule surface [51] with Ala that has
lower surface entropy is a commonly used strategy [52]. There are plenty of protein
structures that were solved mainly due to mutagenesis [47]. In addition, many
chemical modifications as reductive methylation of Lys that reduce protein solubil-
ity and reductive carboxymethylation or substitution of Cys that on the contrary
enhance solubility, stability and have benefits for protein function and oligomeriza-
tion [52]. Different strategy is to introduce Cys at the surface to strengthen forma-
tion of symmetrical dimers that seem to crystallize more easily [52, 53].

Design of fusion proteins or fusion tags is another approach to produce soluble
proteins and subsequently solve protein structures. In many cases the fusion partner
such as short Strep-tag or poly-histidine tag and some larger tags as glutathione
S-transferase (GST) and Maltose-binding protein (MBP) are removed before crystal-
lization [54-56]. This is done to remove possible highly flexible regions that can block
formation of protein contacts during crystallization. However, it was shown that in
two different approaches fusion proteins manage to crystalize target proteins. First,
one is based on increasing protein surface area by incorporation of fused protein
such as MBP, Green fluorescent protein (GFP), Barnase or T4 lysozyme (T4L) [56].
Second is aimed to merge interacting proteins or protein and peptide with linker,
mostly to stabilize one of fused proteins or to support their interaction [56, 57].

3.4 Crystallization in living cells

The formation of native protein crystals in living cells has been detected over the
last few decades as a natural process. This approach is ideal for proteins that cannot
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be crystallized applying basic crystallization techniques. Recently, X-ray sources
have been exceedingly improved, such as microfocus beamlines, X-ray free-electron
lasers, or even serial crystallography as a new data collection strategy [58, 59]. These
advances in the field of X-ray crystallography enable data collection from smaller
crystals and thus enable the development of iz cellulo crystallization as a powerful
advanced crystallization approach.

Recombinant or fusion recombinant proteins can be crystallized in a number of
living cells, including plant cells, mammalian cells or insect cells [60]. The bottle-
neck of this strategy is the detection of the protein crystals inside the cells. Crystals
can occur in different compartments of the cell, such as cytosol, endoplasmic
reticulum (ER) or peroxisomes [60, 61]. The crystals can be detected using various
methods, e.g. bright-field microscopy techniques or transmission electron micros-
copy (TEM), which is also used for the observation of crystal growth and subse-
quent optimization. The crystal can be isolated from the cell before the diffraction
experiment or directly measured in the cell [60, 62].

3.5 Automation

The expansion of the crystallographic field and running extensive research
led to need for facilitation of performing crystallization experiments. This was
achieved by automation that supported faster progress of experiments thanks to
development of a variety of robots [63]. There are robots adjusted to establishment
of crystallization conditions, arrangement of drops, for carrying out the vapour
diffusion experiments specifically hanging drop, microbatch, free-interface diffu-
sion and random micro-seeding seeding methods with sitting drop method as the
most preferred method. Most widely used crystallization robots are from the Oryx
series (Douglas Instruments Ltd.), the Mosquito (TTP Labtech, Royston, UK) and
TOPAZ system (Fluidigm Corp., San Francisco CA, USA) [64]. Automation devices
allow crystallization of nanovolumes into an array of plates for 96 or more condi-
tions [28]. Each robot has its own specification, from which can be chosen preferred
experimental method suitable for protein of interest.

4, Conclusion

In conclusion, a growth the good-quality macromolecular crystal is crucial for
the determination of its atomic structure using of X-ray crystallography. Several
effective advanced methods leading to the formation of crystal in diffraction quality
are available. Nowadays, the extensive improvement of X-ray facilities enables data
collection from smaller crystals and allows using the new trends in crystallization
strategies that are developing as a powerful advanced crystallization approach.

The protein crystallization manufacturers such as Hampton Research, Molecular
Dimensions Ltd., PerkinElmer, GE Healthcare, Danaher, Bruker, Agilent, Jena
Bioscience, Rigaku, Formulatrix and MiTeGen are basic companies responsible for
systematic invention of new products and technologies that constantly improve
protein crystallization methods and are looking for crystallization techniques for
hardly crystallisable proteins such as membrane proteins.

Next essentials that have an effort to improve crystallization techniques are
attempts to use crystals in different non-conventional ways. One of them is
sending biosubstances (protein-based medicines) into space to try to crystallize
them for finding new uses of crystallized proteins as pharmacotherapeutics. These
protein crystals can be supposedly thereafter used for long-term storage or for
stabilization of biosubstances by transferring them into solid state (Bristol-Myers
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Squibb Company). Another use of crystallization was reported in material sci-
ences, more precisely for improvement of electronic materials developed on the
base of biomolecules arrangement in crystals [65].

These and many more applications of protein crystallization are reasons for
development of new methods and strategies for faster crystallization and obtaining
of well diffractive crystals and for reduction of protein volume. However, there is
still a necessity for improvement and new methods and strategies for biomolecules
crystallization awaits to be discovered. Although this can be achieved more easily
because biochemistry, biotechnology, physics, chemistry and applied nanosciences
are extra overlapped and allow to improve and explain in depth the process of
protein crystallization.
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