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ABSTRACT
DEVELOPMENT, KINETIC ANALYSIS AND APPLICATIONS OF 2-D
NANOSTRUCTURED LAYERED METAL HYDROXIDES

Stephen Majoni, BSc.

Marquette University, 2011

Nanodimensional layered metal hydroxides which include layered hydroxy salts
(LHSs) and hydroxy double salts (HDSs) have the ability to accommodatesspeci
between the layers. The structural composition of these materials can bectasdd s
create materials with targeted physico-chemical properties facapphs where it
is advantageous to intercalate or release molecules. Some of the applicaticdesion-
exchange, fire retardation, catalysis, and controlled release delivery. Acitenge
reactions are among methods used to optimize these materials for tappdieatians,
making the characterization of exchange kinetics of practical intanesddition,
understanding fundamental factors that control retention and release of furentiona
is important in designing hosts for storage and triggered release.

Isomers of hydroxycinnamate were used as model compounds to systematically
explore the effects of anion structure on controlled release delivery in layetald m
hydroxides. Following intercalation and subsequent release of the isomesshéema
demonstrated that the nature and position of substituent groups on interlayer anions have
considerable effects on the rate and extent of release. The extent s¢ wessacorrelated
to the magnitude of dipole moments of the anions while the reaction rate showed strong
dependence on the level of hydrogen bond network within the layers. Anion exchange
kinetic analyses of this class of compounds have traditionally been carried out using
model fitting methods. Isoconversional (model-free) approach can be utilizeahtibyide
when fitting to a single model is not appropriate, particularly for charaictg the
temperature dependence of the reaction kinetics. We established a sysipaigsis
for identifying cases when model based approaches are not appropriate in mamaielng
exchange kinetics in these compounds. Results obtained demonstrate the utility of the
isoconversional approach for identifying when fitting kinetic data to aesimgldel is not
appropriate.

In another study, nanocomposites prepared by compounding poly (methyl
methacrylate) with boron containing LHSs showed enhanced thermal statuility a
reduced flammability (up to 48 %) as evaluated by thermogravimetry anatysicone
calorimetry. Effective activation energies for the first step of theadiagion process
(evaluated using Flynn-Wall-Ozawa, Friedman, and Kissinger methods)sivewn to
be higher in the nanocomposites.
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Chapter 1: Nanodimensional Layered Metal Hydroxides: Applications and
Kinetic Analysis

1.1 Introduction.

Nanodimensional layered metal hydroxides have been shown to undergo ion
exchange reactions with a variety of inorganic and organic atifofisese materials can
generally be grouped, according to their structure, into layered double hydroxides
(LDHs), hydroxy double salts (HDSs), and layered hydroxy salts (LHSs)ered metal
hydroxides are composed of brucite-like metal hydroxide layers ditegrvaith
interlayer anions; one metal hydroxide layer and one interlayer sppatbér make up
an elementary layér.In brucite, {Mg(OH})}, the magnesium ions are octahedrally
coordinated by hydroxyl groups forming octahedral uiitsThe octahedral units share
edges to form an infinite network of neutral layers (sheets) as shown in Figuteel.1
sheets are stacked one on top of another and are held together by Van ser Waal

interactions and hydrogen bonds to form the brucite crystal.

In layered metal hydroxides, the metal hydroxide layers are positivaiged
and can be composed of one, two and sometimes three metal ions. The layers form the
backbone of the structure with negatively charged ions, and often water mqlecthes
interlayer space (sites). The formed structures are stabilizel@dtyostatic attraction
between the layers and the anions as well as a network of hydrogen bonds between the
interlayer anions, water molecules and the lay€té\lthough most of the charge
balancing anions are situated in the interlayer space (gallery), NMRsshydi¢ouet al.

have indicated that there are small amounts of weakly bound anions located on the



surfaceof the metal hydroxide shee'*?The ability to vary the metal ion constituents
the layers and the intercalation of different cledoglancing interlayer anions results

large class ofmaterials which can potentially be synthesi

X

(a) (b)

Figure 1.1 Schematic representation of a typical brucite o@hedron (a), and the brucite sheets (k
with o representing M¢’* ion, and erepresenting hydroxyl ion.

1.2  Structure and Reactivity

Naturally occurrinclayered metal hydroxides are widespreadthe crystal
structures ofmany of the mineralhave been determined. These inclivtlg Fe-
carbonatesplyrourite and sjogreniteMg,Al- carbonates (hydrotalci@nd manasse);
Ca,Al- carbonateshfydrocalumit); Cu-Cl (clinoatacamite and botallacki; Cu-NG;
(gerhardtite), Zn,C@&l (e.g. kapellasitt among other§>**’In the most commo
naturally occurring LDH, hydrotalcite, t metal hydroxide layers are composethe
cations Mg*"and APF* with carbonate anioras the interlayer anionsepending o

symmetry, the formulaf hydrotalcite can be[MggAl, (OH)4](C03).4H,0 for



hexagonal symmetry gMg4Al, (OH);4](CO3). H,0 for rhombohedral symmetry:*’
The layered structure in hydrotalcite is obtained from brucite by the isomorphous
substitution of some of the Mgjions with AP* ions. The isomorphous substitution of
divalent cations with trivalent cations generates a positive charge whthiayers and
charge compensating anions (normally representedpara located in the interlayer
regions between the brucite like-shé&the range of divalent and trivalent cations’{M
and M) which can constitute the LDH metal hydroxide layers is large, the only
requirement being that their ionic radii should be close to each’ofsein brucite, the

metal ions occupy octahedral positions within the metal hydroxide,
([M3£,M3*(OH),]*"), layers.'® The value of x (the layer charge) is equa{@%},

and it is usually in the range 0.17-03& his indicates that the rat®1%* to M3*)
determine the charge density on the hydroxide layers which enablesd@itiiegcharge
density by varying the ratio of the metals. The formula for LDHs can gelner

expressed agfZ*, M3+ (OH),]** (A"")x/, . mH,0'° with water molecules also

occupying the interlayer space.

The brucite-like layers can be stacked two layers per unit cell with beabhg
symmetry (2H), three layers per cell with rhombohedral symmetry (3Rjher
arrangements of lower symmetf° The water molecules in these structures have been
shown to be closely associated with the layer hydroxyl groups, participatigdriogien
bonding and thereby wetting the layers. In addition to wetting the layekes, matecules
also hydrate the interlayer anion by forming hydrogen bonds with the intealaipes>°

Molecular dynamic calculations carried out by Padtrad. on citrate containing MgAl-



LDH indicated that, due to the citrate anions being H-bond acceptors and the laygrs bei
H-bond donors, the water molecules have a preference to wet the LDH layersdifbei
bond acceptors than hydrate the interlayer citrate anions by being &bbaring

hydration of anhydrous LDHSs, the H-bond network between the layer hydroxyl groups
and interlayer anions weaken in favor of forming H-bonds with water molecuiiss. T
results in wetting of the layers and hydration of the anions leading to swellking

structure which may lead to exfoliation of the lay&l¥?** The water content, together
with the interlayer anions and the layer charge, influence the interlatemnaissnabling
tuning of the material%. Thus the nature of anions and their subsequent interactions with
the layers affect the stability and reactivity of these matétite interlayer anions in

LDHSs can be exchanged by suspending the materials in solutions containing other

anions>*® The structure of LDH can be represented as shown in figure 1.2.

OH

M2+ (black, M3* (red)

O

A" water

OH

MZ2* (black, M3* (red)

OH

Figure 1.2: Structure of LDH # which is stabilized by electrostatic attraction baveen the layers and
the anions and hydrogen bonds between water molea&d, the layer hydroxyl groups and interlayer
anions.



The structure of hydroxy double salts can generally be represen(@fas |
M”11, (OH)31.yyr] A" w+3yMH:0 where M* and Mé* represent different divalent
metal ions. In layered hydroxy salts, which are closely related to HDSs,M&** (thus
they contain a single type of divalent metal ion). The differences in the iahiof#he
divalent Mé" and M"metal ions in the brucite-like metal hydroxide layers of HDSs
should be within 0.05A. The structure formed and the relative composition of the ions in
the metal hydroxide layers depends on the preparation method and the nature of the metal
ions®#*HDSs and LHSs can be classified broadly into two structural types based on the
structure of either zinc hydroxy nitrate (ZHN) with the formulg(@t)s(NOs),-2H,0 or

copper hydroxy nitrate (CHN) with the formula £DH):NO3.%*

The ZHN structure is regarded as a variation of the hypothetical Za(OH)
structure in the C6 or Cgtype group?>?°In this mineral, a quarter of the zinc ions in the
octahedral interstices of the sheets are vacant which would result in negatmegd
sheets which can be representefZa§*(OH)g]?~. However, tetrahedral sites above and
below the vacant octahedron are occupied by zinc ions, resulting in sheetsnehich a
positively charged with the formu[2n3t(OH)g Zn%™2(H,0),]2*.?” The tetrahedral
coordination ofZn®'? is satisfied by three hydroxyl groups and a water molecule. The
nitrate ions are located in the interlayer space and are held within éng by
electrostatic attraction, almost preservingBhgsymmetry in free ions. The near-
complete preservation of tigy, symmetry is supported by the insignificant difference of
the N-O bond length and also from infrared spectrum, shown in Figure 1.3, in which the

doubly degenerate N-O stretching frequengyear 1380 cihis strong and is not sphif.
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Figure 1.3. Infrared spectrum of ZHN

Techniques sensitive to the local environments around specific atoms within the
structures such as X-ray absorption near edge structure (XANES)osgegly and
extended X-ray absorption fine structure (EXAFS), have been used to accurately
determine the local structure of metal ions such as coordination number and atomic
distance$®*° EXAFS studies on zinc nickel hydroxy acetate (which has a ZHN
structure) by Chowyt al. and Roja%t al. indicates that in this HDS structure, nickel ions
occupy octahedral sites of the metal hydroxide layers while zinc ions ot=tugiyedral
sites above and below vacant octahedral sites as indicated in Figffté' Ad shown in
Figure 1.4, the interlayer anions are found around the zinc ions where positive charge is
localized. As in LDHSs, structural stability of materials based on the ZHidtare is
based mainly on layer-anions electrostatic interaction as well asdhagey bonding
network among interlayer anions, water molecules, and layer hydroxyl graugrsgés

in the hydration conditions of the materials are bound to result in changes in the



orientdion of the interlaye anionsso as to maximize the hydrogen bonding interact
and adopt the most stable arrangel. Choyet al. observed that iii,Zn-acetate HDS
prepared under hydrothermal conditi, the acetate ions changed from chelating bin

to unidentate binding during deintercalation ofevaholecule?

Figure 1.4: The structure of zinc nickel hydroxy acetate withthe nickel vacancies being represente
by o and oxygen atom s by %

In the CHN structurethe brucitelike layers are not positively charged as in
case of ZHN structurdyutthe interlayer anions (nitrate) argroduced by thi
replacement of 25% of the C ions of the metal hydroxide layers by 5~ ions.** The

interlayer ions are therefc coordinated directly to the metal matrix. EXAFSdas



have indicated that copper ions in CHN occupy two crystallographically distiest si
Cu(1) is coordinated to four hydroxyl ions and two ionic oxygens (from nitrate o@as) i
4+2 coordination, and Cu(2) is coordinated to five hydroxyl groups and one nitrate
oxygen (4+1+1 coordination) with a Jahn-Teller distorfioit. The individual layers are
connected by hydrogen bonds between the interlayer anions coordinated to oaadayer

the OH groups of the other layer.

1.2.1 Applications

The capacity to host different anions within the gallery and the ability yothar
constituent metal ions in the layers has enabled fine tuning of these tedteraavariety
of applications. Various groups, including this lab and the group of Prof. Wilkie at
Marquette University, have separately done extensive studies on the applications of
layered metal hydroxides as fire retardants (FR). The general pragech makes
layered metal hydroxide FRs useful in reducing the flammability of pakymeheir
Mg(OH), like properties. These materials have one or more endothermic reactimgs dur
the heating process which act to absorb heat from the combustion process. Magnesium
hydroxide absorbs approximately 1.42 M3laf heat by losing water in the reaction
shown in equation 1.¥.The metallic oxide residues formed during the decomposition

process also impedes the burning process by acting as a barrier to airtdrehbs.

Mg(OH),—2 » MgO + H,0O Equation 1.1

Improvements in thermal stability and selected flammability ptagsesuch as

peak heat release rate (PHRR) and total heat release (THR) have beeedobsgmwide



range of polymers by using layered metal hydroxiddSPHRR is an important
parameter in assessing polymer flammability as it has been conisédetiee variable
which expresses the flame intensity and fire spread in fire sititidre properties of
FR are usually evaluated using three main methods; oxygen index, the UL-9hdest
cone calorimetry® Since most of the important parameters for evaluation of FR (such as
PHRR and THR) can be obtained from the cone calorimetry, the instrumenehasnee
of the most effective bench-scale method for studying*f&nce the pioneering work of
Gilmanet al. in evaluation of FR properties of layered silicate nanocompdsitetst of
effort has been dedicated in investigating the FR properties of layetedaisancluding
the layered silicate®>*and LDH*3"***%Although HDSs and LHSs have not been
extensively studied as compared to other layered materials, the abHlayered

silicates, they have similarly been shown to have potential as firdastaf***

The potential for sustained release of intercalated anions and biocompatfbility
layered metal hydroxides have resulted in a growing area of resedichtdé in
optimizing the materials for the uptake, storage and controlled reldassylef
bioactive materials such as drugs and pestiéti®dn the most comprehensive study to
date on the use of the materials in controlled release of bioactive compounds and
industrial chemicals, Khagt al. showed that a variety of compounds ranging from drugs
to color fixants can be intercalated into, and subsequently released fron langtad
hydroxides®’ In this study it was shown that the rate of release depends on the metal ion
composition of the metal hydroxide layers and also on the size and nature of the
intercalated anions. In another study, Paatda reported sustained release of pravastain

and fluvastatin drugs incorporated in Mg,Al-LDH with 90% of pravastain beingsexea
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in 10 hrs and 85 % of fluvastatin being released in 3%Hwdso since the LDHs have
been shown to intercalate admixtures used in the cement intflisteycontrolled release

of these compounds can be used to control the kinetics of cement hydration.

Selectivity of the materials to isomeric compounds has also been observed and
can be utilized in separation of closely related maté&fi&i€*Studies by Takayet al.”
have shown that zinc hydroxy nitrate and copper hydroxy nitrate exhibited\sgleat
the intercalation of the isomers 1-naphthoic acid and 2-naphthoic acid; in the sayne stud
2-naphthoic acid was preferred to 2,7-naphthoic dicarboxylic acid. In a more
comprehensive study, Ragaweral.” studied the intercalation of chlorophenoxyacetates
{(4-; 2,4 di-; and 2,4,5 tri-) chlorophenoxyacetates}, into lithium aluminum chlonde a
observed that there is selectivity depending on the extent of chlorination on the
molecules. It was observed that the rate and mechanisms of intercalatie different
among the three isomers. The selectivity of L-histidine over the Dogerger into
Mg,Al-LDH observed by lkedat al.* indicates that the materials can also be applied in

chiral separation.

Research has also been carried out on the bacterial and viral sorption ability of
layered metal hydroxides. For example, dlial. and Youet al. have shown that Mg, Al
and Zn,Al-LDHs are capable of removing the viruses M82¢ X174 and the
bacterium Ecoli "® from synthetic ground water with efficiencies greater than 99 %.
There have also been studies on the use of layered metal hydroxides as paniratiens
treatment devices due to their ability to adsorb and sequester water poiittatts

include herbicide’§ and harmful inorganic oxyanions such as arsenate, vanadate and
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chromate’?®?|n addition to the above applications, layered metal hydroxides have also
been applied in catalysis where they have been used in reactions such as
transesterification, hydrodechlorination of compounds such as trichloroethamae\i
addition, Knoevenagel condensation, among other reaéfigh©ther uses include
corrosion inhibition, ion-exchange and as magnetic matéfiatsWong and Buchheif

have also utilized the memory effect of LDHs to sense water uptake in ocgaitiings.

1.2.2 Preparation Methods

Various methods have been used to synthesize nanodimensional layered metal
hydroxides, the simplest and the most commonly used method being coprecipitation. In
the coprecipitation method, LDHs are prepared by the drop wise combinatiotabf me
salts of the dications and trications with the interlayer anion of choice titalpH is
maintained within a small range (usually around18$**HDSs and LHSs on the other
hand are prepared from a reaction of metal oxides and metal salts ofatrendiand the
anion of interest with the synthetic conditions varying with the metal ions inv&f/ed.
LHS can also be prepared via a titration method in which solutions of the metatesalts a
slowly reacted with precipitating agents such as NaOH o/Q¥H24* Although
coprecipitation is the simplest method, it may not be applicable in situations thieer
anions of choice are not stable in alkaline solutions or where the anion is predipiiat
by one of the cations. In these cases, ion exchange method is used to obtairsmaterial
with the interlayer anion of choice. In this method, the guests (anions of chmece)

exchanged with the anions already present in the interlayer regions of tieellaye
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materials’ This is the main method for the preparation of organically modified
materials>**® Some of the other methods which have also been used successfully include
the following; (i) Hydrolysis in urea, polyols and hexamethylenetetranwhich results

in the production of highly crystalline materials with homogenous particle®3iZ4ji)
hydrothermal methods, used when the interlayer anion of interest has a low #&dfinit

the metal hydroxide layers, i.e. when coprecipitation and ion exchange are naldeplic
100-102 1y drothermal methods have also been used as a post-synthesis procedure in the
coprecipitation and titration methods. Recently, Zhetra. have used the hydrothermal
procedure to post-synthetically obtain Cd-dodecyl sulfate LHS with micratube
microrods morphology?* (iii) Direct reaction of lithium salts with aluminum hydroxide,
which has been used to prepare lithium aluminum LDHSs, the only stable LDH which is
composed of a +1 catidfi? (iv) Rehydration/ reconstruction method that makes use of
the structural “memory effect” of the LDHSs. In this method, water and igaak

interlayer ions are removed by calcinations of the LDH at moderate tetueer 458C —
60C°C resulting in mixed metal oxides. Due to the memory effect of the LDH, theekhy
structure is regenerated by dispersing the mixed oxides in W&&T will be the

interlayer anion) or solutions of the anion of interest in de-carbonated \Wat¥r This
regeneration method has found applications in areas such as Séasidgvater

remediatiort?
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1.3 Condensed Phase Kinetic Analysis

One of the major reasons for quantifying rates of chemical reactions,ibythat
parameterizing the reaction rates as a function of state variables saofpasature,
pressure, and concentration, prediction of the rates of reaction for any set of conditions
becomes possible. Although no reaction mechanism can be proved on the basis of kinetic
data alone, kinetic analysis also enables one to draw reasonable mexhanisti
conclusions® The rate determining step of solid state kinetics can be the chemical
transformation of reactants into products (or intermediates) or the transpateoiatis,
by diffusion, to or from the reaction site. The kinetics of many solid stateaesican be

represented by the general equation of the form

% =k(T)f(a) Equation 1.2

wherea is the extent of reaction at timek(T) is the temperature dependent rate constant,
andf(a) is the reaction model which describes the dependence of the reaction rate on the
extent of reaction and contains information about the reaction mechanism. Sitv@e of
mostly used functional forms of the reaction models are shown in table 1.1. These models
can be classified into 3 classes depending on the mechanism of the reactiomfifi)srea

that are controlled by diffusion, (2) phase boundary controlled, and (3) reactiofhis whic

obey the Avrami —Erofe’ev equatioffs:''° Equation 1.2 is usually used in the integral

form shown in equation 1.3 in whicheg(is the integral reaction model.

g(a) = fo“[f(oc)]-l da = k(T)t Equation 1.3
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The integral form of the reaction model (equation 1.3) allows the determinatio@& of t

rate constant (k) from the linear plotsgff) as a function of timée

Table 1.1 : Some of the Functional forms of the comonly used models for the kinetic analysis of
solid-state reactions.

Model Equation Label n

Power law o™ = Kkt = m

Avrami —Erofe’ev

First order [In (2e)] = kt Al 1

Second order [In (&)]*% = kt A2 2

Third order [In (1e)]° =kt A3 3

Fourth order [In (k)] ™ = kt A4 4
Prout-Tomkins Ind/(1-0)] = kt

Diffusion models

1-D diffusion o’ =kt D1 0.62
2-D diffusion (1e) In(1-0) + o =kt D2

3-D diffusion (Jander expression) [1-¢)¥]? =kt D3 0.57
Gistling-Brounshtein [1-@3- (1-u)?® =kt

For a specific chemical reaction, the reaction model is usuabyrdited by
fitting the experimental data to different reaction models and deterntimengodel that

accurately reproduces the data. This enables the reaction to be interprated of the
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mechanism represented by the chosen (best-fitting) reaction model. Theutsoate of
this procedure is a single reaction model and a constant value of activatigy fené¢ne
overall process. Even when the experimental data do not closely follow drey of t
available models, a commonplace practice is to choose the model that provides best
statistical fit of experimental data Sharpet al. **? have shown that the comparison of

experimental data against a set of model plots can be facilitated by thieredaeced

time (t/t) approach in whick is plotted againstt/to, where § is the half-life of the

reaction. This procedure of fitting experimental data to reaction models isefeu®d to
as model fitting and, as indicated before, the mechanistic interpretattomsaede in
terms of the best-fitting model. Thus this procedure may not lead to an unandig
mechanistic interpretation of experimental data since the same prangbe mescribed
by various reaction models which result in different activation energieg bbtained™
To date, the Avrami —Erofe’ev equation appears to be the simplest model with the
broadest applications and has been regarded as a universal equation fatrttentref
solid state reactions and can therefore be used to compare kinetic datat feolidatate

reactions:** The Avrami —Erofe’ev equation takes the form

a(t) = 1— el~kD"] Equation 1.4
wheren is the Avrami exponent and has integer values which varies from 1.0 to 4.0,
depending on the growth dimensionality and nucleation conditions. A valum tiie
region of 0.5 indicates a diffusion-controlled proc€§3:°Equation 1.4 can be

linearlized by taking the natural logarithms twice obtaining equation 1.5.

In[— In(1 — a)] = nin(t) + nin(k) Equation 1.5
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The double-logarithmic plot of In [-In (&}] as a function of In gives a linear plot in
which the value oh is obtained from the slope and the valu& f evaluated from the
intercept. Although double-logarithmic plots have been used since the 198,
were made popular by Sharp and Hancock in 1§7Phe double-logarithmic analysis
for reactions with different mechanisms gives linear plots with differepesl making it
easy to distinguish reactions occurring via different mechanisms. The Avnaia ey
model has been applied successfully to a wide range of reactions which includes
crystallization and phase transformations in glasses and alloys, natadj@gation
reactions;*® crystallization and growth of polymef¥ and in anion exchange reactions

of layered material&69:7%1120-123

Model based approaches suffer from the kinetic ambiguity which, as didcuss
before, stems from the observation that (in some instances) the expdritatntgive
excellent fits to various reaction models and therefore significantly eliffenechanistic
conclusions can be drawn and different activation energies are ob'tsifiee. reliability
of the Arrhenius parameters obtained from these model fitting procedunesefote
subject to proper choice of the reaction mdé&&t*Most importantly, model based
approaches are most useful in the analysis of single step reactions. gysitaized in
thermal analysis studies to identify when fitting to a single model is nobaigute is to
utilize isoconversional methods as proposed by Vyazovkin and Wjfite model-free
methodology is built around the dependence of the activation energy on the extent of
conversion which is used for both drawing mechanistic conclusions and predicting
reaction rates. Model-free isoconversional methods are based on the isoconiversiona

principle that states that the reaction rate at a constant extent of convemibna
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function of the temperature which eliminates the need for a reaction Mbdke
dependence of fona indicates a variation of the relative contribution of single steps in
the overall reaction and can therefore be used to detect multi-step reactimiailed
explanation of the concept of variable activation energy, which is represented by
isoconversional methods, was given by Flynn and Wall in $$&8ince isoconversional
methods enables the determination of the dependencyoorf the extent of reaction, they
provide information about the changes in reaction mechanism and enables the
investigation of reaction mechanists>°and are therefore favored over model-fitting
methods:?*3%132For jsothermal processes, isoconversional methods can be divided into

differential methods (equation 1.6) and integral method (equation§¥'#).

d E
lnd—f =n[Af(a)] - R_; Equation 1.6
Int = ln%a) + % Equation 1.7

In equation 1.6 and 1.E,, f(a), g(a) anda are as defined beford is the pre-

exponential factott, is the time,T the temperature, arlis the gas constant. The
isoconversional approach has been widely applied in the degradation kinetics efya vari
of materials which include polymers and inorganic molecules, recently the appiasc

been extended to other reactions which include hydride formation in reactive ptd$mas.
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1.4  Motivation for the study

The flexibility in the composition of layered metal hydroxides and thuglityato
host and exchange different types of anions has resulted in the materials ktansye
applications. Anion exchange is the most widely used method in modifying these
materials and optimizing them for different applications. Although anion exchange is
generally thought to occur via topotactic mechanism, there have been instéuece it
has been shown to occur via the dissolution-reprecipitation pathway. Thesechaoge
mechanisms allow optimization of the materials for a variety of applicatior
example, the intercalation of a wide range of anions into the gallerysresuataterials
with improved magnetic, electronic, and catalytic properties. Detsiilety of anion

exchange in these materials will allow us to:

Q) Provide insight in to the applications of isoconversional analysisin anion

exchange kinetics of layered metal hydroxides

Substantial work has been carried out on anion exchange kinetics in
layered metal hydroxides where both in situ data acquiSitioh >2%12%123ngd
conventional quenching experiments have been 1#5é#*Kinetic analysis in these
compounds has traditionally involved fitting experimental data to variousoeanbtdels
and choosing the best fitting model to make kinetic and mechanistic conclusiamseln s
cases the same data set can satisfactorily fit more than one reantiely on may result
in a poor fit to all the available models. The choice of the model to represent the data is

then based on the best statistical fit of experimental data. In these inskenmbility

of the Arrhenius parameters obtained from model fitting procedures is then saljext
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proper choice of the reaction mod&**This model fitting procedure is mainly

applicable to single process reactions in which the mechanism does not change over the
entire reaction. The procedure becomes inapplicable when describing multi-process
reactions in which there are changes in reaction mechanism as tienrpemteeds, such

as in cases where there are structural changes occurring theiegchange process.
Although periods with different mechanisms can be distinguished in double-logarithmi
plots when using the Avrami expression, obtaining an effective activationydhatgan

be utilized to describe the temperature dependence over the entire courseadtiba

becomes difficult>®

In this study, we extend isothermal, isoconversional analysis to aniomegecha
kinetics in layered metal hydroxides. Two model reactions have been chosesttatél
how the isoconversional approach can be exploited to identify when model-based
approaches such as Avrami-Erofe'ev kinetics, are appropriate. Isoconveasagais is
applied to evaluate the rate of anion release into solution as well as changesstasol
structure in order to derive effectivg that can be compared to globaMalues obtained

from the Avrami-Erofe'ev model fitting method.

2 Explore the role of anion structure on controlled release delivery in layered metal

hydroxides

Layered metal hydroxides have been shown to exhibit sustained release of
intercalated anions over periods ranging from hours to 4ay8>****The work on
HDS and LHS is limited yet it has been shown that HDSs show a slower release of

anions and has greater capacity for intercalating anithis>which makes them more
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applicable where slow release delivery of anions is required. The raiease of
intercalated anions which may be drugs, industrial chemicals, ocigestdepend on
the intralayer metal composition of the host materials and the size of thalsuieaic
materials>”"**° Anions are stabilized in the interlayer space by electrostatic ititrac
with the layers, and also by a network of hydrogen bonds with layer hydriba
interlayer water molecul&$:****Differences in stability of the anions may also affect

the rates of release which enables tuning of the materials for contelttede delivery.

Characterization techniques such as powder X-ray diffraction (PXRD)ieFour
transform infrared (FTIR) spectroscopy; thermogravimetric (TG) amalyV-Vis
spectroscopy and elemental analysis will be used to get valuable infmroatthe
structural transformation and reactivity of the materials with emgluasihe kinetics of
anion releaselhis study will provide insight into the chemistry that governs anion
retention and release in layered metal hydroxides. This will provide Vidaimation
which can be used to screen these materials for applications in contridistrdelivery
of substances such as chemicals, drugs and pesti€liesltimate goal is to provide
information which will enable fine tuning of rates of release by alteringttiueture of

intercalated anions.
©)] Optimization of layered hydroxy salts for fire retardant properties

Poly (methyl methacrylate) is a synthetic polymer which is inexpensive
transparent and resistant to weathering. As such it has been widely udadidmg
material but suffers from the general flammability setback ohsyiat polymers?® For a

long time halogen based compounds have been used as additive flame retardants (FRS)
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for different classes of polymeric materials with a good efficiengythey have been
shown to have negative environmental effeéfs’*Layered metal hydroxides have
been shown to improve thermal, physical and fire properties of a variety ofgrslyfine
uses of HDSs and LHSs as FRs have been limited due to the fact that, faystieses
studied, the flame retarding properties were inferior to those of LDHs. Tialg istbased
on the realization that with a careful choice of intra-layer metal ion(s)raerlayer
anions then good reduction in flammability, comparable or better than cuicbines
can be achieved. In this study a careful choice of the layer metal ion wents) and
the interlayer anion will enable us to design LHSs with superior FR pwafaes that
can be able to compete with commercially available materials. This tegether with
previous work in this lab, will give us a better understanding of the role of raptain
thermal/fire degradation processes of polymer-(nano)composites -sieghl-

containing materials.
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Chapter 2 : Experimental

2.1 Instrumentation

2.1.1 Thermogravimetric analysis

Thermogravimetry (TG) is a technique in which the mass of a sample is
monitored as a function of temperature or time while the sample is subjected to a
controlled temperature prograift. Temperature programming can be heating at a linear
rate (non-isothermal measurements), maintaining a constant tempé@sattirermal
measurements) or a combination of heating, cooling and isothermal stagess TG
applications in the determination of thermal stability of materiadscharacterization of
polymers through loss of known entities, e.g. hydrochloric acid from poly(vinyl
chloride)**® Low temperature weight loss may arise from evaporation of moisture, while

higher temperature weight loss may be due to material decompdéittsh.

Thermogravimetric analysis was performed on a Netzsch TG 209 F1, TGA
instrument coupled to Fourier transform infrared (FTIR) spectrometer.ditseability
to identify functional groups, FTIR allows for the identification of the products of
thermal degradation thereby enabling a better understanding of the degradatess.
Samples of the appropriate weight (specific details are given in expeainsection
sections of each chapter) were heated in air or ingytaihosphere in aluminum oxide
crucibles. Measurements were performed in triplicates and the averagerted here,

the temperature for a given mass loss is generally reproducibl@’# 3
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21.2 X-Ray Powder Diffraction

X-Ray diffraction (XRD) as a method of chemical analysis was develope
A.W. Hull in 1919'*" The method is based on constructive interference when X-rays
interact with a crystalline sample due to the phase relationship betwees tbka
elastically scattered x-rays. Constructive interference occur edratitions satisfy
Bragg's Lawn A = 2d sin 6 (wheren is the reflection orde, is the wavelength of
incident X-ray,d is the spacing between the planes in the latticefasthe angle
between the incident ray and the scattering plaif@$he emitted X-rays are at
characteristic angles based on the spaces between the atoms in thenergatable,
thus every crystalline substance gives a unique pattern. Thus powderidiffraecthods
have been used for characterization and identification of polycrystallinesphase

The instrument used in this study was a Rigaku Miniflex 1l diffractometer
operated in para-focusing Bragg-Bretano configuration using Ni filterddoQ =1.54
A) radiation source at 30 kV and 15 mA. The diffractometer was calibrated using a
silicon reference material (RSRP-43275G: manufactured by Rigaku Corporation).
Estimation of crystallite sizes was performed using the Scherratieqt(®

T = KA
- BcosO

Equation 2.1

wherert is the crystallite sizes is a constant (shape factor = 0.9 for powdgrs,the full
width at half maximum of the diffraction peak after correcting for instniaie
broadening is the X-ray wavelength. The silicon 111 peak at 2&as used to correct
for instrumental broadening. TBBlsample peaks were used to estimate the crystallite

size in the c-axis dimension.
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2.1.3 Cone Calorimetry

This test makes use of a cone calorimeter to measure the heat rele@sbkichte
is one of the most important parameters in a fire situation) among other fasambe
cone calorimeter utilizes the oxygen consumption principle which states that the hea
release rate for a variety of materials, when normalized by the ammiooxygen
consumed, is the same and has a numerical value of 13.1+5% kJ per gram of oxygen
consumed?® The oxygen consumption principle assumes complete combustion of the
materials. Although carbon monoxide is usually found in the products of combustion
reaction of polymers, its concentrations are usually very low as compaled to t

concentration of carbon dioxide, thus the effect of incomplete combustion is mifiimal.

In cone calorimetry, a square sample (100 mm x 100 mm with a thickness of 3
mm) is exposed to an external heat flux ranging from 10 to 110 K\WWie external heat
flux is supplied from a constant temperature electric heater which is ihdpe sf a
cone (hence the name cone calorimeter). The general requirement is taaidisystem
should be able to collect all the products of combustion. The results from the cone
calorimeter are generally considered to be reproducible to +*B4&re, the
flammability measurements were conducted on an Atlas Cone 2 instrumenhewith t

basic features being shown in Figure 2.1.
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Figure 2.1: Schematic representation of the cone calorimetgdiagram obtained from
http://www.doctorfire.com/cone_dwqg.gif accessed 06/01/11)
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2.1.4 Attenuated Total Reflectance-Fourier Transform Infrared Spectrosopy

Fourier transform infrared (FTIR) spectroscopy is based on the absoiption
covalent bonds in molecules, of electromagnetic radiation in the infrared region of the
electromagnetic spectrum. In attenuated total reflectanceieFtnansform infrared
(ATR-FTIR) spectroscopy, an ATR accessory with a highly réfragrism is used as a
sampling tool. In ATR sampling, the IR beam is totally reflected fromntegnal surface
of the prism at the prism-sample interface if the incident beam angtges than the
critical angle for internal reflection. The internal reflectan@ates an evanescent wave

that extends beyond the surface of the crystal into the sample, which is in irdim&tet
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with the crystal, leading to some of the energy of the evanescent wave beirgpdliso
the sample. In regions of the infrared spectrum where the sample absorbs theergy
evanescent wave will be attenuated. Infrared spectral data reportesistuthy were
either obtained on a Nicole Magna-IR 560 spectrometer or a Perkin Elnwrugp&00

FT-IR spectrometer using a single reflection ATR accessory.

2.1.5 UV-Visible Spectrometry

The concentration of released hydroxy(cinnamate) anions at specific tiioespe
was monitored by UV-Vis analysis on a Shimadzu UV-2501 PC UV-Vis Recording
Spectrophotometer or a Perkin EImer Lambda 35 UV-Vis Spectrophotometer using
guartz cuvettes with a path length of 1 cm; this was after the necessapndiluére

done (the general dilution factor was 1000).

2.1.6 Computational calculations

Chain lengths and dipole moments of anions used in this study were calculated
utilizing the Gaussian 98 prograthand carried out at the DFT (B3LYP) level of theory
with 6-311++G(d,p) basis set. The chain lengths were calculated as thatamc

distance between the center of the carboxyl oxygen and the furthest hydrogen atom.

2.2 Synthesis of nanodimensional layered materials

Precursor layered hydroxy double salts (LHSs) and hydroxy doubl¢HBEs)
were prepared according to literature methdd&*>*Basic copper nitrate (BCN) was

prepared via a titration method; a 0.4 M copper nitrate solution was slowly titrated, under
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continuous stirring, with 0.1 M NaOH solution until the ratidCOH of 1:1.5 was
achieved. Zinc hydroxy nitrate (ZHN) was prepared via a core-pre@pitaethod, in a
typical experiment; zinc oxide (8.1 g, 0.1 mol) was added to 16@fa2.4 M aqueous
zinc (1) nitrate solution with vigorous stirring at room temperature ford#$ The
resultant white precipitate was filtered, washed several times withided water and
dried in a vacuum oven for 48 hours at abotG®inc copper hydroxy acetate (ZC-Ac)
was prepared by adding 0.41 g of ZnO to 1.00 g of CQCHD)-H,O in 10 ml of
deionized (DI) water with vigorous stirring at room temperature and lstata for 24
hours. The resultant precipitates were filtered, washed several tinhedaerahized (DI)
water, and dried at room temperature.

Intercalation of cinnamate (Cn) and isomers of hydroxycinnamat), which
exist in 3 geometric isomers as shown in Figure 2.2, into precursor LHSs and ldBSs w
achieved by anion exchange. The conditions for exchange were optimized for each
material. To improve solubility in water, the acidshfydroxycinnamic acid and cinnamic
acid) were reacted with an equimollar amount of NaOH in enough deionized ovater t
produce the desired concentration for complete exchange of the precursor amoor wit

observable degradation of the layered material.
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Figure 2.2: Structure of the anions used in this study: (a)ionamate (Cn), (b)m-hydroxycinnamate
(m-HCn), (c) o-hydroxycinnamate (0-HCn), (d) p-hydroxycinnamate (-HCn).

2.3 Anion Exchange kinetics

The replacement of (hydroxy) cinnamate anions by chloride ions wasigatedt
in the temperature range 3D to 60°C. The exchange reactions were performed in a
shaking water bath with a temperature stability of +°G.2and shaking speed of 300
strokes per minute. Multiple reaction samples were prepared by mixing 0.15 @airLH
HDS with 15 ml of 1.0M sodium chloride; samples were continuously agitated in the
water bath for a specified time period. After the specified time pehedgaction was
guenched by filtration followed by washing of the residue several times Witiater.
The filtrate was collected into polystyrene vials, capped and stored for ¥rdiysis.

Solid samples were allowed to dry in air at room temperature prior to PXR{Z@nal
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2.3.1 Solution Phase Analysis

The concentration of released anions at specified time periods was monitored by
UV-Vis analysis. Representative UV-vis spectra are shown in Appendix @y ani
concentrations were monitored at the peak of the UV band\{(Gns 269 nmpo-HCn,

Amax = 270 NnmMMHCN, Amax = 272 nm angb-HCn, Amax = 287 nm). Calibration curves

for calculating (hydroxy) cinnamate concentration in aqueous solutions wenmiteid

in the presence of sodium chloride concentrations identical to those used in the exchange
reactions. Representative calibration curves are shown in apperidie B.

concentrations of released (hydroxy) cinnamate anions at,titheand the concentration

at equilibrium, C, were used to calculate the extent of reaction using equation 2.2.

a=— Equation 2.2

2.3.2 Solid State Analysis

Solid state transformation of the exchange reaction was monitored by PXRD. The
intensity of a given Bragg reflection was obtained by fitting the XRxp&maa Gaussian
or Lorentzian function. The disappearance of the (001) reflection of the (hydroxy)
cinnamate phase as well as the growth of the (001) reflection of chloride phiase we

monitored and the relative intensities of the phases were used to calculatenhefex
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reaction for the decay of the host phasg,{) at time (t) based on equation 2.3.

(i)
o _ Tg)*In()
host(t) — 1_ Th(oo)
Ig(00)+1n(c0)

) Equation 2.3

In equation 2.3l is the intensity of a given Bragg reflection of the host anion at time t,
lge) is the intensity of a given Bragg reflection of the guest anion at titag,tis the
equilibrium intensity of the Bragg reflection of the host anion (determined atteoum)

andlgyw,) is the equilibrium intensity of the Bragg reflection of the guest anion.
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Chapter 3: Use of Isoconversional Analysis in Anion Exchange Kinetics of
Nanodimensional Layered Metal Hydroxides

3.1 Introduction

Layered metal hydroxides with exchangeable interlayer anions have found
widespread applications in areas such as flame retardadfatféon-exchange,
magnetism and catalysi§*°and controlled release delivéf}?*®"**>3Examples of these
materials include layered double hydroxides, hydroxy double salts, and laydregyh
salts. Anion exchange reactions of layered metal hydroxides are useftédting
materials with optimal physico-chemical properties for targeted apiplsa Also anion
exchange reactions can be used as low temperature methods to prepare novid materia
which may not be accessible by other techniques, making the characterization of
exchange kinetics of practical interest. In addition, understanding the faabcentrol
release of functional anions from these structures is important in desigrstsgfor
storage and triggered release delivErerhaps the most widely utilized approach for
evaluating kinetics of this class of reactions has been the use of the AvdgietE
nucleation-growth modéP®**°In this model, the extent of reactiar) {s scaled from
zero at the start of the reaction to one at the end, and depends upon the rate konstant,
and a coefficientn, as shown in eqn 1.4.

The Avrami—Erofe’ev model has been applied successfully to a wide range of
reactions as discussed in section 1.3. However, this model-based approach teaf limi

use in cases where there are structural changes occurring durexgiiaage process.
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The Avrami-Erofe'ev model works well in some cases but is not sufficient when the
mechanism is not constant over the entire extent of reaction. Thus before appivielg
based approaches, it is important to ascertain that the reaction is indeglé areicess
reaction otherwise model based approach might not be application.

A strategy used in thermal analysis studies to identify when fittingiteges
model is not an appropriate strategy is to utilize isoconversional métfods.
Isoconversional methods have been applied successfully in a variety of reactions
including thermal degradation kinetics of a variety of materials inotudolymers and
inorganic compounds. Recently the approach has been extended to other reactions which
include hydride formation in reactive plasnt&&.he approach allows for the
identification of multi-step reactions in which the relative contributionadifidual
steps change during the course of the readtioli®variation of & as a function of the
extent of reaction provides information about changes in the reaction meclaagism
enables the investigation of reaction mechani€ii$°When a single process is
involved, the Eis constant over the entire conversion range. For isothermal processes,
isoconversional methods can be divided into differential methods (equation 1.6) and

integral method (equations 117§:*3!

In this study, we report the use of isothermal, isoconversional analysis to examine
the anion exchange kinetics of two model reactions which have been chosen to illustrate
how the isoconversional approach can be exploited to identify when model-based
approaches such as Avrami-Erofe'ev kinetics, are appropriate. Thed&ramples

involve release of cinnamate or hydroxycinnamate anions from HDS and LH$issuct
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via exchange with chloride anions. Isoconversional analysis is applied to eviaduate t
rate of anion release into solution as well as changes in solid state struciter to
derive effective activation energies that can be compared to glghalues obtained

from the Avrami-Erofe'ev model fitting method.
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3.2  Experimental Methods

3.2.1 Materials

Copper nitrate trihydrate [Cu(N®-3H0] (98.0%) and copper acetate
monohydrate [Cu (8430,)-H.0] (98.0%) were obtained from Alfa Aesar, trans-
cinnamic acid [HsCHCHCGQH)], and trans-hydroxycinnamic acidd-
(OH)CsH4CHCHCGH] (98%), were obtained from Sigma Aldrich Chemical Co.
Sodium chloride (100%) and zinc oxide (100%) were obtained from J. T. Baker. Sodium
hydroxide (pellets, 98%) was obtained from EMD Chemicals. All materials wsed as

supplied by manufacturer without further purification.

3.2.2 Preparation of layered compounds

Copper hydroxye-hydroxycinnamate (@-HCn) was prepared by mixing 20.0 g
of BCN (see section 2.2 for preparation of BCN) with 1008 ¢h®.08 Mo-
hydroxycinnamateccHCn) solution at room temperature for 48 hours with frequent
stirring. The sample was filtered and the exchange reaction repeatedte/tines
using fresho-HCn solutions in order to get complete exchange product. Zinc copper
hydroxycinnamate (ZC-Cn) was prepared by mixing 20.0 g of ZC-Ac with 108@fcm
1.0 M cinnamate (Cn) and allowed to react at room temperature for 8 hours; longer

reaction times led to degradation of the layered metal hydroxide.
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3.2.3 Characterization of materials

UV-Vis analysis was conducted on a Perkin Elmer Lambda 35 UV-Vis
Spectrophotometer using quartz cuvettes with a path length of 1 cm. Infrared spectral
data of the synthesized and exchanged materials were obtained on a Perkin Elmer
Spectrum 100 FT-IR spectrometer operated at a 2resolution in the 4000 - 650 ¢m
spectral range; 16 scans were averaged. The FTIR spectra weredeamingea single
reflection ATR accessory with a ZnSe prism (PIKE MIR&¢)drom PIKE technology)
at an incident beam angle of’4®owder x-ray diffraction (PXRD) measurements were
recorded in the@range of 2.0- 45.0; data acquisition was performed using a step size
of 0.0167 per second. The powder samples were pressed in to the trough of glass sample

holders.

Thermogravimetric analysis (TGA) was performed on a Netzsch TG 209 F1,
TGA instrument described in section 2.1.1. Samples with a weight of 10.0 + 0.2 mg were
placed into aluminum oxide crucibles and heated under a constant flow of nitrogen at a
heating rate of 2« min™ between 40 and 80C. The chain length of Cn ameHCn
anions were calculated as described in section 2.1.6. Elemental analysisforasgue
by Huffman Laboratories, Colorado, using atomic emission spectroscodgdettmwith
inductively coupled plasma (AES-ICP) for determination of meB(®\:
Cu2.3(OH)36(NO3) [N (4.98% exp 5.13% calc), Cu (52.56% exp 54.28 calc), H (1.34%
exp 1.37 calc)]ZC-Ac: ZnCu,.g(OH)s 5(Ac)1.72.6 HO [Zn (14.72% exp 14.15 calc),

Cu (35.84% exp 34.44 calc), H (3.25% exp 3.39% calc), C (9.25% exp 8.90%Calc)],
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0-HCn: Cu,o(OH)2.9(0-HCnN)1.10-6H,0 [ Cu (36.61% exp 35.64 calc), H (3.24% exp
3.25% calc), C (32.94% exp 32.66 cal@-Cn: ZnCu 3 (OH)6.14(Cn)2.4[ZN (8.81%
exp 9.06% calc), Cu (27.8% exp 28.57% cal), H (3.00% exp 3.08% calc), C (35.14% exp

36.11% calc)].
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3.3 Results and Discussion

3.3.1 Characterization.

PXRD results for BCN, which has been indexed as the synthetic monoclinic
gerhardtite C(OH)sNOsspace groujp 2./m (4),(PDF # 45-5943>* are shown in Figure
3.1. The formula of gerhardtite is in close agreement with the formula obtained from
elemental analysis results {€OH); (NOs)}shown in section 3.2.3. Figure 3.1 shows
the PXRD patterns for BCN (lower panel) and its exchange product (upper ganel).
both cases, the materials show inted@eeflections which are equally spaced indicating
that the structures are layered and possess high range ordering, tattleashird order
in thec axis direction. Th€01-003 Bragg reflections were used to calculate the basal
spacing using the Bragg equatidfThe obtained value of 6.94 + 0.01 A for BCN
matches literature value of 6.81&.Upon exchanging nitrate witk HCn, new001-003
peaks appear at lowe/alues giving an average d-spacing value of 16.813 + 0.003 A;
an indication of the expansion of the interlayer space. The increase of theyenterl
space, from 6.94 A in BCN to 16.81 A ind&BHCn, is consistent with a smaller nitrate
anion (thermochemical radius = 1.65 A peing replaced by a largetHCn anion (chain
length = 8.63 A). The-HCn anions are either tilted or partially interdigitated within the
metal hydroxide layers. The absence of nitrate ion reflections from theQn trace
indicates that the exchange was complete, consistent with elemenyaisaregults
which gave the @-HCn formula as Ci{OH)3(CgH7;03)1.1:0.5HO . The metal ion to

anion ratios are consistent, within approximately 10%, for a nearly 1:1regeha
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Figure 3.1: PXRD profiles for BCN and C-0-HCn

Thermogravimetric (TG) and derivative thermogravimetric (DTG) esirv
presented in Figure 3.2 shows that CHN undergoes decomposition in one step consistent
with results obtained by other workéfs>°Single step decomposition may indicate that
the temperature at which dehydroxylation of the layers and the loss of theyeter
nitrate is very close and the material undergoes simultaneous dehydooxgtad

deanation. The onset of degradation is at aroun220d peaks at about 2&7in
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agreement with literature valu&S:***The TG curve does not shows significant low
temperature mass loss, an indication that the material is anhydrousyaddcompose

to CuO(s) according to equation 3.

4 Cu, (OH)3 NO3(S) —_— > 8 CUQS)+ 4 NOz(g) + Oz(g) +6 Hzo(g) Equation 3.1

From the above equation the theoretical mass loss for the decomposition of CHN is
33.8%% The experimental value from TG (33.76 %) is the same as the theovatical

and in close agreement with literature valtfes.
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Figure 3.2: TG (red) and DTG (blue) curves of BCN in nitrogenatmosphere at a ramp rate of 28min

FTIR spectra of BCN (lower panel) andocHCn (upper panel) are shown in
Figure 3.3. The nitrate group of BCN prepared using similar methods has beenshown t
be coordinated to matrix copper ion through one of the oxygen atoms. The vibrational
frequencies in Figure 3.3 are in agreement with those obtained by other workeas@and h

been assigned as follows; 1049%rl-O stretchingy,); 1338 cnt, O-NO, symmetric
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stretch ¢1); 1425 cnit, O-NO, asymmetric stretchvf).>>**"The presence of two O-NO
stretching peaks is consistent with vibrations of coordinated nitrate gro@pg of
symmetry. Coordination of the nitrate group to matrix copper ion through one of the
oxygen atoms reduces the symmetry of the nitrate ion Bgym free nitrate tdC,,
resulting in splitting of the doubly degenerate NBetch s, 1360-1380 cr) in free
nitrate®” A set of new peaks appear in the exchange product corresponding to the
presence ob-HCn in the gallery and the nitrate vibrational peaks disappeared, indicating
complete exchange consistent with PXRD and elemental analysis redqwdteaew peaks
appear at 1639 ¢i(C=C bond vibration of the,f-unsaturated carboxylate group), 1540
cm® and 1417 ¢ (vasymC=0 andvsym C=0 respectively). There is extensive hydrogen
bonding in Ce-HCn as indicated by the appearance of broad peaks and the disappearance
of the sharp peaks in the OH stretching region (36563000 crif).

Thermogravimetric analysis and elemental analysis resultsofs&ce.3)
demonstrate that the BCN precursor does not have a significant amount ofatedrca
water, whereas ©-HCn does contain some associated water molecules which may
reside within the interlayer space. The appearance of broad absorption peaksl@nC-
may be due to the presence of interlayer water molecules which form agdyogds
with free layer hydroxyl groups @HCn molecules. The broad peaks may also be due to
hydrogen bond network between layer hydroxyl groups and o-HCn hydroxyl groups.
Broad absorption bands in the OH stretching region have been shown to disappear with
hydrous - anhydrous transformation, with the subsequent appearance of sharppabsorpt

bands around 3600 ¢ht>®
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Figure 3.3: ATR-FTIR profiles for BCN and C-0-HCn

ZC-Ac prepared in this work is layered and posses high range orderingcin the
direction as shown in the lower panel of Figure 3.4; the PXRD profile show iri@inge
=1 to 3) Bragg reflections which are equally spaced. The interlayer distarizds +
0.03 A obtained for ZC-Ac is comparable to literature values (9.3 A and 9.46 A) reported
for material prepared using the same methidd When the acetate anions in ZC-Ac
were replaced by Cn ions, a shift of the Bragg reflections to lowemalies was
observed indicating expansion of the interlayer space with the interlaysratist

increasing to 20.21 + 0.09 A. The increase in the basal spacing is consistent with a
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smaller ion (acetate ion chain length = 2.53 A) being replaced by a larger @nichain

length = 8.62 A) with the cinnamate anions adopting a close to bilayer orientation.
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Figure 3.4: PXRD profiles for ZC-Ac (lower trace) and ZC-Cn (upper trace)

Thermal analysis results of ZC-Ac presented in Figure 3.5 shows low teorpera
weight loss which may be due to loss of surface and intercalated watedehydration
process results in 8 % mass loss and is confirmed by the endothermic peak observed i
DSC (curve B). A second endothermic peak at®DBRas been shown to be due to

deanation and dehydroxylation, with the processes occurring simultanE8i@ig. final
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two exothermic steps are due to deanation and possibly thermal degradationtef aceta
anions. Exchanging acetate ions in ZC-Ac with cinnamate ions resulted usiexcbf
intercalated water as shown in Figure 3.6 A in which there is no sigrifma

temperature weight loss in the TG traces. The dehydroxylation and ideanat
temperatures are close, with the processes occurring 8€28% 253C respectively as
confirmed from the endothermic and exothermic transitions in DSC trace€RduB).
Thermal degradation of the anion occurs at higher temperatures resulting in &gy¥t w

loss.
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Figure 3.6: (A) DTG (a), TG (b) and (B) DSC curves$or ZC-Cn degraded in nitrogen at a heating
rate of 20°C min™

ZC-Ac has high levels of hydrogen bonding as shown in the IR spectra presented
in Figure 3.7; the presence of the broad peak centered around 342@9ioriicative of
O-H stretching vibrations of hydrogen bonded water and/or layer hydraypgr The
presence of intercrystalline water molecules in ZC-Ac has been codffroma

elemental analysis results {obtained formula; ZpgQH)s 3(Ac); 72.6 HO}, and TGA
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results discussed previously. Exchanging acetate with Cn ions resulbedioss of
intercalated water as indicated from TGA results and elementgksandhta which gave
the formula as ZnGiy(OH)s.1(Cn).4. FTIR results (Figure 3.7) show that the broad band
in the hydroxyl stretching region of ZC-Ac was replaced by a single $ieak at 3577
cm* in ZC-Cn consistent with losing water of intercalation resulting in the taygroxyl
groups being fre&® Upon intercalation of Cn, peaks due to C=0 vibrations of acetate
ion in ZC-Ac (asym= 1563 crit andvs,m =1410 crit) were replaced by a series of peaks
due to Cn vibrations (1642 émC=C bond vibration of the,f-unsaturated carboxylate
group; 1551 cn, VasymC=0 and 1428 ch vsym C=0) indicating complete replacement

of acetate ions with Cn ions.
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3.3.2 Kinetic analysis

Anion exchange reactions in clays are generally viewed as topotactihevith
overall structural integrity being maintained during the reaction althowghature of the
lamellar structure and the anions involved can result in a dissolution-reptemipita
mechanisnt®® Tapotactic exchange reactions may involve multiple steps which include;
e Transport of the guest ions in the bulk solution and their subsequent diffusion across
the liquid film surrounding the lamellar compound;
e Diffusion of the guest within the interlayer space to completely fill theespa
e Chemical reaction at exchange sites within the layers;
e Diffusion of the host anion (displaced from the layers) in the interlayer spaceand it

subsequent diffusion in the bulk solution away from the lamellar compound.

3.3.2.1 C-0-HCn Exchange Kinetics

PXRD analysis of the solid samples obtained during the exchange reaction
provides insight into the transformation of both the guest phase and the host phase during
the reaction. Selections of traces at different time periods for all thpetatares are
shown in Figure 3.8. In addition to reflections frofiiCn, new reflections that increase
in intensity with time appear at highef Zalues. These reflections are assigned to
layered products containing intercalatedi@hs. There are two Qbhases, with the one
with higher intensity (major phase) being indexed as monoclinic botallackite

{Cu,(OH)sCl}, space group’2;/m (11), PDF # 58-520 and the minor phase (lower



49

intensity) was indexed as monoclinic clinoatacamite{}(DH)sz}, space groupr2,/n

(14), PDF # 50-155&* The botallackite phase ha§@l peak at 8 = 15.%

corresponding to a d-spacing of 5.74 + 0.049 A which is in close agreement with reported
value for Cu(OH)Cl of 5.726 A® the clinoatacamite phaéé1 peak at 162

corresponding to a d-spacing of 5.29 + 0.03 A is in agreement with reported value of 5.47
A.*® The assignments have been confirmed by examining higher angle data of a
representative spectrum shown in Figure 3.9. In Figure 3.8;#@n phase is marked

by closed diamonds, botallackite phase by closed circles and the clinoatgohasie by
closed squares. As expected for release kinetics, the intensity of pteag#s (quest

anion) increase with time while tlkeHCn phase intensity (host anion) decrease relative

to the Cl phase. The reaction does not go to completion since the Bragg reflections from

theo-HCn phase are still observed at equilibriug).(t
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Figure 3.8: PXRD profile for solid samples collectg at different times and at different temperatures
for the C-0-HCn /CI  reaction. Theo-HCn phase is represented by closed diamonds, bottkite
phase by closed circles and the clinoatacamite preaby closed squares

The intercalation mechanism in layered materials has been shown to involve
staging in materials with flexible layers such as graphite irsroa compounds (GIC),
this phenomenon of staging involves filling of evelayer in then™ stage
compound:®* Staging has been postulated to be a mechanism for lowering of the
activation energy for intercalation and exchange reactfGisthough the layers in clays
are too rigid for staging to occlit*®*the phenomenon has however been observed in a
few LDH systems where only'®stage compounds have been formed. In LDHs, staging

depends on the intercalated anions and the composition of the fayfég8165:166
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Second-stage compounds contain alternating interlayers occupied byndiffieiens.

Only first-order staging was observed in this study since the XRD rafidenot show
series of ODbasal reflections at 2 positions corresponding to the sum of the interlayer
space of the starting material and the fully exchanged product'{fordr stage
compound) as shown in Figure 3.8. The absence of higher order staging may ihdicate t
the interaction between the layers and the initial anion are strong as conptre

layer-guest interaction resulting in a small reduction in thieelihg attained through

staging'®®
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Figure 3.9: XRD profile of C-0o-HCn exchanged with chloride for 60 minutes at 6. 0-HCn phase is
represented by closed diamonds, botallackite phass closed squares [PDF# 58-520] and
clinoatacamite phase by closed triangles [PDF# 5®139].
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The extent of reaction as a function of time plots obtained from solid state
transformations at different temperatures are shown in Figure 3.10. The suak of pe
heights of thé01 botallackite and th@11 clinoatacamite reflections was used to
determine the producyd values. The extent of reaction versus time data were fit to the
Avrami —Erofe’ev nucleation-growth model (Equation 1.4); the model provided good fit
within the range o of 0.15-0.85 as has been observed for other intercalation reactions
in layered material&*'® Corresponding double-logarithmic plots shown in Figure 3.10
have R values ranging from 0.986 to 0.996 and are almost parallel withvalue of
approximately 0.5 indicating that, for the temperature range used here, the rmghanis

the same and consistent with being diffusion contrdfted.
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Figure 3.10: Extent of reaction as a function of the for the exchange reaction of Clanion and C-o-
HCn at various temperatures for solid state analysi. 60°C (m), 50°C (¢), 40°C (A), 30°C (e), the
extent of reaction data has been fitted to Avrami Erofe’ev equation (solid lines). Insert shows
corresponding double-logarithmic plots

UV-Vis spectroscopy was used to determine the accumulated amoortCof
in the filtrate, and hence the amount of host anion released into solution. Since the
Avrami—Erofe’ev model has been successfully applied to liquid phase UV-Vis and NMR
2116;167

data of released aniof it was also applied here to the solution data in order to

determine whether the model provides a good description of the release process. The
release profiles are shown in Figure 3.11 together with the corresponding double-

logarithmic plots. The double-logarithmic plots are linear for all the terpesaused
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here which is an indication that the Avrami—Erofe’ev model provides a good descripti
of the liquid phase data within the range 0d8%.85. The resulting fits are represented
by solid lines in the profiles shown in Figure 3.11. Similar to the solid phase
transformation results, threvalues are again consistent with a diffusion controlled
process. Calculated rate constakjsad Avramin coefficients are provided in Table 1

for the kinetics of solid state transformation and the anion release into solution.
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Figure 3.11: Extent of reaction as a function of the for the exchange reaction of @-HCn at various
temperatures for solution analysis: 60°C (m), 50°C (¢), 40°C (A), 30°C (e), the extent of reaction
data has been fitted to Avrami —Erofe’ev equationlnsert shows corresponding double-logarithmic
plots
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As observed in Table 3.1, the rate constants obtained for anion release into
solution are three to four times larger than the corresponding rate constahésdolid
state transformation. This is to be expected since for each given time gezieatdnt
of reaction for the solution data is higher than that of the solid state transtrmatdito
the end of reaction. The differences between solution analysis and solid state
transformation may indicate that the loss of the host anions and subsequent loss of
coherent diffraction from the host phase occurs faster than the gain in cohédractialif
from the product phase. This has been observed in other systems and maybe due to the
presence of an intermediate with poor crystallififjor a delayed appearance of the
guest phase which may be because a significant number of layers have to betfilled w

the guest to observe Bragg reflection from the guest phase.

Table 3.1: Summary of solid state and solution angsis kinetic parameters obtained from the Sharp
Hancock analysis for the reaction of Ca-HCn at different temperatures.

Solid state solution phase
Temperature/ °C n k s*(*10% n k s*(*10%
60.0 0.52 +0.02 11+3 0.397+0.006 29+4
50.0 0.48 +0.01 4+1 0.45 +0.02 164
40.0 0.45+0.01 1.3+0.2 0.39 £ 0.06 4.3%0.
30.0 0.45 +0.01 04+0.1 0.40 £ 0.01 1.640.

Since higher order staging was not observed in this study, the onset of the

exchange reaction may then occur from the outermost layers, and parallebigetseab

169

observed in the intercalation of Nkhto TaS ™™ and deintercalation of mercury from
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TiS,.1"° Johnseret al. *"* observed a similar effect in the exchange reaction of chloride
into carbonate containing LDH. The exchange reaction then progressively proceeds to
layers closest to the outer layers resulting in a mixture of layers, ewite sccupied by

the host anion and others occupied by the guest anion giving the mixed phases with
different interlayer separations observed in XRD profilé3he progressive increase in

the number of layers occupied by the guest anions results in the growth of thehgisest
and the decay of the host phase with time as observed in XRD profiles. Since anion
exchange reactions proceeds from layer to layer and a smaller anion isygeplisiger

anion coupled with the rigidity of the HDS layers, the layers will collapdeeto t

interlayer dimension of the guest phase when all the host anions in the layers Inave bee
replaced. Unless the complete exchange within the individual layers is instaungathe
growth of the guest phase and the decay of the host phase may be delayed while at the
same time host anions will be released into solution. As such, some obthiC@-may

be consumed and significant amounbdfiCn released into solution without subsequent
appearance of guest diffraction ped¥s-">*"“Due to the ex-situ nature of the

experiment, the decay of the host phase was referenced to the growth of the guest
(chloride) phase in obtaining the extent of reaction as shown in equation 2.3. THe rate o
decay of the host phase and the growth of the guest phase are therefore interlinkeed to gi
the observed rate constants. The low rate of growth of the chloride phase due to factors
indicated above will affect the extent of reaction values obtained, resultihg i

observed lower rates of reaction compared to solution analysis.
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The temperature dependence of the reaction was evaluated via Arrhenius plots
which are shown in Appendix B. The value of the effective activation energy wa8 91 +
kJ /mol for the solid phase transformation and 84 + 5 kJ /mol for solution analysis. These
values are not significantly different indicating that the temperaturendepee obtained
from these two approaches is comparable. When the chemical reaction ahtmegexc
sites is rapid, the transport process (by diffusion) then determines the caterall
reaction. Diffusion-controlled processes have been shown to have vagyiaty€s,
although the value for diffusion of ions in water is low (approximately 15 k3)mGl
values for surface adsorption processes are generally considered to be as3Bigh a
mol™*.}"® During the sorption of 2,4-Dichlorophenoxyacetate on various clays, Haque
al. 1"" observed Evalues ranging from 12-21 kJ riiolLv et al.  obtained two Evalues
for the two-step removal of fluoride ions from solution using an LDH. In the study by
et al. the fast first step was considered to be diffusion controlled and hagvafu& of
37 kdmot* while the second slower step with apv&lue of 72 kJ moi was proposed to
be controlled by the chemical reaction ofifith the LDH layer$® The E values for 2-
dimensional (2-D) diffusion within the layers can be high depending on the nature of the
interlayer species and how densely packed the anions are. When the interlagsrapeci
organic anions, the diffusion through the organic matrix may resemble diffusion through
polymers in which the Bvalues can be high and in some instances above 100 RJ mol
depending on the diffusing molecdi€.in ion exchange reactions in lamellar
compounds, Ragavanal.”” found an activation energy of 43 kJ mdor the diffusion

controlled intercalation of 4-chlorophenoxyacetate and 53-62 K3 fmointercalation
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reactions presumed to be controlled by nucleation at the edge of the haged,on
Avrami model results. The,ivalues for processes controlled by reactions of the anions
with the lamellar compounds have been shown to range from 30-70 kHemsnding

on the nature and size of the guest anions, with larger anions having higher E

values/>168:179

While model-fitting methods can frequently be utilized to provide insight into the
potential mechanism of a reaction, the rate constants depend largely on the functional
form chosen and can vary among different motféleise of a single model to obtain a
global, effective activation energy for the entire reaction time nsoyradt be appropriate
for complex reactions such as structural transformations in polycrystajieeed metal
hydroxides. Isoconversional analysis offers the advantage of being ablertaidetthe
variation of activation energy as a function of reaction progress; this providesaititmm
regarding how the reaction mechanism may change as a function of extemtiohé®
The results obtained from isoconversional analysis for solid state analyssw@iahs
analysis are shown in Figure 3.12 and Figure 3.13, respectively.; MaduEs obtained
for solid state data range from 87 — 96 kJ hanid those for solution analysis range from
78-85 kJ mof. The data for both solid state and solution analysis reveal that, within
experimental error, theEloes not significantly change as a function of extent of
reaction. This is an indication that the reaction proceeds via a single mechHmsm®
consistent with the fact that the Avramvalues did not vary significantly as a function
of temperature for each data set. Th@d&ues obtained from the Avrami-Erofe’ev

analysis lie within the range of values obtained using isoconversional method,mgdicat
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that in this case the model fitting approach provides reliable averaged gleotiveff
activation energy for the entire reaction. As noted above, thal&es obtained are too

high to be explained by diffusion of ions in solution alone, 2-D diffusion in a densely
packed interlayer region may explain the higlv&lues obtained here. Results from
Avrami-Erofe'ev model kinetics are consistent with diffusion control, however one
cannot rule out a mechanism controlled by reaction at the exchange sitec lcopagr
nitrate the layers are not charged, the interlayer anions are introduaedsult of the
substitution of a quarter of the hydroxyl groups on the brucite type layers arar¢hey
thus grafted onto the layeT$Since it is expected that the covalent bond between copper
and theo-HCn carboxylate oxygen is strong, thevalues at the exchange sites are
expected to be high since the reaction involves breaking of covalent bonds. The constant
E, as a function of extent of reaction could be consistent with the mechanism in which
the rate is determined by the reaction at the exchange site and thushleaismc

remains the same throughout the reaction. Sipc®E&s not vary as a function of extent

of reaction, model-fitting analyses can be adequate to describe the retesies kor this

system.
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Figure 3.13: Variation of effective E with a for solution analysis. The solid line (a) represdn the
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3.3.2.2 ZC-Cn Exchange Kinetics.

The solid state transformation of both the guest and the host phases during the
replacement of Cn by chloride in the ZC-Cn HDS host are shown in Figure 3.14, with the
chloride phase indicated by an arrow. There is a small induction period observed at low
temperatures (3% and 40°C) as seen in Figure 3.14. Induction periods have been
observed for other anion exchange reactiorand maybe due to restructuring of the host
layers which results in a delayed or slow release of the Cn anions and subseqyedt dela
crystallization and/ or growth of the guest phase. During the induction period, the
chloride phase is not observed for a period of up to 5 minutes’&, a@d then starts to
grow slowly with Bragg reflections having very low intensities in saspl#ained for
reaction times less than 20 minutes. This effect is also observed in solutiagisanaly
where there was linear and slow increase in the concentration of releaseth€first

30 minutes (insert in Figure 3.16).
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Figure 3.14: PXRD profile for solid samples colle&d at different times and different temperatures
for the reaction of ZC-Cn with chloride anion. Thechloride phase is indicated with an arrow.

Possibilities for the slow release of Cn ions without corresponding growth of
guest phase include (1) that there were Cn anions present on the edges of interlayer
region of the material, or (2) that there where protonated Cn moleculebedisorthe
surface. Only trace amounts of Cn were released when the material vekiplBxd
water at 40C for 24 hours without any sodium chloride present, much less than the
amount released during the induction period. This suggests that the anions released
during the induction period were ions on the edges and surface of the lamellar
compounds which were exchanged by chloride ions in solution. The chloride phase,

which has been indexed as paratacamite, zincian (PDF # 5025583, a first peak
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(101) at D = 16.1% corresponding to a d-spacing of 5.47 + 0.01 A which is in agreement
with the literature value of 5.45 &° More detail concerning the phase assignment is

shown in Figure 3.15. Similar to thedaHCn system, only the first stage compound was
observed. The absolute extent of reaction for the exchange is low as indicatedhigyth
intensity of the Cn phase in relation to the guest phase (chloride) at eqmililbior

anion exchange reactions, there are a number of factors which affect thg affthe

HDS layers for guest anion; these include layer-host anion interactiogaisglagst anion
interactions, host anion-guest anion interactions within the interlayer spackeand t
solvation energies of both the host and guest anions. These factors could have resulted in

a low equilibrium constant for the exchange reaction.
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Figure 3.15: XRD profile of ZC-Cn exchanged with cloride for 60 minutes at 56C. Chloride phase
has been indexed as paratacamite represented by séml triangles [PDF# 50-1558].
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The extent of reaction versus time plots for solid state transformationteatmlif
temperatures are shown in Figure 3.16, the data were again fit to the Avram\Erofe
nucleation-growth model (solid line) using double-logarithmic plots (Figure 3.1i)eW
linear double-logarithmic plots were obtained, the Avrami—Erofe’ev model does not
extrapolate to fit the induction regios 0.15 for the lower temperatures, as is evident in
the insert in Figure 3.16. The Avrami exponent obtained in this analysis ranged from 0.6
to 0.9, indicating that for the temperatures’@tand 4F°C (n= 0.6) the reaction appears
primarily diffusion controlled and for 50 and 80 (n= 0.9) there may be contributions

from both diffusion and nucleatidh®
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Figure 3.16: Release profile for the exchange reaah of CI" and ZC-Cn at various temperatures for
solid state analysis: 66C (m), 50°C (©), 40°C (A), 30°C (). The insert shows low time regime
highlighting the induction period for 30 °C and 40°C, note the induction is no longer present at
higher temperatures.
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Figure 3.17: Double-logarithmic plots for the exchage reaction of Cl anion and ZC-Cn at various
temperatures for solid state analysis: 61T (m), 50C (¢), 40°C (A), 3F°C (o).

The Avrami —Erofe’ev model was also applied to the solution data obtained from
UV-Vis spectroscopy. The release profiles are shown in Figure 3.18 togatth¢ne
corresponding double-logarithmic plots. The Avrami exponents obtained ranged from
0.4 to 0.8; with a similar temperature dependent variation as observed in the solid phase
data. The kinetic parameters obtained from double-logarithmic analysiseaesniad in
Table 3.2. The rate constants obtained for both the solid state transformation and the
solution analysis are not significantly different which may indicate thagdhe state
transformation has the same general kinetics as the release of anions imdn &mut
0.15<0<1.0. In this case, due to the induction period and the corresponding low initial

release of Cn anions into solution, the loss of the host anions and subsequent loss of
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coherent diffraction from the host phase occurred at the same rate as the gherentc

diffraction from the product phase.

Table 3.2 A summary of kinetic parameters obtained at differet temperatures for the reaction of
ZC-Cn with CI".

Solid state solution phase
Temperature/ °C n k s*(*10% n k s*(*10%
60.0 0.61 +0.02 61 0.41+0.01 4+1
50.0 0.66 + 0.02 24+0.6 0.60 + 0.02 2.9%0.
40.0 0.88+0.01 1.3+04 0.71+£ 0.02 1.7+x04
30.0 0.87 +0.01 0.7+0.2 0.75 +0.02 0.720.

The effective activation energy for the release of Cn was obtained lgylhagin
model fitting methods and model free methods. The Arrhenius plots for the Avrami
model data are shown in Appendix C. For solid state transformation, the Avrami model
led to activation energy of 58 * 4 kJ /mol while the correspondirfigrEnonitoring the
anion release into solution was 45 + 7 kJ /mol. These values obtained from both solid
state and solution analysis are comparable; this is to be expected sinte toastants

are not significantly different therefore the temperature dependence igected to be

different.



67

1.0— 3 A; o

0.8

0.6

0.4

In[-In(1-a)]

Extent of reaction (a)

0.2

0.0

Time (hours)

Figure 3.18: Extent of reaction as a function of the for the exchange reaction of Clanion and ZC-
Cn at various temperatures for solution analysis: 6 °C (m), 50°C (+), 40°C (A), 30°C (e), data has
been fitted to Avrami —Erofe’ev equation. Insert slows corresponding double-logarithmic plots

The isoconversional treatment of the solid state data shows a linear wavfeo
as a function of extent of reaction (Figure 3.19 A). Thet&rt at a value of 102 kJ ol
at an extent of reaction of 0.05 and drops linearly to 45 k3 etan extent of reaction of
0.8. There is also variation in thg \&ith extent of reaction for solution data (Figure 3.19
B), the E does not change significantly from extent of reaction of 0.05 up to 0.15 (83-80
kJ mol') and then decreases linearly to 41 kJ haik: = 0.8. The variation of £as a
function of extent of reaction is an indication that the reaction does not proceed via a

single mechanism and the decrease in effectivedy indicate that there is a decreasing
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contribution from an initial mechanistic step (or set of steps) with high&ie obtained
activation energy therefore cannot be assigned to a single processpetatkin terms

of the transition state theot§’ There is a significant difference between solid state
analysis and solution analysis at low extent of reaction (a€®45), the Efor solution
analysis does not significantly change while the variation in effeatiweasion energy

for the solid state reaction is more pronounced. The solution phase analysis showed
almost constant Bwvhere there is release of Cn from the materials without corresponding
growth of the chloride phase. During this period, the rate of release is low aatioic

that this is a high energy transformation. The high energy transformation cahlel be
chemisorption / desorption of @nd Cn ions on the edges of the interlayer space of the
lamellar compound. After the chemisorption process, the exchange of interlaysrsCn i
results in increased rates of exchange and increased accumulation ofiretesasaions

and subsequent decay and growth of the host and guest anion phases respectively. In the
ZC-Cn structure, the layers are positively charged with the charge drnegated when

a quarter of the octahedral sites in the copper hydroxide layers are vacant'and<n
occupy the tetrahedral sites on either side of the vacant octahedral siténdsi
Ac.?*®Therefore, there is electrostatic interaction between the layers aindetteeyer
anions. It has been observed in anion exchange in LDHs that the exchange andc&ecomplet
replacement of host anions with guest anion within the layers increase theaminef
exchange in the neighboring layéf5This has also been observed in intercalation
reactions in Tigwhere the intercalation of one layer results in the weakening of the

neighboring layer reducing the fr intercalation:®* If the reaction is limited by anion
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exchange within the layers then lowering gioEexchange in the neighboring layers

may result in the gradual lowering of #alues for the reaction as the exchange proceeds.
The gradual lowering of the,Ealues is because the exchange reaction occurs from layer
to layer as discussed before. This may explain the trend observed in both the solution
analysis and solid state analysis. Transition from a chemical reactionllszhfirocess

to a diffusion controlled process cannot be ruled out since thalles obtained at high
extent of reaction are in the range of diffusion controlled reactions. Furthknsv

required to characterize the structure and morphology of exchange producisligspe
during the induction period to ascertain if there are chemical transformaticunsiog

during this period. The F/alues obtained from model-fitting analyses lie within the
range of values obtained using isoconversional method which indicates that tbemne is s
correlation between the model-fitting methods and the isoconversional method.

However, for this reaction, a fit to a single model is not appropriate.
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Figure 3.19: Plot of the variation of activation eergy with the extent of reaction §) for (A) solid state
analysis and (B) Solution analysis. The solid lin@) represents the Arrhenius determined activation
energy and broken lines (b) represent the associaterrors.
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3.4  Effect of Guest Anions on Anion Exchange Kinetics

The effect of chain length of n-alkyl carboxylate ion on the exchangeoefiCn
was investigated by exposingdzHCn to solutions containing different n-alkyl
carboxylates. The carboxylates tested were formate, ethanoate, propionyatee put
pentanoate, hexanoate, and octanoate. From the anions used, only formate, pentanoate,
hexanoate and octanoate managed to exchange, the rest were not succegafahd-ug
Awagi also failed to exchange n=2-4 carboxylates and they concluded thav#isere
decomposition of the guest anidfisihe anions which managed to exchange, except for
formate, followed the dissolution-reprecipitation mechanism as evideydée lshange
in color of the solution to a bluish-green color; there was also a lot of scetiter data

making it difficult to perform kinetic analysis.

Kinetic analyses on the effect of guest anions were performed usinglbrand
formate anions, in addition to chloride (section 3.3.2.1). The extent of reaction obtained
from solution analysis was used to construct release profiles which wedetditthe
Avrami —Erofe’ev nucleation-growth model (equation 1.4). The release usingdehlori
anions has been discussed in section 3.3.2.1. The release profiles obtained usaey bromi
and formate anions at 4Q were described well by the Avrami —Erofe’ev model as
shown in Figure 3.20, where the profiles obtained using formate anions (oper) aindes
bromide anions (solid squares) are presented. The insert shows the corresponding double-
logarithmic plots which are linear over theange of 0.15 — 1.0. The plots are almost

parallel indicating that the reactions occur via the same mechanismicarbonhs.
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Figure 3.20: Extent of reaction as function of timdor the release ofo-HCn from C-0-HCn following
the exposure to formate and bromide anions. The st shows the corresponding double-logarithmic
plots.

The summary of kinetic data is shown in table 3.3. The inorganic anions showed
variation in rate constants which is correlated with their ionic radii, consistéh the
observation of Fogg and O Hare for the intercalation of lithium salts into &b#sThe
value ofn, which is less than 0.5 for all the anion, is consistent with diffusion controlled
reactions with the rate depending on the transport of the guest anion to the hest lattic
The rate of diffusion of smaller anions is faster than large ones makingctenge
reaction faster as indicated in table 3.3. The organic anion, which has the hitghest ra
does not follow this order of size. The differences in charge density whichtaiec

hydration of the ions and therefore their mobility might be the reason for thevedbse
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differences. Determination of activation energies might give an ingiicat the factors

making the formate behave unlike the others.

Table 3.3: Summary of the Kinetic Parameters obtaiad for the exposure of C-0-HCn with various

anions

Exchange Anions n k(s size (A)
cr 0.39+0.06 (4.3+0.7)x10™ 1.67°
Br 0.38+0.01 (3.1+0.9)x10™ 1.82°
HCOO 0.40 +0.02 (7.2+1.7)x10* 1.98°

@ Thermochemical radii obtained from réfsize of formate was calculated as described iticse2.1.6

PXRD analysis of the solid obtained during the exchange with formate and
bromide at 40C are shown in Figures 3.21 A and B respectively. Upon reactimg C-
HCn with sodium formate, a new set of peaks appear, indicated by closed diamonds. The
layered structure of the LHS is maintained during the exchange, which is naet®as
indicated by ODreflections of the precursor anion which are still present. Also the 00
reflections of the guest anion up t8 8rder in the direction can be observed 2
13.30, 26.74 and 40.6%which correspond to an average d-spacing of 6.67 + 0.005 A.
The appearance of new set of peaks at higheaRies is consistent with a smaller anion,
formate with a chain length of 1.98 A, replacing a much larger aoibiG;n with a chain
length of 8.5 A. Figure 3.21A also shows that the extent of exchange is much less than
that achieved in Cexchange, section 3.3.2440% for formate exchange as compared
to ~81% for chloride exchange). This is confirmed by UV-vis analysis data shown in

Figure 3.22 in which the release profiles are plotted in terms of concentrattors |
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case, the rate of achieving equilibrium is greater for formate exchangdjced by

the higher rate constant, but the equilibrium constant is lower than thatexicGange.

4 6 8 10 12 14 16 18 4 6 8 10 12 14 16

2 0 (Degrees) 2 @ (degrees)

Figure 3.21: PXRD profile for solid sample collecté at different times (minutes) for the formate
exchange (A) and bromide exchange at 4D. The formate phase is represented by closed diammds

and the bromide phase is by closed squares.

Just as in the case of formate and chloride exchange, the layered structpreseasd

in Br exchange. New sets of peaks were observed at highealRes indicating the
contraction of the layers as a smaller anion replaced a large one. The excasumgé w
complete as the 0@eflections of the precursor anions are still present. The 00
reflections of the bromide phase are observedat 24.59 and 29.42 corresponding to
an average d-spacing of 6.06 + 0.00 A. The bromide phase obtained here is in close
agreement with the phase reported in literature with a d-spacing of 6 UB6efextent

of reaction in the Brexchange is much lower than that in theechangex54%). This
can be explained by the differences in size affecting the affinityafdns for the metal

hydroxide layers. Due to the smaller size and the higher charge denigyabildride
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anion, the metal hydroxide layers have a greater attraction for the cldarateas
compared to Branion. Calculations of thermodynamic parameters for the exchange

reactions might shed more light into the behavior of the ions.
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Figure 3.22: Plot of concentration as a function of time (hours) for the release of 0-HCn using
CI" (asterisk); formate (squares) and bromide (open triangles)
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3.5 Conclusions

Isoconversional analysis has been successfully applied, for the firstdiar@on
release kinetics in layered materials. The effective activation esavgtained from
isoconversional analysis indicated that, for the-BC€n system, there is no variation in
the mechanism of the reaction; thevlalues remained constant with respect to extent of
reaction, within the limits of experimental uncertainty. The effectiveadn energies
for replacement od-HCn by chloride that were extracted from the isoconversional
analysis ranged from 87-96 kJ il solid state analysis and 78-85 kJ thfr solution
analysis and were found to be in agreement with those obtained from a global fit to the
data using the Avrami-Erofe’ev model. In the second model system presentedCiere
Cn reaction with chloride, there was a clear variation of theith respect to extent of
reaction indicating that there where changes in the reaction mechartisgreaction
progressed. The Avrami-Erofe’ev model, or any other single mechanism, iotheref
inadequate for modeling the reaction kinetics, particularly for determihengffect of
temperature over the entire extent of reaction. Use of isothermal, isoconversiona
approaches is a convenient method for testing the applicability of the Avraamy(or

other model-based) approach.
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Chapter 4: Controlled Release in Hydroxy Double Salts: Effect of Host Anion
Structure.

4.1 Introduction

Anion exchange ability of nanodimensional layered metal hydroxides (LDHSs,
HDSs and LHSSs), potential for sustained release, and their biocompalibiligymade
them attractive in the uptake, storage and controlled release delivery oiMaioact
materials such as drugs and pesticff&sWwater contamination due to transport losses in
the uses of pesticides can be minimized by using controlled release foomalativhich
the pesticide is incorporated into a matrix or carrier before application. Steiges
which are encapsulated in the carriers are gradually released owngr@eliod of time
thereby limiting the amount of chemicals immediately available for ntedatransport
losses. Cardosa al. showed that incorporation of 2,4-dichlorophenoxyacetic acid (2,4-
D), 4-chloro-2-methylphenoxyacetic acid, and picloram resulted in sust@ieede of
the herbicides over a period of up to 8 days and also resulted in reduction of leaching
from soil *®? Similar results were also obtained by Husseil. for the release of 4-
chlorophenoxyacetate and 2,4-D from ZnAl-LBH# Yanget al. observed a sustained
release of the plant growth hormone indole-3-acetic acid from ZnAl-LDH aed HS

with the release from the LHS being sloW&r.

Encapsulating drugs in nanodimensional layered materials can improve the

stability of unstable drug molecules as reported by Paralawho observed
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stabilization of statin drugs by intercalation into MgAl-LD#The drugs were released
over a period of up to 60 hours. Other workers have also observed similar sustained
release of other drugs from layered materialsgGli. °* for the release of heparin, &

al. for the release of prednisotf&and others which include captopril and pamoate
among other$®>**®Khanet al. have done systematic investigations on the effects of
metal hydroxide layer composition and nature of the intercalated anions in cogtroll

their release into solutioH.

The rate of release of stored drugs and pesticides has been shown toted affe
by the intralayer metal composition of the host metal hydroxide layers aséhef the
intercalated drugs and pesticidé33#2|n addition to the effect of the metal hydroxide
layer metal ion composition and size of intercalated drugs, the structure of the
intercalated drugs is expected to significantly affect their Eteslease. In studies
involving intercalation reactions, it has been shown that LDHs and HDSs exhibit
selectivity when intercalating geometric, and stereoisofférg* This selectivity may be
due to differences in the interaction of the isomers with the metal hydroxids thyeto
differences in properties such as dipole momé&rithis difference in affinity of the
metal hydroxide layers to isomers may also affect the retention ofdleeutes within

the layers and hence the rate and magnitude of release of the intercalagd.is

Although a lot of studies have been carried out on the applications of LDHs and
HDSs in controlled release of pharmaceutiffs:°>°>121:133nd while different drugs
have been shown to have different release Paféd3"the systematic study on the effect

of anion structure on the rate and extent of release is yet to be investligabtesistudy,
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isomers of hydroxycinnamate will be used as model compounds to study the effect of
structure/isomerism on the controlled release of anions from HDSs. ltapat®d that
this study will enable fine tuning of rates of release by altenagtructure of drugs and

pesticides.
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4.2  Experimental

4.2.1 Materials

Copper acetate monohydrate [CuyHgD,)2-H20] (98.0 %) was obtained from
Alfer Aesar,o0-hydroxycinnamic acidd-(OH)CsH,CHCHCQH] (98%), m-
hydroxycinnamic acid-(OH)CsH,CHCHCQGH] (98%), ando-hydroxycinnamic acid
[p-(OH)CsH,CHCHCQGH] (98%) (All isomers were predominantly trans) were obtained
from Aldrich Chemical Co. Sodium chloride (100%) and zinc oxide (100%) were
obtained from J. T. Baker; Sodium hydroxide (pellets, 98%) was obtained from EMD

Chemicals.

4.2.2 Synthesis of nanohybrids

The nanohybrids containing hydroxycinnamate isomers were prepared from ZC
Ac by anion exchange. Z6-HCn was prepared by mixing 20.0g of ZC-Ac with 1000
cm® of a 0.1 Mo-hydroxycinnamatec:HCn) solution at room temperature for 24 hours
with frequent stirring; the exchange reaction was carried out twicg tiernsame
conditions. ZCm-HCn was prepared by reacting ZC-Ac with 0.5vhydroxycinnamate
(m-HCn) solution at 4%C for 24 hours with frequent stirring, the exchange was carried
out three times using the same condition each time. High concentration and more
exchange time was necessary to ensure complete exchangep-HCMwas used in the
preparation of Zgs-HCn with the exchange reaction being done once “@,40e higher

concentration was necessary to obtain a sipd¢#€n phase.
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4.2.3 Characterization

Fourier transform infrared (FTIR) spectra of the nanohybrids weréeldtan a
Perkin Elmer Spectrum 100 FT-IR spectrometer operated at & Zeswlution in the
4000 - 650 crit spectral range. The obtained spectra were an average of 16 scans. The
FTIR spectra were recorded using a single reflection ATR acges#tbra ZnSe prism
(PIKE MIRaclé™, from PIKE technology).
Powder X-ray diffraction (PXRD) measurements were recorded on a Rigakiekil|
diffractometer using Cu & (. =1.54 A) radiation source at 30kV and 15mA. Powder
samples were pressed into the trough of glass sample holders. The patterrecarded
in the @ range of 2.0- 45.0; data acquisition was performed using a step size of
0.0167 per second. Elemental analysis was carried out by Huffman labs, Colorado, using
atomic emission spectroscopy interfaced with inductively coupled plasifa-(BP) for

metal determination.
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4.3 Results and Discussion

4.3.1 Preparation and Characterization of hydroxycinnamate nanohybrids.

Nanohybrids containing isomers of hydroxycinnamate in the interlayer space
were prepared from ZC-Ac by anion exchange. The uptake of the isomers and the
complete replacement of acetate anions in the interlayer space was edridfy@XRD
and ATR-FTIR. Elemental analysis was used to determine the chenicailde of the
prepared nanohybrids. A summary of elemental analysis and X-ray tiiffr@ata for
the nanohybrids is shown in table 4.1. The formulae obtained from elemental analysis
(Table 4.1) were used to calculate the total amount of isomers intercalatakei
interlayer space and hence the fraction released at any given timewlambunt of
water in the gallery (from formulae in Table 4.1) is consistent with TGAlt®shown in
Appendix D. As an example, from TGA results there is 1.6% water loss in the
degradation of Z&-HCn and the formula in Table 4.1 indicates 1.7% water content.
From the formulae obtained from elemental analyses, the ratio of copper to thec i
metal hydroxide layers of Z8+HCn (2.8) and Zg-HCn (2.5) is comparable to that of
the precursor ZC-Ac (2.8) nanohybrid (section 3.2.3) which may indicate that the
exchange reaction was tapotactic, there was no structural changes in theydretate
layers. The ratio in Z@-HCn nanohybrid (3.5) is higher than in the precursor material
which may be an indication that the exchange reaction occurred via the dissolution-
recrystallization mechanism. In this case the nature of the cations and the anions

determine the ratio of the metal ions in the layers which may have resulbtedhigher
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copper contenf?® XRD analysis shows that there is no identifiable copper hydroxide

phase in the material.

Table 4.1. Summary of elemental analysis and XRD data.

XRD Elemental analysis (%): experimental (calglated)

Nanohybrid d/A Zn Cu H C

ZnCu,OH)s5(AC)1 72.6 O  9.43 14.72(14.15)  35.84 (34.44) 3.25(3.39)  54290)
ZnCu;{OH)s0-HCN), 0.8 H,O 16.95 8.41 (8.43) 28.69 (28.75) 3.07(3.07)  53(30.56)
ZnCu, fOH) 4 g(M-HCn), 5 0.6H,0 20.72 8.35 (8.27) 22.84 (22.61)  3.28 (3.24) 388101)

ZnCu, OH)4o(p-HCN)350.3H,0 21.03 8.27 (8.30) 20.03(20.11) 3.32(3.33)  58Qq40.74)
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The PXRD patterns for ZC-Ac and exchange products are shown in Figure 4.1.
All the materials show at least three equally spaced Bragg reflect low 20 values
indicating that the materials are layered and possess high range ordersegbdbe!
reflections were used to calculate the d spacing using the Bragg ed{tienresults
are summarized in table 4.1. The precursor HDS, ZC-Ac, has been characterized in
chapter 3. In all the exchange reactions, the transformation to the exchange product
occurred as a single step; there is no evidence for any crystallimaediates. As table
4.1 reveal, there is an increase in the basal spacing as the acetate anioceid bgpta
HCn ions in the interlayer space. The increase in the basal space is congistant w
smaller anion (acetate ion chain length = 1.65A) being replaced by tak@n anions
(chain lengths = 8.63 A fa-HCn; 8.64 A fom-HCn and 9.11 A fop-HCn).
Considering the chain lengths of the meta and para isomers and the size of the galle
height (about 16 A if the layer thickness is approximated to be 5 A as in copper
hydroxide§® and taking into account the associated van der Waals radii, the anions are
likely to be arranged in a slightly tilted bilayer orientation. The interlgapace observed
in ZC-0-HCn is significantly smaller compared with the other nanohybrids. It was
expected that the d-spacings would be comparable considering the simiiarilie sizes
of the isomers. The smaller d-spacing in @ECn might be a result of the ortho isomer
being in a more tilted orientation as compared to the other isomers. The Braggarmes!
due to acetate anions are no longer present in the PXRD traces of the exchange products

indicating that the exchange was complete.
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Figure 4.1: PXRD profiles for ZC-Ac and exchange poducts.

IR spectra presented in Figure 4.2 shows that when acetate ions were replaced by
n-HCn ions, the peaks due to C=0 vibrations of acetate ions in ZGx4s € 1563 cnit
andvsym =1410 cnt) where replaced by a series of peaks (1637—1642 €+C; 1540—
1551cnf, LasymC=0 and 1413-1428 chvsym C=0). The disappearance of vibration
peaks from acetate ions is consistent with results inferred from PXRGs&ndlge
absence of the C=0 stretching vibration of the protonated carboxylic groups, which is
around 1700c, confirms that the isomers are present in the ionized form. The hydroxyl
stretching vibrational modes in the region (3000"B600 crit) provide information

about the level of hydrogen bonding in the interlayer sp&cghe structural properties of
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hydroxyl groups within the interlayer space can be correlated to the OHomladat

modes. Broad absorption bands have been associated with stretching modes ehhydrog
bonded hydroxyl group¥’ The FTIR profiles of the hydroxyl stretching region of ZC-

Ac and the exchange products are shown in Figure 4.3. ZC-Ac was shown in chapter 3 to
have extensive interlayer hydrogen bonding due to intercalated water maol&ogles

4.3 shows that when acetate ions were replacedH¢Zn ions in ZCa+-HCn, the broad

peak centered at 3450 ¢rin ZC-Ac was replaced by 2 sharp peaks, a strong peak at
3513 cn' and a weak peak at 3574 ¢nComparing Figure 4.3 with FTIR spectrum of
ZC-Cn in section 3.3.1 (no OH substitution on the benzene ring) in which 35"peak

was absent; The sharp peak at 3574 can be assigned to layer hydroxyl groups and

the peak at 3513 cfhto mHCn hydroxyl groups, which are not involved in substantial
hydrogen bonding>? ZC-0-HCn has a very weak peak around 3600"@nd 2 broad

peaks (3489 cthand 3131 ci). The broadening of peaks and the shift to lower
wavenumbers, as compared to vibrations inrdEiCn, is consistent with hydrogen

bonded hydroxyl groupS? The low intensity of the sharp band at 3600'dmindicative

of extensive hydrogen bonding between layer OH group®-&i@dn hydroxyl groups
resulting in low density of free layer OH groups. In gE€ICn, there is a strong sharp

peak at 3574 cthwhich is due to layer OH groups which are not involved in significant
hydrogen bonding and a broad peak at 3497 due to hydrogen bondgdHCn

hydroxyl groups.
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Figure 4.2: FTIR spectra for isomer of hydroxycinnanate intercalates

The presence of strong sharp peaks innZ8Cn and ZCp-HCn, which are
absent in ZM-HCn, indicates that there is extensive hydrogen bonding in-BCn as
compared to the other nanohybrids. Since hydrogen bonding is directiomaiHGe
anions are not oriented in such a way that the OH groups are able to intdragtheit
the layer OH groups or groups from other anions while the OH groygpkl@n may be
involved in intermolecular H-bonding. Since the amount of intercrystalline \watiee
nanohybrids is low, as indicated from thermogravimetry and elemental analyses

significant hydrogen bonding observed in #ECn and ZCp-HCn is most likely
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between anion and layer hydroxyl groups, and between anion hydroxyl groups
respectively. Figure 4.4 shows a schematic representation of the groups involved in
hydrogen bonding in Z@-HCn (Figure 4.4 a) and Z@-HCn (Figure 4.4 b). le-HCn

the OH group may be in an orientation such that the hydroxyl groups are close to the
layers enabling formation of hydrogen boti$he interaction betweemHCn and layer
hydroxyl groups may have resulted in thelCn anion being tilted closer to the layers,
explaining the smaller gallery height (as compared to that imA@cn and ZCp-HCn)

observed from PXRD analysis.
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and (b) ZC-p-HCn. Oxygen atom is represented in red and hydrogeas the small grey ball.
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Kinetic Analysis

The release af-HCn from nanohybrids was achieved by ion exchange using ClI
ions as exchange anions. After specified times, supernatants wereedofiedtanalyzed
for released anions and the residues were analyzed for solid state tratisfaronsing
PXRD. Analysis of the solid samples recovered from the reaction mixtueesafth
contact time indicated that the same chloride phase was obtained fomalhtiteybrids.
A representative PXRD profile for the zinc copper chloride (ZC-Cl) obtanoea f
exchange reactions is shown in Figure 4.5, the chloride phase has a d-spacing of 5.74 +
0.01 A which is in close agreement with literature value of 5*3akhd has been
indexed as kapellasite éZn(OH)Cl, (PDF # 56-71Y>*®8The decrease of the interlayer
space as the isomers are released is consistent with large anions flecegdrby smaller

ions.
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Figure 4.5: PXRD profile of a representative ZC-Cl(kapellasite) obtained from exchange reactions
(ZC-o0-HCn/ CI- reaction), Miller hkl indices for selected Cteflections are given, PDF # 56-71.

The concentrations of released anions were evaluated using UV-Vis spegtroscop
The fractions of released isomensHCn) as a function of time (release profiles) &iG10
are shown in Figures 4.6 (a)-(c) foFHCn, 0-HCn andp-HCn respectively. The release
profiles at other temperatures are presented in Appendix E. Although the dhemica
structures of the isomers are similar and the release medium is thelsanedease
profiles and hence release properties are significantly differentré~g6). The
equilibrium amounts released af’@xshown in Table 4.2, together with calculated dipole
moments and atomic charges, were significantly differentoZ{Zn released 90% of
the intercalate@d-HCn ions after about 5 hours while Z6HCn released about 40% at

equilibrium (3 hours) and Z@-HCn released about 22% after 3 hours. UV-vis analysis
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resulted in a 10% underestimation of the amoutidCn released at equilibrium, with

XRD indicating complete exchange but UV-Vis analysis indicating 90% eatent

reaction. This may be a result of differences in the sensitivities of theediffmethods

used; this may also be true for other isomers. The extent of reaction foletiserein-

HCn andp-HCn showed temperature dependence increasing with temperature (Appendix

E).

Table 4.2: Summary of dipole moments and release data.

Anion  Equilibrium isomer Dipole moment Calculated Charges

released at 4C (%) Carbon Oxygen 1 Oxygen 2
0-HCn 90 13.7D +0.036 -0.460 -0.455
m-HCn 40 149D -0.003 -0.431 -0.457

p-HCn 22 16.7D -0.005 -0.461 -0.434
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Figure 4.6: Release profiles for (a) ZGn-HCn, (b) ZC-0-HCn and (c) ZC-p-HCn at 40°C.

The differences in the extent of reaction may indicate differences in thityadfi
the HDS for the isomers and/or differences in the thermodynamic equilibonstants
of the systems. The extent of anion exchange depends on several factors which include
the solvation enthalpy of the isomers, the binding enthalpy (between the purtatite
layers and the isomers), and the inter / intra molecular interactions of thesserinén

the layers™"#*"*The major contributing factor is expected to be the electrostatic
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interaction between the positively charged metal hydroxide layers anddhévely
charged anions, with the carboxylate group of the isomers being in close catitabhew
layers. Since the isomers have the same charge and comparable sismcai$far dipole
moments could have more influence on the thermodynamics of the release process.
Results of dipole moment calculations together with charge density of selentedaae
shown in Table 4.2. The magnitude of dipole moments (an indicator of the charge
distribution) have been shown to be correlated with selectivity (affinity) eféaly

double hydroxides (LDHs) to isomers in intercalation reactitfs!"°The affinity of the
metal hydroxide layer is higher for the isomer with the highest dipole mdrent
therefore this isomer is expected to be retained within the layers more tlwhdhe
isomers. Although factors which influence the extent of release are edpedie
complex due to the processes involved in anion exchange redétibagesults obtained
here infer that the magnitude of dipole moments should play a significant role in
determining the equilibrium constant and hence anion retention and release. The
maximum amount accumulated for anion release follows the following arHEN>m-
HCn >p-HCn, which is opposite that of magnitude of dipole moments as shown in Table
4.2. The order of isomer selectivity in intercalation reactions is the revktise order of
equilibrium amount release observed here, which is expected.[BkhiCa has the
highest dipole moments, the metal hydroxide layers are expected to havestiestgr
affinity for p-HCn as compared to the other isonferis could explain the order

observed here.
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From Figure 4.6 it can qualitatively be observed that the release rales of t
isomers are significantly different, so are the release profilede\Wta profile for o-HCn
release is sigmoidal those for meta and para isomer release asratecgl Although
coulombic interactions might be the major contributor to the overall enthalpy of the
exchange reaction and determination of reaction rates, presence of hydrogen bonding
could also play a significant role. H-bonding offers additional stability torttoaa
within the layers affecting their release behavior as observed byhResagad Kamath in
LDH containing different ratios of nitrate ionS.FTIR results (Figure 4.3) indicate
different levels of hydrogen bonding in the nanohybrids which affect the stabitty of
compounds and their release behavior. Hydrogen bonding is directional; therefore
specific orientation of the anions in the gallery will result in hydrogen bond framat
and improved stability of the nanohybrid.

The release profile fan-HCn at 46C (Figure 4.6 a) shows that there is burst and
rapid release in the first 10 minutes followed by a more sustained raféaserds with
equilibrium being attained after 3 hours. About 75% of the total amount released at
equilibrium was released in the first 20 minutes with the remaining 25% begageelin
about 2.5 hours. This initial fast release is observed for all the temperatendsens as
shown in Appendix E, and has been observed in anion exchange reactions i 12bHs
and in physical mixtures where the anions are adsorbed on the surface of the
nanohybrids3* The burst release observed here is due to anion exchange as confirmed by
PXRD results shown in Figure 4.7. The chloride phase, represented by a squguesin F

4.7, appeared almost instantaneously and was significant after only 30 seconds-of ZC-
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HCn being in contact with the chloride solution. This release behavior is consigtent w
the absence of hydrogen bonding which has been shown to offer additional stability to
layered metal hydroxides. Inclusion of water into the interlayer spadedssm shown to
stabilize the compounds by hydrating the anions and solvating the ajfeeexclusion

of water and the absence of hydrogen bonds make the compound thermodynamically
unstable with the anions preferring bulk solution (in which there is stabilization by
solvation with water molecules) to gallery space resulting in the burasestdserved
here. The incorporation of chloride ions during the exchange process results inagignific
inclusion of water molecules in the gallery resulting in significant hydrogen tgndi
within the layers. The presence of water in the interlayer and possible H-bonding a
solvation of the anion coupled with other interactions discussed before will then

determine the extent of release of the anion.
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Figure 4.7: PXRD profile for solid sample collectedat different times (minutes) for the reaction of
ZC-m-HCn with Cl"at 40°C, the CI phase is represented by an asterisk and-HCn phase by closed
square

Figure 4.6 b shows that there are 3 distinct regions in the release profit¢Qsf,
a slow release during the first stage, a rapid release during the secorahstagdow
release in the final stage. Compared to the burst release observedHHZ@; there
was only 8.5 %0-HCn released from Z@-HCn in the first 12 minutes. The initial slow
release in Z@&-HCn may be due to the existence of extensive hydrogen bonding as
indicated by FTIR data in Figure 4.3. This first stage of release has g s&roperature
dependence being more pronounced at low temperature and almost absent at higher
temperatures (Appendix E). The slow release is also confirmed by PXRD daggie
4.8; the chloride phase starts to appear after 5 minutes of contact time and the increas
intensity of the phase is initially slow. The delayed appearance of theagu@siphase

has been observed in other intercalation reactora)d maybe due to the @hase
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having low intensity which could not be detected by the diffractometer used heee or t
chloride phase is initially amorphous and hence could not be detected. The sto® rele
of 0-HCn ions without corresponding growth of guest phase maybe due to exchange of
anions present on the surface and edges of interlayer space of the materieleddeeof
surface adsorbed protonatetHCn molecules has been ruled out since trace amounts of
0-HCn were released when the material was placed in DI water’@t 0 48 hours

without any sodium chloride being present, much less than the amount releasgd durin
the induction period. The growth of the chloride phase and the subsequent disappearance
of theo-HCn phase indicate that releasedfiCn anions from the layers is by anion
exchange. Figure 4.8 indicates complete releaseH§in from the nanohybrids and that
the layered structure is maintained during the exchange reaction. Theoa s
temperature dependence in the release reaction as shown in Appendix E, withd90% of
HCn being released in 6.5 hours atG02.5 hours at 4C, 53 minutes at 3C and 31

minutes at 6%C.
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Figure 4.8 PXRD profile for solid samples collected at differat times (min) for the reaction of ZC-o-
HCn with Cl"at 40°C, selectedCl” phase peaks are represented by asterisks and th@l phase ofo-
HCn phase is represented by closed circles

The release gi-HCn is gradual and biphasic with an initial fast release during the
first 10 minutes in which about 50% of the maximum released (10% of the total amount
intercalated) was released, followed by a slower release in whichhiere5®% was
released over a period of about 3 hoursetal. observed similar biphasic patterns in the
release of the anticoagulant heparin from LBMhilst Husseiret al. observed the same
pattern in the release of the herbicide 2,4-dichlorophenoxyacetate froni’t Dhere is
strong temperature dependence in the extent of reaction as shown in Appendix E, the
equilibrium amount released significantly increased as the temperatunecnessed.

The fraction released at equilibrium increased from 20% % 8033% at 6%C, this
temperature dependence has been observed by other wWrkieesincomplete exchange

observed in the UV-Vis data is confirmed by PXRD results for solid samples&dbtai
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after release. As shown in Figure 4.9 for the release’&t 49 addition to reflections

from chloride ion, the Bragg reflections frqwHCn anions are still present.

2 0 (Degrees)
Figure 4.9: PXRD profile for solid sample collectedat different times for the reaction of ZCp-HCn

with ClI”at 40°C, the 001Cl phase is represented by an asterisk and theHCn phase represented by
closed circles

We have shown in Chapter 3 that isoconversional methods can be extended to
anion exchange reactions in layered metal hydroxide as a strategy to iddmifyising
model based approaches are appropriate. As such the first approach ithéo use
isoconversional method to evaluate if the reactions occur via a single mecbhafosen
we apply model based approaches. The integral isoconversional method, equation 1.7,
was again applied to the kinetic data obtained here. The isoconversional atetby$e
all the nanohybrids is shown in Figure 4.10 in which thedlues remains constant,
within experimental error, over the entire conversion range fomA@cn and ZCp-

HCn.
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Figure 4.10: Variation of effective E, with a for ZC-m-HCn, ZC-0-HCn and ZC-p-HCn.

The E, values for ZCa-HCn are constant up to extent of conversion of 0.5 with
values ranging from about 77 kJ mab 79 kJ mof, and then drop to a final value of 72
kJ mol* at the end of reaction. Although there are significant changes in titenigher
conversion, the values are still within 10 % so that the mechanism of reaction dbuld sti
be the same. lon exchange reactions in layered materials have been shown tomccur f
layer to layer starting at the outermost layer with the exchange in arenagkening

the electrostatic attraction between the layers and the anions in thbareig layer:’*
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This might have resulted in the low and linear decreasg @$ Ehe reaction proceeded at
higher conversion, abovwe= 0.5. There may be a high energy transformation occurring
at low conversion which might have resulted in the induction period observed in the
PXRD analysis. Although the induction period is small, the process might still be
governing the energetics of the reaction even during the exchange periodgasulti
constant energy observed up to extent of reaction of 0.5. Sindues for exchange
reactions at the anion binding sites have been shown to range from 30-70"kJ mol
depending on the nature and size of the guest afiofs;"*the reaction may be
controlled by chemical reaction at the exchange site. It is also imptotaote that
diffusion of anions in a dense organic matrix can have higlaldes sometimes being
more than 100 kJmof*”® as such diffusion limited process cannot be ruled out if the
anions are closely packed in the gallery. Thedtues for the release osFHCn andp-
HCn are in the range of both reaction controlled process and diffusion controlled
processe$’ The fact that the floes not significantly change over the entire reaction
may indicate that the reaction is diffusion controlled. The differences in tHeamiem
betweem-HCn release and the other two systems may be due to different strength of
interactions with the layers. The presence of H-bonding between the layehgand t
HCn anions may bring the anions closer to the layers resulting in increasedshtic
attraction resulting in the process being controlled by reaction ax¢harege site.

Since there is no significant variation of theviith conversion fom-HCn andp-
HCn release, and the energy differenceoftCn release is too low to reflect a change in

mechanism, model based approach was used to obtain the rate constants forahe reacti
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The experimental data was fitted to different release kinetic madhats include the

first order model, parabolic diffusion model, generalized model, and modified Freundlich
model. These models have been used extensively to describe solution phase ion exchange
reactions in HDSs and LDH&>*92 Non linear regression analysis was performed on

the four kinetic models in order to determine the model which best fit the expeiment
results. The correlation coefficient{Rand the chi-square valug’ were used to

discriminate between the models. Summary of the results are shown in Table 4.3, and the
linear plots are shown in Appendix E-G. From Table 4.3 it can be observed that the
release data for all the three nanohybrids were described by different kioetels. First

order model being the best fit for Z6HCn, parabolic diffusion was the best model for
ZC-p-HCn, and ZC+HCn was best described by the modified Freundlich model. The

fact that the release data for the different isomers was describeddrgrdiinodels

makes it impossible to compare the release rates of the isomers. To cinttims/e

problem, the Avrami-Erofe'ev nucleation-growth model was t&€d°this model has

the advantage that it can be used to describe and compare reactions occurring via

different mechanism&?*
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Table 4.3. Fitting release data to different release kinetienodels.

Kinetic models

Nanohybrid Temperature First order Modified Freiaid Parabolic diffusion
) R (R) (R)
ZC-0-HCn 30 0.9924 0.9881 0.9504
40 0.9955 0.9736 0.9327
50 0.9858 0.9760 0.9358
60 0.9916 0.9839 0.9623
ZC-p-HCn 30 0.5559 0.9750 0.9827
40 0.5565 0.9783 0.9987
50 0.5892 0.9598 0.9831
60 0.7362 0.9682 0.9949
ZC-mHCn 30 0.6758 0.9873 0.9688
40 0.6928 0.9735 0.9717
50 0.7338 0.9715 0.9594
60 0.7462 0.9719 0.9527

The extent of reaction versus time plots obtained for th@-HGn/Clexchange
reactions at different temperatures are shown in Figure 4.11. The Avramiefrofe
model was applied to, and correctly describes the obtained experimentaltdatahe
range of 0.15-1.0. The validity of the Avrami —Erofe’ev model can be confirmdteby t
corresponding double logarithmic plots in Figure 4.11 (insert) where strenghtwere
obtained with R values ranging from 0.996-0.999. The double logarithmic plots are

almost parallel indicating that the reaction proceeds with the same mecloameisthe
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temperature range used here. The obtamealue was close to 1.0 indicating diffusion
controlled mechanism following instantaneous nucleation. The release prafiiser
with the Sharp-Hancock plots for the releasendiCn andp-HCn are shown in Figure

4.12 and Figure 4.13 respectively.
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Figure 4.11: Extent of reaction as a function of the for the exchange reaction of Clanion and ZC-o-
HCn at various temperatures: 60C (m), 50C (¢), 40°C (A), 30°C (e), the extent of reaction data has
been fitted to Avrami —Erofe’ev equation. Insert; @rresponding Sharp-Hancock plots

The kinetics ofm-HCn release follows the Avrami —Erofe’ev model, the data
provided a good fit within the range 0.1b<0.85 (Figure 4.12), the fit to limited range of
o has been observed in other intercalation reacfsH8Anomalously low values of the
Avrami exponent observed here (Table 4.3) have been reported in polymer and alloy

crystallization and do not have physical meartitig? The Avrami exponent values
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obtained for the release pfHCn are close to 0.5 which is consistent with diffusion
controlled reaction®’ Summaries of the kinetic parameters obtained from the Sharp-

Hancock analyses of all the isomers are presented in table 4.4.
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Figure 4.12: Extent of reaction as a function of the for the release om-HCn at various
temperatures: 60C (m), 50°C (¢), 40°C (A), and 30C (e), the extent of reaction data has been fitted
to Avrami —Erofe’ev equation. Insert shows Sharp-Hacock plots
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Figure 4.13: Extent of reaction as a function ofitne for the release op-HCn at different
temperatures: 60°C (m), 50°C (¢), 40°C (A), and 30C (e); the extent of reaction data has been fitted
to Avrami —Erofe’ev equation. Insert shows Sharp-Hacock plots
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Table 4.4: summary of kinetic parameters obtained tedifferent temperatures

Nanohybrid Temperature (°C) n k s’(*107)
ZC-0-HCn 60.0 0.82+0.02 1.7+0.3
50.0 0.90+0.02 0.7+0.1
40.0 0.88+0.01 0.29 £ 0.05
30.0 1.02+0.01 0.10+£0.01
ZC-m-HCn 60.0 0.24+0.01 319
50.0 0.24+0.01 207
40.0 0.21+0.02 72
30.0 0.225+0.007 35+0.8
ZC-p-HCn 60.0 0.41+£0.01 29+05
50.0 0.45+ 0.02 16+£04
40.0 0.46+£ 0.01 1.0+£0.2
30.0 0.39+0.01 05+0.1

From Table 4.4 it can be concluded that the rate of releasdH&n from the
nanohybrids is much faster as compared to the other isomers, the rate cond@ats a
were 7+ 2 x10 s* for mHCn, 1.0 + 0.2 x18 s for p-HCn, and 0.29 + 0.05 x10s* for

0-HCn. The rate of release follows the following order.
M-HCn >p-HCn >0-HCn

Major factors which may influence the rates of release include intaract

between the metal hydroxide layers and the anions, anion-anion interactioinsiat
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layers and in the exchange medium, and solvent-anion intertttas.expected that
these factors will have a complex effect on the reaction rates sincdfértyeach

isomer differently, the existence of hydrogen bonding (intra and intermalefurther
complicates these systems. There is a complex interplay of the above nkfdaioes
and in most cases it is difficult to come up with a simple relationship betiveeaté of
release and any of aforementioned factbfEhe presence of hydrogen bonding within
the interlayer space reduces the Gibbs free energy of formation of theyhads and
stabilizes the system. The rate of release of ions then depends on the ddfar¢hee
enthalpy of nanohybrid formation and the barrier to reaction. As indicated in Figure 4
the level of hydrogen bonding in Z&HCn is higher than in Z@-HCn with ZCm-HCn
having the least. The less stable nanohybrid proceeds more quickly to equilibrium, this i
consistent with results obtained here, and the higher energy of thelZCx nanohybrid

could be responsible for the instant (burst) release observed.

There was considerable effect of position of the OH substituent oratiheand
extent of release of the isomers. Additional experiments, inclusindies on other
isomeric anions and effect of metal layer composition will béfhle in further
elucidating how the position of substituents control the rate as asethe extent of

reaction.
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4.5 Conclusions

The kinetics of anion exchange reactions in hydroxy double salts are affected by
the structure of intercalated anions. There is a strong interplay betwemodiyaamics
and kinetics of the release reactions. The presence of interlayer hydrogemfbectds
the rates of the reaction while the extent of reaction was correlatedrt@mtmtude of
dipole moments. There is a significant effect of isomerism on the rate amitunlagof
release of isomers of hydroxycinnamate. While the release of the meier iwas
instantaneous and fast, the ortho isomer release exhibited a slower, mareedwstd

complete release.
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Chapter 5. The effect of boron-containing layered hydroxy salt (LHS) on the
thermal stability and degradation kinetics of poly (methyl methacrylag).

51 Introduction

The use of nanopatrticles as polymer fillers has been extensively stinsad
largely because the polymer nanocomposites so produced show improved physical and
mechanical properties such as reduced flammability, improved barriertmepe
increased tensile modulus and deflection temperatd?&!**Nanoscale layered silicates
and anionic clays have recently attracted a lot of attention as poljlersrds they can
be used at relatively low loadings and do not have the negative environmental effec
associated with halogen-based fill&*Although the majority of studies have been
focused on montmorillonite (MMT) and layered double hydroxides
(LDHs),3%:36:3:57:38:200200 5 in this lab has shown that another class of anionic clays,
layered hydroxy salts (LHSs) and hydroxy double salts (HDSs), althougktansirely

studied as MMT and LDH, improve fire properties of polymeric materiafs.

LHS can be represented aSZrM(OH)g(l-y)/rﬂ A" (1+3yynm HO where A'is an

exchangeable interlayer anibii.These materials offer the possibility of varying the
identity of both the metal constituents and the exchangeable interlayer anichs whi
enable tuning physic-chemical properties of the materials in order toioptineir
performance for selected applications. The preparation methods of LHSy vssiats

in incorporation of small inorganic anions as charge balancing ions in theyaterla
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space. To improve compatibility between the LHS and polymer matrix, and tune the
physic-chemical properties, the LHSs have to be modified by exchangimgpthanic

ions with organic ions, preferable long chain ions.

Boron containing compounds such as borates have been shown to improve the fire
properties of polymers by forming glass char which acts as a gé lramibiting
oxygen penetration and preventing volatile degradation products being exposed to the
fire.?°2 Degradation of boron containing polymers have been shown to result in the
formation of boric acid which enhance charrfig?’and in the presence of zinc oxide,
zinc borate (a potent FR) may be formi&Work in this lab has shown that polymer
composites of copper LHSs resulted in lowering of total heat release ¥raR
compared to LDHs which typically results in lowering of peak heat reledse
(PHRR)®* The significant reduction in THR, of up to 30%, achieved using’®HS
suggests that with careful choice of intra-layer metal ions and ingeayons, a system

can be obtained in which reductions in both THR and PHRR may be achieved.

The maodification of zinc LHS, zinc hydroxy nitrate (ZHN), with boron containing
exchangeable anions and compounding with PMMA will result in a polymer composite
containing zinc and boron. It is envisaged that during the degradation process boric acid,
zinc oxide, and subsequently zinc borate will be formed enhancing char formation,
reducing gas permeability and thereby reducing polymer fldntityaand increasing

thermal stability.
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5.2  Experimental

5.2.1 Materials

Poly (methyl methacrylate) (PMMA) {MW 120,000, Tg 9%0) viscosity 0.200}
containing <5.0% toluene, sodium hydroxide (flakes, 98%) and zinc nitrate hexahydrate,
99% [Zn(NQ)2-6H,0] were all obtained from Sigma Aldrich Chemical Co; Zinc oxide
(99%), was obtained from Mallinckrodt Baker inc; 4-(4,4,5,5-Tetramethyl-1,3,2-
dioxaborolan-2-yl) benzoic acid, 97 %;1,BO,4] was purchased from Strem

chemicals, Inc. All chemicals were used without further purification.

5.2.2 Preparation of LHSs and their PMMA nanocomposites

The anion used for modifying ZHN, {4-(4, 4, 5, 5-tetramethyl-1, 3, 2-
dioxaborolan-2-yl) benzoate (TMDBB)}, was prepared by reacting the{4gd, 4, 5, 5-
tetramethyl-1, 3, 2-dioxaborolan-2-yl) benzoic acid, (TMDBBH)} with an equamol
amount of sodium hydroxide in a volume of deionized water to make a 0.15 M solution.
The exchange reaction was accomplished by reacting ZHN (0.1g) withr8>%5 a 0.15
M solution of TMDBB at 46C for 48 hours with frequent stirring. The exchange product
was filtered, washed several times with deionized water and dried@tid@ vacuum

oven for 48 hours. The exchange product is referred herein as ZHTMDBB.

The composites of PMMA and ZHTMDBB were prepared via melt blending. In

this procedure, PMMA and the corresponding amount of ZHTMDBB (to give the desired
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percent loading) were thoroughly mixed and placed in a Brabender Plasticonmiéecha

at a temperature of 185. The screw speed was set to 60 rpm and the blending time was
10 minutes. A reference sample of pure PMMA was subjected to the same metidlendi
treatment in the plasticorder. The resultant composites are identified as
PMMA/ZHTMDBB-n, with n indicating the percent additive loading by mass. For
example, 90 g of PMMA was mixed with 10 g ZHTMDBB to give an additive loading of
10% resulting in a composite referred to as PMMA/ZHTMDBB-10. Additive loadings
were 3%, 5%, and 10% giving composites referred herein as PMMA/ZHTMDBB-3,

PMMA/ZHTMDBB-5 and PMMA/ZHTMDBB-10.

5.2.3 Characterization Methods

Fourier transform infrared spectral data of the synthesized materththa
composites were obtained on a Perkin EImer Spectrum 100 FT-IR spectromedézdper
at a 2 crit resolution in the 4000 - 650 ¢hspectral range. The obtained data was an
average of 16 scans. Powder X-ray diffraction patterns were recorded thrdreg2 of
2.0 - 45.0 for powders and 2°6- 10 for composites, data acquisition was performed
using a step size of 0.08@er second. The specifications of the diffractometer are
presented in chapter 2. Powder samples were pressed in to the trough of glass sampl
holders while polymer samples were compression molded into thin rectangulassplaque
and mounted on aluminum sample holders.

Thermogravimetric analysis was conducted using samples in the rabyy®af 0.2

mg, using TGA analyzer specified in chapter 2. The samples were cutnaliqpgeces of
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approximately 0.4 mm thick and heated in an aluminum oxide crucible. Generaltherm
stability data was acquired from 80 to 800°C under a constant flow of nitrogen or air

at a flow rate of 20 ml mihand a heating rate of 2@ min™. For polymer kinetic

analysis, various heating rates ranging frof& Bnin* to 25°C min® were used. To

study the effect of sample weight on kinetic parameters, samples containingddifg |

of the additive were used. Total mass of 5.0-20.0 mg were heated under nitrogen
atmosphere. Flammability analyses were conducted at an incident heaft3ukW/nf

with the samples in a horizontal orientation. The samples were compressiod madde
square plaques of uniform size (100 mm x 100 mm x 3 mm) and weighing about 30.0 g.
The reported values for each sample were the average of three measurenggnts. B
image field transmission electron microscopy (TEM) images werectatiat 60kV

using a Zeiss 10c electron microscope. Elemental analysis was carridtwffman

labs, Colorado, using atomic emission spectroscopy interfaced with inducowuglied
plasma (AES-ICP) for metal determinati@HN ; Zn (54.11% exp, 55.38% calc); N
(3.52% exp, 3.61% calc); H (1.88% exp, 1.90 % calc); C < 0.05% corresponding to the

formulaZzn 65(OH) 11.2(NO3)2 *1.8H,0.
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53 Results and Discussion

5.3.1 Characterization of filler material.

To tune the prepared LHS for flame retardation applications, the precursor LHS
(ZHN) was modified by incorporating a larger boron containing anion, TMDBB (ghow
in Figure 5.1) into the interlayer space. The advantages of having a fitlerahehich
contain both zinc and boron have been highlighted in section 5.1. The intercalation of
TMDBB into the layers was achieved via anion exchange. The anion exchangesproce
may have resulted in the decomposition of the TMDBB anion as indicated from the
formula obtained from elemental analysisg@H)g 3(C13H16B04)0.802.3H,0 «0.7BQ.

The elemental composition of ZHTMDBB indicates that nitrogen level wasifisant

suggesting complete exchange of nitrate with TMDBB.

HsC
0]
H3C \ O
B / ]
HiC o/ 0
HiC

Figure 5.1: Chemical structure of 4-(4,4,5,5-Tetrarathyl-1,3,2-dioxaborolan-2-yl) benzoate
(TMDBB).

Infrared spectra of ZHN and ZHTMDBB are shown in Figure 5.2 tragesn(h

(b) respectively. For both ZHN and ZHTMDBB, the OH stretching vibrationseof t
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hydroxyl group appear in the region from 3300"cm 3574 crit. For ZHN, the sharp
band at approximately 3576 &ncan be assigned to stretching vibrations of free layer
hydroxyl groups and the band at about 3472 ésrdue to the stretching of layer
hydroxyl groups that are hydrogen bonded to the interlayer nitrate anion or water
molecules. The broad band at about 3308 can be assigned to the stretching of water
hydroxyl groups->? The band at 1644 chran be assigned to water bending mode, the
D3, symmetry of the free nitrate is slightly distorted as evidenced by tharappe of a
weak NO stretch band at 1022 ¢mwhich is forbidden for N@ in aDap
symmetry?32%921%The OH stretching assignments in ZHN can also be used to describe
the OH stretching vibrations in ZHTMDBB. Trace b in Figure 5.2 indicdtaisafter the
exchange reaction, the characteristic asymmetric stretch of fraeendn at about 1372
cm™ in ZHNY"?*°had disappeared and a new set of peaks at 1398 (B+—O0), 1580
cM™ vasym(C=0) and 1533 cihve,m(C=0)">*"*"appeared indicating that the nitrate

group was completely exchanged consistent with results of elemeniaigana
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Figure 5.2: FTIR spectra of zinc hydroxy nitrate LHS (trace a) and zinc hydroxy TMDBB LHS
(trace b). Traces are offset for clarity but not oherwise scaled.

Both the precursor LHS (ZHN) and the exchange product (ZHTMDBB) are
layered and possess high range of ordering iie theection as indicated in Figure 5.3.
ZHN has been indexed as the monoclinig(@i)s(NO3)»*2H,0 (PDF # 24-1460§%.The
PXRD patterns for both materials show inte@8e(l =1 to 3) reflections which are
equally spaced. The d-spacing of ZHN, 0.97 £ 0.01 nm, calculated using the Bragg
equation*®is comparable to literature valu&s? After anion exchange with TMDBB,
new 01-003) peaks appeared at low 2 theta values corresponding to an average d-
spacing of 1.452 + 0.003 nm. The absence of the nitrate reflections from the ZHTMDBB
trace indicates that the exchange was complete, confirming resultelforantal

analysis and FT-IR analysis. The expansion of the interlayer space, from @@L #m
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in ZHN to 1.452 £ 0.003 nm in ZHTMDBB, is consistent with a smallegN@ion
(thermochemical radius = 1.65A) being replaced by a larger TMDBB anioim (eingth

= 10.9A). The average crystallite sizes calculated using the Schamad# were found

to be 60 + 3 nm and 42 = 1 nm for ZHN and ZHTMDBB respectively, an indication that
the crystals got smaller during the ion exchange process. From the iteystadls and

the basal spacings of the materials, the average diffracting domaiRNcdr2

composed of 61 layers as opposed to ZHTMDBB which is composed of 30 layers.

(b)
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Figure 5.3: Powder x-ray diffraction data for (a): ZHN which has been indexed as
Zns(OH)g(NO3),-2H,0 and JCPDS file 24-1460 and (b): ZHTMDBB. Traces @ offset for clarity but
not otherwise scaled.

Thermal analysis plots for ZHTMDBB, obtained at a heating rate i 8@n,
are shown in Figure 5.4. The DTG curve indicates that there is weight losSGrom

150°C corresponding to the loss of adsorbed and intercalated water. The weight loss at
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about 216C, corresponding to about 10% weight loss, can be assigned to water loss due
to dehydroxylation of the layers as confirmed by TGA-FTIR analysis showigure

5.5. The decomposition of TMDBB starts at around’880The TG shows that the
decomposition of ZHTMDBB results in 65% inorganic residue at the end of the thermal
decomposition process. The inorganic content obtained from TG is in agreemehgewith t
value of 68% calculated from elemental analysis results, assuming tlagtiaelation

process results in the formation of zinc oxide (ZnO) and zinc borate@nB
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Figure 5.4: () DTG and (b) TG profiles for ZHTMDBB degraded in nitrogen at a heating rate of
20%/min.
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5.3.2 Characterization of filler and polymer nanocomposites.

When ZHTMDBB was compounded with PMMA during melt blending, new
reflections were observed at lower 2 theta values for all the three loadinydicated in
Figure 5.6. After melt blending the interlayer distance increased from 1.452 + 0.003 nm
for ZHTMDBB to 1.88 £ 0.05 nm for the composites. This expansion of the layers is
consistent with some degree of intercalation of the polymer into the LHSygadlkex
PXRD patterns in Figure 5.6 show at least two orders of reflections indidadintnée

layered structure of the LHS was maintained during the compounding process.

Intensity (a.u)
I

L (a)

20 (Degrees)

Figure 5.6: Powder x-ray diffraction data: (a) ZHTM DBB. (b) PMMA/ZHTMDBB-5. (c)
PMMA/ZHTMDBB-3. (d) PMMA/ZHTMDBB-10. There is an in crease in the basal spacing from
1.45 nmin ZHTMDBB to 1.88 nm in the composites.
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XRD alone is insufficient to characterize the quality of dispersion of thehagldit
in a polymer matrix; transmission electron microscopy (TEM) is requineg &
provides direct imaging of the composites allowing visualization of the additive
dispersion. Figure 5.7 shows the TEM images for all the composites at both low and high
magnifications. The low magnification provides information about the dispersion of the
layered material in the polymer matrix while higher magnification previd®rmation
about the layered structure. The TEM images at low magnification in Fglege
consistent formation of microcomposites which are associated with poor tispénas
good nanodispersion was not achieved here. At higher magnification, the metal
hydroxide sheets, which are represented by the dark regions, seem to havateggreg

and formed tactoids, which increased with increase in the additive loading.
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Figure 5.7: TEM images of polymercomposites obtained by melt blending, (a) PMMA/ZHTMDBB-3
and (b) PMMA/ZHTMDBB -10; low magnification (right) and higher magnificaton (left).
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The method of producing composites via melt blending has been shown not to
result in significant degradation of commercial PMMA (MW 120,00®esults from
thermogravimetric analysis of PMMA and its composites degraded in air aogemitat
a heating rate of 2@ per minute are shown in Figures &r&l 5.9 respectively. The
plots show that pure PMMA (commercial; MW 120,000) degradation under the heating
profiles used here is a two step process regardless of the atmosphere libwlgictsés
in agreement with results obtained by other work&Te two steps in the degradation
of pure PMMA have been attributed to scission at the vinyl terminated end and to
random scission of the PMMA back bone respectiZ&ifhe initial stabilization of
PMMA in air, although not very distinct in this work, has been reported else®Wfiét2.
Hirata and core workeT¥ have attributed the stabilization of PMMA at early stage to
the modification of the terminal double bond in PMMA, by oxygen, which results in the
suppression of the end initiation process. The destabilization of PMMA by oxygen at
higher temperatures, the step which is due to random scission of the chain, is due to

oxygen reacting with polymer chains enhancing the random scission process.

ZHTMDBB has a pronounced effect on the degradation of PMMA in air as
shown in Figure 5.8a. The degradation profile changed significantly as can be observed
from the DTG curves (Figure 5.8b) in which the rate of mass loss of the fpssste
significantly lowered in all the composites and there is a third step observed in the
temperature range of 476-550°C. The degradation in air showed that the composites
were more thermally stable than the virgin polymer. The onset of degmadati

corresponding to 10% conversion (), increased by between 32 and@4lepending on
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additive loading. There was also a corresponding increase in the temper&fierabss
loss (To.s), the largest being 8C for 10 % additive loading. The additive also had a
stabilizing effect in inert atmosphere with increasespinahd T s being observed for the
composites, although the magnitudes were lower than those achieved in air. Tike resul
obtained here indicate that the additive is more effective in air than in a nitrogen
environment. These results are in agreement with those reported by Leswadath,

who used aluminum nitride and alumina as additiVéand Laachachi and coworkers,
who used the additives ZnO, Cloisite 38Bnd antimony oxid&€®> Wanget al. have
attributed the increased stability of PMMA composites in air, as comhpau@trogen, to

the stabilization of free radicals by the inorganic compoatdacreased thermal

stability of PMMA when compounded with anionic clays has been reported B&foré.
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Figure 5.8: (A). TGA curves for PMMA and composites(B). DTG curves for PMMA and composites
degraded in air at a heating rate of 28min.
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Figure 5.9: (A). TGA curves for PMMA and composites(B) DTG curves for PMMA and composites
degraded in nitrogen at a heating rate of 20min.

Details of the thermal properties of PMMA and its composites are sumuoharize
Tables 5.1 and 5.2. The expected char yield was calculated from the amount of char
remaining from the separately measured degradation of ZHTMDBB and pW&PM
The percent loading of the additive was then factored in to calculate the indlividua

contribution of the polymer and the additive. The results show that, under pyrolysis
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conditions, the amount of char remaining is significantly higher than the egpear

yield suggesting that under these conditions, the additive enhances chaioforiitae

char yields for the degradation in air are lower than those obtained in nitrogen astl alm
equal to the expected yield. The low chair yield obtained under thermo-oxidative
conditions maybe because there is initial formation of char which burnt aftladte

critical temperature was reached resulting in complete degradatiRiviMA, these

results are in agreement with those obtained by other workérs.

Table 5.1: Summary of TGA data for pure PMMA and canposites at 20 C min™ in N,

Sample T (°C) Tso (°C) ATso (°C) % Char (expected)
Pure PMMA 284+1 374.1£0.5 - 0.78+0.05
PMMA/ZHTMDBB-3 289.4+0.5 384+1 10+1 4.0£0.1 (2.6)
PMMA/ZHTMDBB-5 290+1 385+1 11+1 6.5+0 (3.9)
PMMA/ZHTMDBB-10 293.0+0.5 389+0.5 14.9+0.7 9.8+0(7.0)

Note: Ty, temperature at which 10 % mass loss occurs amdj@ded as the onset of degradatiag,; T
temperature at which 50% mass loss occifs; difference betweens§ of the composite and pure
PMMA. Entries in italics are the expected char base the residue obtained during the decompositfon
ZHTMDBB and pure PMMA samples.
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Table 5.2: Summary of TGA data for pure PMMA and canposites at 26C min™ in air

Sample To (°C) Ts0 (°C) ATso (°C) Char(%) (expected)
Pure PMMA 269.910.8 356+1.5 - 0.65+ 0.08
PMMA/ZHTMDBB-3 3032 382+1 26+1 2.2+0(2.0)
PMMA/ZHTMDBB-5 311+3 383.7+0.8 27+1 3.610(3.6)
PMMA/ZHTMDBB-10 314.0+0.8 387.1+0.8 31+1 7.0£Q4.7)

Note: Ty,, temperature at which 10 % mass loss occurs aredjéggded as the onset of degradation;
Tso, temperature at which 50% mass loss ocaifs; difference betweensg of the composite and pure
PMMA. Entries in italics are the expected char base the residue obtained during the decompositfon
ZHTMDBB and pure PMMA samples.

Degradation of PMMA mainly results in the formation of the monomer (MMA)
which is transported from the bulky polymer to the surface as bubbles rather than by
diffusion**° Although the transport of the monomer does not limit the weight loss for
pure PMMA, the formation of char or inorganic residue in the composites provides a
barrier to the transport of MMA and should result in the transport process limiting the
mass loss. The mixing of the polymer with the additive, which has about 65% inorganic
content by mass, may result in therease of thermal capacity which, together with the
barrier to heat transfer due to char formation, leads to degradation of thesita®
occurring at higher temperatures than the pristine PMMA. Figure 5.1Gshagss
difference curvesh mass % (difference between mass % of composites and pure
PMMA) for composites in both air and nitrogen. A positive profile of the massetifer
curve indicates that the composites are more stable than the pure polymer at a given

temperature and the additive has thus enhanced the thermal stability of therpoly
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Conversely negative profiles indicate a destabilization effect of thaeddit all levels
of loadings, in both air and nitrogen, the profiles are positive in the entire temperat
regime indicating that the additive has a stabilizing effect in the elggeadation
temperature range. The graphs also clearly show the effect of the additiviernendif
environment, as the environment is changed from air to nitrogen the maximum
stabilization temperature shifts from around ®D@ 420C and the stabilization effect is

lower in nitrogen as compared to air.
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Figure 5.10: Mass loss difference curves for PMMAamposites degradation at a heating rate of
20°/min. (A). Degradation in air atmosphere. (B). Degadation in nitrogen atmosphere.
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5.3.3 Kinetic analysis

In order to get a better understanding of the degradation process and thef effect
the additive on the thermal stability of PMMA, it is useful to determine kinetic
parameters for the degradation process. The parameter generally foundost bseful
in explaining the degradation process is the effective activation engjgyhieh can be
evaluated by carrying out kinetic analysis of the solid state reactiothéronal methods
of analysis, the techniques mainly used for the kinetic analysis are thevimoagrt
(TG), differential scanning calorimetry (DSC) and differential thé@mnalysis (DTA).
Both isothermal and non-isothermal methods can be used in kinetic experiments.
Isothermal methods have a disadvantage because the sample requires tinmetbhe reac
prescribed temperature and, during the temperature ramping process, the sghtple m
undergo transformations that are likely to affect the results, theretopgdbess is

restricted to lower temperatures.

Both isothermal and non-isothermal methods have been used in the determination
of kinetic parameters in the degradation of polym&f&13:229:22,pynamic
thermogravimetric analysis was employed in this study to calculate, the tBe
degradation of PMMA and its composites by making use of the multiple heating rate
kinetics (MHRK). Accordingly, a series of experiments were conducted yahgar
heating rates ranging froniG min* to 25C min™*. The Flynn-Wall-Ozawa methétf
incorporating Flynn’s correction to the Doyle approximatfotreferred herein as the

cFWO method) together with the Friedrfidrand the Kissingéf® methods were used in
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the calculation of the EThe Flynn-Wall-Ozawa method can be written in a simplified

form expressed as:

log f (o) = Iog[AE—é‘j— Iog(B)— 2.315- O.456§|§f|‘_j Equation 5.1

In the above expression(a) is a conversional functional relationship; A is the pre-
exponential factor (mif); E is the activation energy (kJ md] R is the molar gas

constantg is the heating rat€¢ min™) and T is the temperature (K).

Equation 5.1 can be rewritten as follows;

log(B) = —0.456{ FE'?’ ] + constar Equation 5.2

From the linear form above, the isoconversional plot of g<g 1/T should result in a
straight line in which the Fcan be extracted from the slope. To obtain this simple
equation, Flynn, Wall and Ozawa utilized the Doyle’s approximation of the expdnentia
integral.?*® However this may result in significant errors of the calculated activation
energies. Flynn proposed a correction to the Doyle’s approximation by usinatéabul
correction factors which reduces the error of the calculaté® Eigure 5.11 shows a

plot of the E, estimated from the isoconversional plots, for the degradation of PMMA
and the composites in nitrogen. The TGA and DTG curves for the degradation of PMMA
and the composites in nitrogen (Figure 5.9) show that the degradation occurs ipisvo st
which were assigned to end initiation from the unsaturated double bonds and random

scission of the chain respectivély.The onset of the degradation process for pure
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PMMA, which corresponds to 10% mass loss, hasamlbe of 143 kJ mél The &

value increases gradually as the degradation process continues up to a value of 168 kJ
mol™ at 30% conversion, and then drops to 164 kJ'rabB5% conversion, which

corresponds to the transition from the first step to the second step of degradati&i.

then increases to 184 kJ malt 40% conversion as the second step of degradation start,
this increase is maintained throughout the latter part of the process up to a value of 329 kJ
mol™* at 90% conversion. The results obtained here are consistent with the mechanism of
PMMA degradation whereby the first step is initiated from weak links theréfas a

lower E, than the second step which is due to random C-C scission.
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Figure 5.11: Dependence of Ea on the extent of rdam obtained by cFWO method under nitrogen
atmosphere for pure PMMA (closed squares), PMMA/ ZMDBB -3 (closed triangles) and PMMA

/ZTMDBB -10 (closed circles).
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Hu and Cheff’ carried out a study to determine the effect of weak links on the
degradation of PMMA polymerized by using different initiators {lactans, tlaots2,2"-
azobisisobutyronitrile (AIBN)} producing PMMA with different end groups. Free
radically polymerized PMMA had unsaturated end groups and degraded in two steps;
they observed that the activation energy of the first step was lower than tthatsetcond
step (151-146 kJ molfor 5-20% weight loss as compared to 218-222 kJ'rfwi80 -

90% weight loss). The alues obtained by Hu and Chéhagree qualitatively with

those obtained in this work in that the first step has lower activation energy than the
second step. The same general trend was also observed by Pettakseho reported
effective E values of 190 kJ mdifor the first step and 230 kJ nidlor the second

step?’® Hirataet al.?*? did isothermal analysis of PMMA (obtained by free radical
polymerization) and concluded that both steps follow first order kinetics witration
energy of the first step lower than that of the second step (31 KambR10 kJ mél
respectively). The low Ea for the first step has, however, been attributed tibzatian

of impurities by Holland and H&® It is important to note that the activation energies of
the degradation process depend largely on the polymerization methods whichraetermi

the nature of end group®

The effect of the additive can clearly be seen in Figure 5.11, in which the
composites have a significantly higher initialdE low conversion, corresponding to the
first step of degradation, and lower activation energy towards the end of therredoe
E, of the composites at 3% and 10% loading show the same trend and/tieds are

not significantly different, this suggests that the level of additive loadingradadsave a
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significant effect on the £values. The activation energy of the composites are higher at
the onset of degradation (10% conversion) with PMMA/ZHTMDBB-10 having a value
of 190 + 10 kJ mat and that of pure PMMA being 142 + 4 kJ moDuring the early

part of the second degradation step, thedtues of the composites and pure PMMA are
not significantly different up to 80% conversion where the activation energies of the
composites drop below those of pure PMMA. This trend was also observed by other
workers??® and can be explained by considering that the additives act as barrier to heat
and mass transfer thereby retarding the degradation process. Thedtiaequire

close contact between the polymer matrix and the additive, as the degradatise proce
proceeds this close contact decreases leading to decreassf tfidccomposites. The
effect of additives on the,f PMMA under nitrogen atmosphere has been investigated

by many workers and the general trend of additives increasing, tresbeen observed,

some additives increasing thg &er the entire degradation proce§g8227:229

The dependence of,lBn the extent of reaction for the degradation of PMMA and
its composites in air is shown in Figure 5.12 which indicates that the degradadion i
follows the general trend as in nitrogen with the additive increasing,tbietlie first
step. The activation energies of the first degradation step of the pure polynnere a
comparable to those in nitrogen, ranging from 136KX8hol* in air and 136-164 kJ
mol ™ in nitrogen for 5% — 35% conversion. The activation energies of PMMA in air at
higher conversions, corresponding to the second degradation step, are significantly low
than those obtained in nitrogen. These results are consistent with those obtained by

Chang and Wi&t” who observed that the, I air at low conversion was significantly
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higher than in nitrogen (217 — 172 kJ that air and 125 — 160 kJ niblin N, for
conversions of 10-30%). The order was reversed at higher conversions (145 — 140 kJ
mol ™ in air and 175 — 190 kJ mbin N, for 40- 70% conversion), with the transition
being at about 35% conversidrhis is consistent with the stabilizing effect of oxygen on
the degradation of PMMA!® The additive had the effect of increasing the activation
energy of the first step of degradation, but did not have a significant effect ondhe E
the second step. The additive may act by stabilizing or scavengingehadreals
generated during the initial stages of the thermal oxidative degradaticsptbereby
increasing the barrier for reaction to occur. It was also noted that thiradesulted in
much higher increases of the activation energy in air than in nitrogen (from 142&J mol
to 250 kJ motin air compared to 143 kJ mbto 190 kJ métin nitrogen at 10%
conversion) which is consistent with the additive stabilizing free radiealsrgted

during thermal oxidative degradation.
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Figure 5.12: Dependence of Ea on the extent of raam obtained by cFWO method for degradation
under air for pure PMMA (closed squares), PMMA/ ZTMDBB -3 (closed triangles) and PMMA
/ZTMDBB -10 (closed circles).

The Friedman method is a differential isoconversional approach for the
calculation of Ewhich is based on the rate of weight loss as a function of temperature.

The method is based on the following equation

In = InfA(1 - )"} - — Equation 5.3

Using the above equation, the activation energy is obtained from the slope of a plot of
natural logarithms of the rate of weight loss at different heating ratesageciprocal
absolute temperature at a given weight loss. Activation energies obtainethesing
Friedman method follow the same trend obtained by using the cFWO method. Figure

5.13 shows the comparison of the Friedman method and cFWO method for the
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degradation of PMMA and PMMA/ZHTMDBB-10 in nitrogen. The same trend was

observed for Evalues for the degradation under air as shown in Figure 5.14.
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Figure 5.13: Comparison of corrected Flynn-Wall-Ozava (cFWO) and Friedman methods for

Conversion fraction (o)

PMMA and PMMA/ZHTMDBB-10 degradation under nitrogen .
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Figure 5.14: Comparison of corrected Flynn-Wall-Ozava (cFWO) and Friedman methods for
PMMA and PMMA/ZHTMDBB-10 degradation in air.

The third method used to determine the activation energy is the Kissinger method
in which only the temperature at maximum rate of weight loss is required for dogput

E.?*> The E is calculated according to the following expression

In (Ti;) = ln(nRAW’,}{l/E) — % (L) Equation 5.4

m Tm

in which® a is the heating rate,lis the temperature at the maximum rate of weight
loss, R is the universal gas constant, E is the activation energy, A is the pre-aaponent
factor, W, is the weight of the sample at the maximum rate of weight loss, and n is the

apparent order of the reaction with respect to the sample weight.,Theliained from

the slope of a plot dh(%) againstTi at various heating rates. As can be seen from
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Figure 5.8, the DTG for the first step of composites degraded in air exhibit @shant

it is difficult to accurately determine the exact temperature of maxi rate of

degradation, as such it was not possible to calculate the activation energy for tesnposi
degraded in air. TabE. 3 gives a summary of the #alues obtained from the Kissinger
method. The results are consistent with results from the cFWO and Friedman nrethods
that the activation for the first step in the degradation of PMMA in nitrogen & lasv
compared to that of the second step (180 kJ'rfwslthe first step and 274 kJ ridior

the second step). It is also noted that the activation energies of the comguesktegher

for the first step of degradation as compared to pure PMMA. The value obtained for the
second degradation step of pure PMMA compares well with that obtained bgdtirat
al.**?who obtained 224 kJ nidl Degradation of pure PMMA in air also show that the E
for the two steps are not very different, which is consistent with what was obtathed w

the other methods.

Table 5.3: Summary of Ea values obtained from the lssinger method

E, (kJ mol™) in nitrogen E, (kJ mol™y in air

First step Second step First step Second step
Pure PMMA 180 +8 2746 138 +8 152 +4
PMMA/ZHTMDBB-10 225+6 220+£13 - -
PMMA/ZHTMDBB-3 212 +6 304 +18 - -

Note: The composites degraded in air did not sholgtinct first degradation peak so it was not gaeso
calculate the activation energies
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It has also been noted that values of activation energies obtained for polymer
degradation vary widely depending on molecular weight, sample thickness,
polymerization conditions and sample weight used in the TGA anaf§$i8For the
work reported here, sample size and morphology are expected to be most important. The
influence of sample weight on the degradation of PMMA/ZHTMDBB-10 in nitrogen
atmosphere was investigated using sample weightsafging from 5 mg to 20 mg; the
data were analyzed using cFWO method. Results shown in Figure 5.15 indicate that the
activation energy is not significantly different at le(5 mg and 11 mg), but the
difference is significant whew is increased to 20 mg. The results suggests that for low
sample weights (5-11 mg) the mechanism of degradation remains the samesaordiff
of molecules (especially products of decomposition) is not effected and product
(monomer) recombination is not significant. Wihewas increased to 20 mg, thg E
values obtained increased significantly, the increase being more pronounced during the
second step of the degradation process which is due to random scission of the chain. This
increase could be due to the large sample size affecting heat and/ or méess trans
Comparable results were obtained by Carrasco and Pagés who analyzedatiatioagr
of polystyrene using TGA sample weights ranging from 6.0-25.0 mg, they observed an
increase of Efrom 128 kJ mét to 161 kJ met when the sample weight was increased

from 6 mg to 25 mg*°
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Figure 5.15: Effect of TGA sample weight on activabn energy of PMMA/ZHTMDBB-10 degraded
in nitrogen atmosphere.

5.3.4 Flammability properties

The effect of the additive on the flammability of PMMA was investigated by
making use of cone calorimeter. The parameters obtained from the coneet@lorim
which are relevant to the evaluation of additive as flame retardant inclubeaheelease
rate (HRR), peak of HRR (PHRR), total heat release (THR), smoke produeijpantéd
here as average specific extinction area, ASEA), and time to ignitipnT e ideal
additive will result in the lowering of PHRR, THR, ASEA, and an increase in thedime
ignition (). Figure 5.16 shows the variation of the heat release rate as a function of

combustion time for pure PMMA, PMMA/ZHTMDBB-3, PMMA/ZHTMDBB-5, and
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PMMA/ZHTMDBB-10 at a heat flux of 50kW/fn The heat flux of 50 kW/frwas

chosen so as to simulate the radiant heat in a developifg‘fiveich enables

assessment of fire retarding performance of the additive during the deeelopiniire.

The HRR curves for the composites are spread over a wider range as compared to pur
PMMA indicating that the composites burn with less intensity but for a lorrger ihe
integration of the area under the respective curves for each composite and pke PM
gives the total heat release (THR). The additive did not significantlyegtiecTHR

which means the additive did not affect the extent of PMMA burning, this has been
reported by other worketswho used LDH additives. The summary of cone calorimetry
data presented in table 5.4 shows that the additive resulted in a significanteimcribes
average smoke produced (ASEA). The amount of smoke produced increased as the level
of loading increased, this could be due to the presence of benzene ring on the additive

which has been shown to increase the amount of smoke produced.
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Figure 5.16: Heat release rate curves for (a) pureMMA, (b) PMMA/ZHTMDBB-3 (c)
PMMA/ZHTMDBB-5 (d) PMMA/ZHTMDBB -10 from cone calor imetry measurements at a heat
flux of 50 KW/m?.

Table 5.4: Summary of the cone calorimetry data

Sample TSC  PHRR (kW/m) Tpurr THR (MJ/m?) AMLR ASEA
(s) (% red) (s) (% red) (g/sech) (m*/kg)
Pure PMMA 10£2 109229 93+4  79.9+0.7 31+4 13448
PMMA/ZHTMDBB-3  7+1 849473 (22) 9043  77.040.7 (3.7) 3315 179412
PMMA/ZHTMDBB-5  8+2 6466 (41) 91+5 75.5+0.4 (5.0) 420 19242

PMMA/ZHTMDBB-10 9+1 568+34 (48) 961  72.4%0.2 (19.019+1 201+27
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The important feature of Figure 5.16 and the summary of results presented in
table 5.4 is the significant lowering of the peak heat release rate by up to 48% for
PMMA/ZHTMDBB-10. The reduction of PHRR obtained here is comparable to values
obtained for LDH system&>>*®and this shows that the LHS system studied here is
equally effective in reducing PHRR of PMMA as LDH systems. The lowerinigeof t
PHRR or increase in the limiting oxygen index has been shown to correspond with an
increase in the production of char for condensed phag&®Rw\ork reported by Martin
et al. and Armitageet al. have shown that incorporating boron into polymers lead to an
increase in char production and a corresponding increase in the limiting oxygen
index2%32%52%3The combustion process of polymers involves heating the polymer using
an external heat source resulting in the decomposition of the polymer. For PMMA the
initial product of the decomposition is the monomer (MMA) and small amounts of other
products such as propylene and acet8h&'The MMA molecules then further
decomposes producing volatile (combustible) compounds (methane, methanaol,
formaldehyde and acetylene) which then undergo oxidation, releasing heat vihah is
fed back to the bulk polymer causing further decomposition of the polymer thereby
sustaining the flame even when the external heat source has been removed. For an
additive to be effective as a fire retardant, it should be able to break the abevd higl
can be achieved in a variety of ways which include; (i) improvement of thetabdity
of the polymer, (i) dilution and subsequent quenching of the flame, and (iii) providing a
barrier for heat and mass transfeZHTMDBB might act by diluting and quenching the

flame by generation of non combustible materials such asa@®water from its
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decomposition. In addition, the char produced during the burning process may act as a
barrier to heat and mass transfer reducing the diffusion of combustible products of
decomposition, or a combination of the two mechanisms. ZHTMDBB may also act by
changing the degradation pathway of the polymer as indicated by the dfteatiditive

had on the activation energy of degradation. Boron containing polymers have been shown
to produce boric acid during thermal degradaffBithe boric acid or oxides of boron

may then react with zinc oxide, formed from the metal hydroxide layers,rfgromc
borate?®®?3*XRD analysis of the char after cone calorimetry test shown in Figlire
provides evidence for the formation of zinc borate. The XRD profile reveals tlepees

of ZnO phase (PDF # 36-1451) and zinc borate (@aBphase (PDF # 27-983)* Since

zinc borates have been shown to reduce the flammability of polymers by promoting cha
formation, its presence may have contributed to the reduction in PHRR observ&d here.
Since zinc borate was still present after the cone test, further strteliesjaired to
investigate the contribution of the lamella compound and zinc borate in reduditfg PH

observed in this study.
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Figure 5.17: XRD profile of char residue after conecalorimetry test of PMMA/ZHTMDBB-10
revealing the presence of ZnO [PDF# 36-1451] markeaith closed diamonds and stick spectrum
provided for ZnB,04 phase [PDF# 27-983].

The reduction in PHRR observed in this work can be attributed to char production
with the char acting as a protective layer and a barrier to heat andramstert The
burning of pure PMMA is characterized by bubbling and cracking of the surfaclk whic
enhances the transport of pyrolysis products to the surface thereby enhancing the
degradation proced&’?*?With this in mind, the production of a continuous layer of char
covering the whole surface should, in principle, lead to a much higher improvement in
PHRR as well as other flammability measures such as the limiting oxygen(r@g. A
continuous barrier does not allow degradation products below the heated surface to be

exposed to the fire during cone calorimetry test or external heat flux ingtieafzon
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. 222 showed that additives which cross-linked and formed a

process. Kashiwagt al
network char structure produced better improvements in flammability behavior than
additives which formed aggregates and pillars. The morphology of the chadfatmea
anionic clays are used varies with the metal constituents of the metakiadgdliayers,
the intercalated anion and the polymer. In some instances char covering theswheate

can be obtained resulting in greater reduction in PHRR and sometimes snedaesr

spread throughout the surface are obsefvéd.

The charring process in this work exhibited significant pillaring. The licitiar
formed covered the surface of the polymer but as the degradation continued, cracks
formed on the surface and bubbles from underneath the surface escaped. The movement
of these bubbles results in the coagulation of the char, forming discrete piiliars w
grew as the burning progressed. The pillars can be observed in Figure 5.18. The
coagulation of the char into pillars may be the results of the poor dispersion_éf$ha

the polymer, as indicated by TEM images discussed previously.
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Figure 5.18 Char of PMMA composites after cone calorimetry test

The pillars obtained in this work had two distinegjions the top part which we
white/light gray in coloand the lower part which was black. Samples froeséhtwc
regions showed the following elemental compons; white part: 71.81% Zn, 0.35%
13.65% O, 3.25% B, < 0.05% N, < 0,059. The mole ratio of Zn:Bor the white par
wasfound to be 3.6:1 and that of Zn:C was 37. For the black, lowepari of the pillar
elemental analysis determined a relative compwsaif 70.99% Zn, 0.47% C, 14.72

0,3.01% B, <0.05% N, < 0,05% The mole ratio of Zn:Bor the lower part we found
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to be 3.9:1 and that of Zn:C was 27.7:1. These results indicate that carbonaceous char
was formed at the lower part of the pillar. When the material started to deserthe

char started to form pillars as explained above, as the char limited heat aardamtt
transfer carbonaceous particles began to form underneath the char (alsogguotof

the char) resulting in the black part of the char. The stacking of theaméealearly

seen in Figure 5.18 which shows that the amount of char, size of the char pillars and the
surface coverage of the aluminum foil holder increased with the loading of the additive.
The cracking of the char and formation of char pillars exposed the polymer and its
degradation products to the fire during the burning process and this resulted in the char
not providing sufficient protection to effectively reduce the burning of the polyrher. T
char in this case served to slow the flow of combustibles thereby reducingritamsty

as shown by the reduction in PHRR; however the amount of polymeric material ghich i
combusted was not significantly affected as evidenced by the smaltioeducTHR

observed (Table 5.4).

54 Conclusions

The ZHTMDBB layered additive exhibited some intercalation by PMMA when
melt blended, with poorly dispersed additive tactoids observed in TEM images. The
thermal stability, degradation kinetics and fire properties of PMMA and itpasites
with ZHTMDBB have been studied by TGA and cone calorimetry. TGA redubtsed
that there was significant increment iy @nd T for all the composites as compared to

the pristine PMMA in both air and nitrogen and the additive has more stabilizicgiaffe
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air as compared to nitrogen and this has practical benefits in that fires iocanrs

oxygen environment. The degradation kinetics of PMMA and the composites showed that
the additives increased the activation energies for the first step in tlzeldign; the

activation energies of the second step in air were not significantly afflegten nitrogen

the E was reduced at higher conversion. The activation energy for the degradation in air
is lower than in nitrogen for the second step but for the first step the activatigresner

were not significantly different. All three methods used in this study wexgreement.

The additive significantly reduced the peak heat release rate (P6{RR)MA, despite

pillaring of the char. Similar to most LDHSs, it did not reduce THR. Further ogttraiz

is necessary to decrease smoke production.
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Chapter 6: Proposed future work

6.1 Effect of Guest Anions on Anion exchange Kinetics

In section 3.4 we observed that the releaseldCn from Co-HCn depends on
the nature and size of the guest anions. We only investigated the effectg ainilores
namely chloride, bromide and formate. For a more comprehensive study we need to
extent the investigation to other anions including the other members of the haloggn serie
(fluoride and iodine). Divalent anions such as carbonate will provide another dimension
for comparison; they have a higher charge density which may result in complete
exchange for all the systems. The release reactions in section 3.4 wiect @atrat a
single temperature, 40. It would be informative to study the temperature dependence
and evaluate the Arrhenius parameters in order to gain more insight into thendigter
due to guest anions. Isoconversional analysis would be most useful as we will foe able
determine whether the reactions occur via a single mechanism as ineixeHange or
the mechanism changes as the reaction proceeds. The exchange using bromiti@snions
been carried out at three temperatures as shown in 6.1, and the reaction shoviubempera
dependence. Two more temperatures are required in order to obtain more reliable

Arrhenius parameters.



154

A A A .
154 LA
A

" = 26°C
= a 30°C
e o
< 104 a A 40°C
s ]
% : [}
s |#
c
(¢} a
S 5
o A
O u

im
(]
Oa
T T T T T
0 25000 50000 75000 100000
Time (sec)

Figure 6.1: Plot of concentration as a function ofime (seconds) for the release of o-HCn using Bat
26°C, 30°C and 40C.

6.2  Effect of metal hydroxide layer on anion exchange kinetics.

The studies in chapter 3 and 4 have included the release©h from layered
metal hydroxide with different metal ion compositions, namely copper basedHh,
chapter 3) and zinc copper based (@ECn, chapter 4). We have observed some
intriguing results in these systems; while the release from-BHCn was complete and
the profile sigmoidal (section 4.3.2), the release fromt@Zn was incomplete and the
profile was deceleratory (section 3.3.2.1). The release rates wereyaifioantly

different, with rate constants being (4.3 + 0.7) %#0 and (2.9 + 0.05) x10s* for C-o-
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HCn and ZCe-HCn respectively. We need to extent this investigation to other metal
hydroxides composed of a variety of metal ions. The layered metal hydroxages

include HDSs and LHSs based on the following; zinc-cobalt, cobalt, zinc-niokel, a
nickel ions. Since the ortho isomer exhibited the greatest extent of reabiambe(c4),

we will use this isomer for the metal hydroxide composition effechdPatory work on
zinc,acetate LHS has indicated that the exchange was complete but the groduct i
biphasic as shown in Figure 6.5. Work still needs to be done in order to obtain a@single

HCn phase.
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Figure 6.2: ZH-0-HCn obtained from zinc hydroxy acetate
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6.3 Effect of Host anion structure

Understanding the effects of functional and subsiit groups, hydrogen bonding
and chain length on anion release will enable wioinayered metal hydroxides for
controlled release delivery. In chapter 4 we obsgthat the position of hydroxyl
groups had an effect on hydrogen bonding networikvesulted in significant
differences in the kinetics of anion release, wliftole moments influencing the extent of
release. To be able to tune controlled releaseeadglit is important to extend the study
to other substituent groups on the kinetics of m@wchange reactions. Some of the
anions proposed for this study are shown in FiguBe The nitro isomers would be most
interesting because, in addition to being capablg/drogen bonding, the —NOgroup is

electron withdrawing as compared to the other gsompich reverses the dipole

moments.
(@] .20
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o) .0 N
*\f)cf/ ~C |
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(a) chlorocinnamates (b) Aminocinnamates () Nitrocinnamates

Figure 6.3: Substituted cinnamates as model compoda for anions release kinetics
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Comparing these effects of substituent groups wptdgide more insight into the
effects of secondary bonding networks in stabilmatind retention of the anions in the
interlayer. Preliminary results in intercalationablorocinnamates in zinc,copper HDS
have indicated that the para isomer can be intexhlas a single phase while the ortho
and meta isomer intercalates are biphasic as shoftigure 6.4. Thus more work is

needed to obtain single phases of the ortho and is@&tner intercalates.

——2Cl-Cn
i ——3CICn
—— 4 CI-Cn
E)
3
Py
‘0
c -
3
£
~— B A o WU

5 10 15 20 25 30 35 40
2 6 (Degrees)

Figure 6.4: PXRD profiles of zinc copper based HDSstercalated with isomers of chlorocinnamate

Even though the ortho and meta isomer compoundsawhghasic, during
exchange with chloride anions, the ortho isomeharged completely while the para

and meta intercalates exchanged to a very low extérs is shown in Figure 6.5 where
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there are no reflections fromCICn in the exchange product (Figure 6.5 b) while
reflections from meta and para chlorocinnamatesidtehe major reflections in Figure
6.5 a and c respectively.
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Figure 6.5: Chlorocinamate intercalates and their chloride exchange products. (a) ZC-m-CICn, (b) ZC-o-
CICn and (c) ZC-p-CICn

Initial release reactions have been conducted @pLICn using chloride ion as
the exchange anion. Although the extent of releaselow, the kinetics of release was

slow which allowed us to obtain measurable kinatithout data scatter. There was a
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large induction period of close to 3 hours obsenwndabth XRD and UV-Vis analysis as
shown in Figure 6.6 a and b respectively. From XRfan be observed that there was a
dramatic change in the crystallinity of the matisret the onset of the exchange process
as observed in the basal reflections which becdramer and increased in intensity. This
is an indication of a chemical transformation whiebults in the increase of the

crystallite size.
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Figure 6.6: PXRD (a) and release profile (b) of p-CICn obtained at 40°C using 1 M chloride solution

It would be interesting to study the temperaturgetielence of the release and
also the effects of the position of the Cl grouptlomrelease behavior. The first step
would be to cleanly obtain intercalates of the @@ind meta isomers by varying

preparation conditions.
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6.4  Competitive uptake

The study of the competitive uptake of the isonwalisgive an indication of the
selectivity of the precursor LHS (ZC-Ac); the rdsuhay provide vital information to
explain the differences in the obtained anion medanetic parameters. Preliminary work
in CHN has shown that in a 50:50 mixtureogfiCn andp-HCn, p-HCn is preferentially
intercalated. The results though need to be treaittdcaution as PXRD which was used
to deduce this preferential intercalation is indosiwe. Absence of reflections from
HCn was taken as an indication that there was teodalation of the isomer, more
accurate methods will be used to be able, not mngyve a qualitative solution, but also
guantitative results of the relative amounts oheigomer intercalated. One possibility
will be to carry out the competitive intercalaticaction and then completely exchange
out the isomers. Isomer specific analytical techagjwill be used to qualitatively and
guantitatively analyze the isomer mixture. The tation of such a procedure though, is
that the secondary exchange should be complete wodeetermine the exact amounts of
molecules originally intercalated. Ragawaial. used‘H NMR to study the selective
intercalation of chlorophenoxyacetates, but semarabethods such as HPLC can be

very useful in this study.
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Appendix A

Representative UV-vis spectra collected duringréhease of isomers of

hydroxycinnamic acid
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Calibration curves used for the analysis of filtrates obtained froomaxchange reactions.
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Appendix C

Arrhenius plots for the determination of the adiima energy for (I) the release of 0-HCn
from C-0-HCn for (A) solid state analysis, (B) solution arsaé and (lI) for the release of
Cn from ZC-Cn (C) solid state analysis and (D) 8otuanalysis
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Appendix D

TG curves for the degradation of (a) &8HCn, (b) ZCp-HCn and (c) ZOnHCn in
nitrogen atmosphere at a ramp rate §CZin
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Extent of release fdia) m-HCn (b) o-HCn (c) p-HCn at different temperatures in 1 M
sodium chloride solution.
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Appendix F

In (1-S/S,)

In (S¢-Sp)

Fitting ZC-o0-HCn to different release models
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In (Sy/So)
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iii) Fitting ZCp-HCn to different release models
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