Marquette University
e-Publications@Marquette

Master's Theses (2009 -) Dissertations, Theses, and Professional Projects

Flame Retardancy of Polymer Nanocomposites
based on Layered Aluminum Phosphate and
Computational Study of Intercalation of Amines
into a-Zirconium Phosphate and Adsorption of a
Model Organic Pollutant

Ning Wang 1982-
Marquette University

Recommended Citation

Wang, Ning 1982-, "Flame Retardancy of Polymer Nanocomposites based on Layered Aluminum Phosphate and Computational
Study of Intercalation of Amines into a-Zirconium Phosphate and Adsorption of a Model Organic Pollutant" (2011). Master's Theses
(2009 -). 120.

https://epublications.marquette.edu/theses_open/120


https://epublications.marquette.edu
https://epublications.marquette.edu/theses_open
https://epublications.marquette.edu/diss_theses

FLAME RETARDANCY OF POLYMER NANOCOMPOSITES BASED ON
LAYERED ALUMINUM PHOSPHATE AND COMPUTATIONAL STUDY OF
INTERCALATION OF AMINES INTO a-ZIRCONIUM PHOSPHATE AND
ADSORPTION OF A MODEL ORGANIC POLLUTANT

By
Ning Wang, M. S.

A Thesis submitted to the Faculty of the Graduate School,
Marquette University,
in Partial Fulfillment of the Requirements for
the Degree of Master of Science

December 2011
Milwaukee, Wisconsin



ABSTRACT

FLAME RETARDANCY OF POLYMER NANOCOMPOSITES BASED ON TARANAKITE AND
COMPUTATIONAL STUDY OF INTERCALATION OF AMINES INTO ¢-ZIRCONIUM
PHOSPHATE AND ADSORPTION OF A MODEL ORGANIC POLLUTANT

Ning Wang, M.S.

Marquette University, 2011

Layered metal materials, such as layered metal hydroxides, hydroxy double salts, and layered metal
phosphates can be used for applications such as fire retardancy, ion exchangers, or removal of pollutants.
Optimization of materials for these applications requires an understanding of their physical and chemical
properties.

Part A: Flame retardancy of polymer nanocomposites based on taranakite

Taranakite with tunable interlayer spacing has been prepared and modified by sodium dodecyl
sulfate (AL-SDS). The layered materials are used as the additive to study the fire retardancy of polymers,
including polystyrene (PS), polypropylene (PP), and polyvinyl alcohol (PVA). The dispersion of
taranakite was characterized by X-ray diffraction. The thermal stability of taranakite and polymer
composites was assessed by thermogravimetric analysis, and the results obtained suggest that the presence
of taranakite improved the thermal stability of the polymer composites. The onset degradation
temperature and mid-point temperature increased with increasing loading of taranakite in PS, PP and
PVA. An understanding of the degradation mechanism of the polymer/taranakite composites allows us to
explore the potential role of this layered material in enhancing polymer fire retardancy. The fire
retardancy properties of the polymer composites were evaluated by cone calorimeter (PS, PP) or by use of
a micro cone calorimeter (PVA). Polymer composites containing taranakite have been shown to exhibit
lower peak heat released rate (PHRR) compared with the virgin polymers, especially for PVA. The
source of the reduction in peak heat release rate for non-polar polymers, such as PS and PP, is
hypothesized to be due to the formation of char that slows down the burning process and the formation of
ester groups during decomposition of the polymers. For a polar polymer, such as PVA, hydrogen bonding
of the phosphate ion and polymer molecule at the first degradation step is likely to contribute to the
improved thermal stability.

Part B: Computational study of intercalation of amines into a-Zirconium phosphate and adsorption of a
model organic pollutant

o -Zirconium Phosphate (a-ZrP) is an example of a layered material that can be used as an ion
exchanger. The intercalation of amines into the interlayer of a-ZrP, and the adsorption of chlorophenol by
the modified a-ZrP, was investigated. The intercalated o-0ZrP can be used to remove the organic
pollutants from aqueous solution. Density functional theory using the B3LYP functional with a 6-311G*
basis set was used to explain the previous experimental results.

Previous experimental work in our laboratory has focused on the adsorption of 4-chlorophenol by
ZrP-DHDA, XRD and FTIR data suggest that chlorophenol and DHDA were co-intercalated in the d-
space of a-ZrP. Density functional theory calculations were carried out in this work using phosphoric acid
as simple model systems. Based on the computational results reported here, the driving force for the
adsorption was found to be hydrogen bonding between the phosphate and chlorophenol.



PREFACE

Layered metal materials are a family of 2-dimensional nano or micro-scale solids containing
several layers stacked with interlayer galleries. While there are numerous examples of these
compounds, only select examples, such as layered double hydroxides (LDHs), layered metal
phosphates and layered double salts, have been tested for applications such as catalysis, drug
delivery, anion separation, fire retardancy, and environmental water decontamination. These
materials are promising targets for their applications since they have structural properties that
can be utilized as design parameters to fine tune effectiveness in chosen applications.

The goals of this work are to synthesis and characterize layered metal phosphates with
specific metal cations (aluminum and zirconium) and to explore the applications of these
compounds in either fire retardancy of polymers or removal of pollutants from aqueous solution.

In Chapter 1, the preparation and characterization of taranakite, and a modification of it by
sodium dodecyl sulphate, are described. The fire retardancy and thermal stability of polymer
composites with these materials as additives were also investigated. Compared with LDHs and
other layered materials, polymers with taranakite showed enhanced fire retardancy with polar
and non-polar polymers.

In Chapter 2, density functional theory (B3LYP/6-311G*) calculations were combined with
previous experimental results to characterize the intercalation of amines into the a-zirconium
phosphate (a-ZrP) and the adsorption of 4-chlorophenol from aqueous solution by the amine-
intercalated a-zirconium phosphate. The energies for different possible interactions between the
interlayer phosphate, amines and chlorophenol were determined in order to provide an
explanation of the co-intercalated arrangement of amines and chlorophenol.
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Part A. Preparation and characterization of layered aluminum phosphate and
effects on dispersion and fire retardancy on polymers

Chapter 1 Introduction

The expanding use of polymers in a wide variety of applications results in a continuous
demand for improved thermal and mechanical properties to endure increasingly stringent
conditions.” The reduction in the polymers’ propensity to ignite and burn efficiently is a critical
factor to consider because the polymer/plastic materials comprise a large fraction of the fire
loading in houses, commercial environments and transportation. Hence, it is clear that fire

retardants are important part of polymer formulations.

The conventional fire retardants are halogen-based compounds that are economical and
which can enhance the fire retardancy of polymers without degrading their physical property,
such as strength. However, toxic species such as dioxins and furans, which are generated during
the combustion of halogen-containing composites, could cause serious environmental
contamination.”” Therefore, developing halogen-free, low-smoke, and environmentally-friendly
fire retardant composites has become increasingly important in recent years. Inorganic
hydroxides, such as aluminum hydroxide or magnesium hydroxide are among the most widely
used inorganic fire retardants at the present time due to their non-toxic and environmentally
friendly properties.'”'* However, the high levels of loading (30 wt%-60 wt%) are required,
leading to additional costs, processing difficulties and a decrease in physical properties of the
polymers. Hence the development of new highly effective, “green” fire retardants has prompted

much attention during the last decade.>!>16



Fire retardants with very small particle size appear to offer significant advantages over
conventional formulations. Nano-scale layered metal materials, such as clay and layered double
hydroxides (LDHs) have been tested as potential fire retardants that could improve the flame
retardancy, while improving physical properties (such as the tensile strength, and elongation at
break).!”" In layered material/polymer systems, concurrent improvements across multiple
properties are typically achieved, such as flammability and also the biodegradability
behaviors.”**' These improvements of polymer nanocomposites usually originate from the
change of the polymer nature in the vicinity of the additive and depend strongly on the

dispersions of additives in the polymers. ****

1.1  Structure and properties of polymer/layered nanocomposites

The incorporation of layered materials in polymers was first reported in the early 1960’s,
while the serious investigation of this area began in the 1990’s. Two applications are cited as
milestones for the revival of interest during the 1990°s: (a) the Toyota research group developed
the PA-6-clay nanocomposites for large scale industrial application;** and (b) Vaia et al. found
that blending layered materials with polymers in the molten state offers a versatile and
environmentally benign approach for synthesizing nanocomposites.”® This new class of
materials is becoming of increasing interest world-wide due to the fact that the addition of a
relatively small amount of these materials enhances most of polymers properties, such as

mechanical, thermal stability, flame retardancy.”’

Most of the literature concerning layered materials as additives to polymers has focused on

nanocomposites of two types of nanomaterials: (a) montmorillonite (MMT), a cationic clay;**>°

(b) layered double hydroxides (LDHs), sometimes referred to as hydrotalcite-like anionic



clays.>'?* Recently, synthetic layered metal phosphates are emerging as a new class of
nanofillers for polymers.*> For example, a-zirconium phosphate has been employed to fabricate
polymer nanocomposites with good mechanical properties.*®”’ Because of the weak interactions
between a-ZrP nanoplatelets, the intercalation or exfoliation of the nanolayers in polymeric

matrix can be achieved via in situ polymerization and solution methods.***

1.1.1 Cationic clays

. - 40-42
Cationic clays, also named smectite clays,*

are a family of layered silicate materials
known as 2:1 phyllosilicates. Examples include montmorillonite, fluorohectorite, hectorite,
saponite, kaolinite and magadiite. =~ The most widely used for polymer nanocomposites is
montmorillonite (MMT). The general formula of MMT is (Na, Ca) (Al, Mg)s (S14010)3(OH)s - n
H,O0, and the structure of MMT consists of stacked layers made of two silica tetrahedrons fused
to an edge-shared octahedral sheet containing metal cations, such as AI*" or Mg®", hydroxyl
groups and oxygen groups.*® The layer thickness is approximately 1 nm and the length may vary
from 30 nm to several microns with an aspect ratio (length/thickness) greater than 1000. The
adjacent layers are separated by a regular van der Waals gap, called the interlayer or gallery.

Substitution of tetrahedral Si(IV) by M(III) (such as AI’") within the layers generates a negative

charge, which the net charge can be counterbalanced by sodium or calcium ions in the interlayer.

Most cationic clays show a range of useful properties including surface acidity and
cationic diffusion which make them a useful as base materials for medicines, catalysts, ion
exchangers, corrosion protectors and also as additives for potentially enhancing fire retardancy

of polymers.**



1.1.2 Anionic clays

Synthetic anionic clays,“("50

are also of great interest due to their potential applications in
many different areas. The most popular anionic clays are hydrotalcite - like layered double
hydroxides. The general formula for LDHs is [M2+1_X M3+1_X (OH)2]x+ A" - nH,O, where M?" and
M>" are metal cations which occupy the octahedral lattice sites of the brucite — (Mg(OH),)*'*?
like layers forming positively charged hydroxides sheets, with anions, A" and H,O occupying
the interlayer space. Partial M*" to M*" substitution induces a positive charge on the layers which

balanced by the presence of the interlayer anions. Figure 1.1 is the scheme of the LDH structure

and its chemical formula.

- _- --;-:-—":';" - :E'FI{DH}]

':d ﬁ ﬂ VJ r.: ':d !: ﬁ L /1 brucite-like layers

Chemical formmula:
(s, M. M (OHF D HOF

ﬂﬁifﬁﬁﬁﬂm

Figure 1.1 The scheme of the LDH structure and chemical formula.

Pinnavaia and coworkers investigated the structure and properties of Mg/Al LDHs.” The gallery
height of these LDHs with CI” as the interlayer anions, is about 2.97A. The pristine LDHs could
not be readily dispersed in the polymer matrix to obtain the polymer nanocomposites because the
d-spacing is too small to allow monomers or polymer molecules get into the interlayer spaces,

and the hydrophilic surfaces of LDHs layers are not compatible with hydrophobic polymer



molecules. Therefore, substitution-suitable interlayer organic anions are needed to change the
polarity of LDHs. There are two methods typically used to modify the LDHs by using organic
molecules. One method is direct synthesis of an LDH with organophilic surfactants in its gallery
space, while the other method is the synthesis of LDHs with a small inorganic anions followed
by an anion exchange reaction to incorporate surfactant anions with long organic chains (shown
in Figure 1.2). Pinnavaia and Constantino have studied the properties of LDHs with different
exchangeable anions.” The intercalation of these long chains anion will result the expansion of

the gallery height. Intercalated LDHs are of interest in various aspects of chemistry including

56-58 20;60

catalysis,”** fire retardancy, ion mobility,” environment protection and pharmaceutical

applications.®’
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Figure 1.2 Schematic process of intercalation of organic molecules into LDH

In addition to LDHs, there are other types of anionic clays, such as hydroxyl double salts
(HDSs), layered hydroxyl salts (LHSs) and layered metal oxides. These materials have the
similar structure with LDH, and they also possess the anionic exchange abilities as LDHs.
Varying the metal identity and composition in these compounds is expected to generate a wide

range of chemical applications.****



1.1.3 Phosphorus based fire retardants

Phosphorus-containing flame retardants cover a wide range of inorganic and organic
compounds and include both reactive products which are chemically bound into the polymer
material as well as additive products which are integrated into the material by physical mixing

only.* They have a broad range of applications, and a good fire safety performance.

1.1.3.1  Organic phosphorus-containing flame retardants

The most important organic phosphorus-containing flame retardants are phosphate esters,
phosphonates, and phosphinates.® Phosphorus-containing flame retardants are widely used in
engineering plastics, polyurethane foams. Phosphate esters are as flame retardant plasticizers in
polyvinylchloride (PVC, alkyl/aryl phosphates) and engineering plastics.”” Phosphates,
phosphonates and phosphinates usually work well as reactive phosphorus-containing flame
retardants in flexible polyurethane foams for automotive and building applications.®® Organic
phosphinates are a new class of flame retardants for use in engineering plastics, particularly in
polyamides.”” Flame retardant grades based on red phosphorus are mainly used in glass fiber
reinforced polyamide 6 and 66.° Ammonium polyphosphate (APP) grades are primarily used in
intumescent coatings.®® They are also found in rigid and flexible polyurethane foams and
polyolefins in formulations for unsaturated polyesters, phenolics, epoxies, and coatings for

textiles.

There are a range of proposed mechanisms organic phosphorus-containing fire retardants.®

The phosphorus content of the different chemicals varies from as low as 9.5% in case of



Tricresyl Phosphate (TCP) to as high as red phosphorus (100%). In addition, the phosphorus
atom is found in oxidation states ranging from 0 to 5. Typically, phosphorus-based flame
retardants are designed to develop activity in combination with the starting decomposition of
basic polymer. These additives may offer partial gas phase contributions to the flame
extinguishing effect which are comparable to halogen-containing flame retardants. However, the
main feature is char forming activity sometimes combined with foaming or intumescence, which
forms a protective top layer on the surface. This type of solid-phase mechanism provides an

advantage of less release of smoke and gases in case of a fire situation.

1.1.3.2  Layered metal phosphates fire retardants

In recent years, increasing attention has been focused on the development of polymeric
nanocomposites with an inorganic phase that contains phosphate.” a-zirconium phosphate (a-
ZrP) is an example of the inorganic layered metal phosphates that show potential application in
the fields of fire retardancy.”’ One of the most interesting aspects of these new materials is their
capacity to reduce rate of combustion of the polymers, which is similar to that observed with
common natural layered nano-fillers such as montmorillonite. However, a-ZrP has a higher ion-

exchange capacity and a greater thermal and chemical stability.”"

1.1.4 Preparation and morphology of the polymer/layered materials composites

There are many methods to incorporate polymers with the galleries of a layered materials,

73;74 75

such as exchange,” co-precipitation, in situ polymerization,”*” surfactant medicated
incorporation,73 hydrothermal treatment,”* reconstruction,’® and res‘[acking.73 The different

pathways of the nanocomposite preparations are shown in Figure 1.3.



Polymer/layered material composites form a variety of structures: Immiscible systems, also
known as microcomposites, arise when the polymer is unable to intercalate into the galleries, and
a phase-separated composite is formed. In this case, the layered material is not nano-scale
dispersed in polymers and is essentially behaving as a micro-scale additive. Intercalated
composites, where the extended polymer macromolecules diffuse between unchanged layer
sheets, result in a well-ordered multilayer structure of alternating polymeric and inorganic layers
with a repeating distance of few nanometers between them. Exfoliated, also known as
delaminated nanocomposites, occur when the clay layers are separated and uniformly dispersed,
maximizing thus the polymer-layer material interactions.””” Figure 1.4 shows the three

polymer/LDH composite structures.
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Figure 1.3 Possible pathways for intercalated nanocomposite preparation by (a) monomer
exchange and in situ polymerization, (b) direct polymer exchange, and (c) restacking of the

exfoliated layers over the polymer (The picture is adapted from ref. 60).
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Figure 1.4 Polymer/layered material composite structures. (a) original layered compound,
(b) immiscible system (microcomposite), (¢) intercalated nanocomposites, (d) exfoliated
nanocomposites. (The picture is adapted from ref. 46)

X-ray diffraction (XRD) is the most common method to characterize layered compounds
and to identify the dispersion of the polymer matrix into the galleries of the layered materials.®
XRD is used to probe alterations in the order of layered materials by monitoring the position,
shape, and intensity of their basal reflections. Increasing interlayer spacing is identified by a shift
of the diffraction peak to lower angles, according to Bragg’s law, leading eventually to
featureless patterns (such as those exhibited by exfoliated structures or non-crystalline materials).
Three typical polymer/ layered materials composites structures may be identified by XRD data.
Figurel.5 shows sample XRD patterns of the initial layered materials and what would be
expected in the three different models of dispersion. In an immiscible system or a
microcomposite, the polymer does not enter into the gallery space of the layered material, so the
XRD data of this system is consistent with the original layered materials. An intercalated
nanocomposite is obtained when the polymer enters the gallery space and the registry between
the layers is maintained but expanded. In this case, the first peak of XRD shifts to the lower
angle. In an exfoliated system, also referred to as a delaminated system, an excellent nano-
dispersion of the layered material into the polymer matrix is accompanied with a loss of the

registry between the layers, and the XRD loses all the peaks. However, there are some



11

limitations in using the XRD data alone to identify the nanocomposites. For example, when the
layered compounds and the polymer are incompatible with each other, aggregation of the layered
materials may lead to incoclusive information from the XRD data. A sample containing a
largement of aggregrated additive will show all the peaks of original layered materials, while the
other areas without the crystals will show the no peaks. Transmission electron microscopy (TEM)

is utilized as an effective means of developing insights into the internal structure and spatial

distribution of the various dispersions, through direct visualization.*'*
Initial XRD pattern of layered XRD patterns of different dispersions
material
Immiscible
composites
Intercalated
J JM_\— composites

Exfoliated

composites

Figure 1.5 XRD patterns of initial layered materials and the three different dispersions
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1.1.5 Fire retardancy of polymer/layered nanocomposites

One mechanism proposed to explain the effects of layered materials on polymer combustion
is the formation of a multilayered carbonaceous-layered structure on the surface of
nanocomposites during the combustion.**** The carbonaceous char may be reinforced by
crystalline layers, creating an excellent physical barrier which protects the substrate from heat
and oxygen, and slows down the escape of flammable volatiles generated during polymer

degradation. Lewin et al. proposed another mechanism,***®

suggesting that the accumulation of
layered compounds on the surface results from the migration of layers driven by their lower

surface free energy compared with carbon-based polymers, and this accumulation results the

prevention of the polymer degradation.

1.1.6 Methods for evaluating the flammability of polymer/clay composites

Several methods have been used to evaluate nanocomposite flammability and thermal

stability:
Thermogravimetric analysis

Thermogravimetric analysis (TGA), is a typical method to determine the thermal properties
of polymeric materials. The method measures the changes in sample mass with temperature,
under a N, atmosphere. The result is a graph plotted with percent mass loss as a function of
temperature. The important information includes the degradation onset temperature (10 wt% loss
of polymer), the midpoint degradation temperature (50 wt% loss of polymer), and the weight of

the char material (usually the weight of nonvolatile material after 600 °C).
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Cone Calorimeter

The cone calorimeter (Figure 1.6) has become one of the most important instruments to
study the fire retardancy of polymer materials.®’ The heat release rate is obtained. The instrument
is constructed using the oxygen consumption principle to determine the rate of heat release.*It is
a small-scale test, the results of which are applied to large-scale fire situation. This method
provides the following important information on heat release rate (HRR) and, especially its peak
value (PHRR), total heat released (THR), mass loss rate (MLR) and its average value (AMLR),
time to ignition (t;,), and average specific extinction area (ASEA) which is a measure related to
smoke production. Ideally, a decrease in PHRR, THR, AMLR, and ASEA with an increase in t;,
is desired. The PHRR from burning combustibles is considered to be the most important

parameter in predicting the course of the fire and its effect.*
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Figure 1.6 Schematic view of the cone calorimeter®
The key cone parameters and their units are:
PHRR: peak heat release rate (kW/m®)
THR: total heat released (MJ/m?)
AMLR: average mass loss rate (g/s'm?)

ASEA: average specific extinction area (m*/kg). The ASEA is the parameter related to the smoke.
It is the product of two fundamental smoke parameters, specific extinction area and smoke mass

fraction of the fuel mass loss.
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tig: time to ignition (second)
t,: time to peak heat release (second)
Microscale combustion calorimeter (MCC)

A micro-scale combustion calorimetric method has been developed to measure flammability
parameters of milligram sample combustion.”® Compared with a cone calorimeter, the MCC only
requires a small amount of sample (1-10 mg). It utilizes a fast high heating rate (1°C/s), and high
heating temperature (up to 900°C), so that the pyrolysis and combustion of the sample are
complete.”’ Figure 1.7 shows the schematic process of the sample combustion in the MCC.
There are two types of gases that pass through the sample holder, nitrogen or oxygen. N, leads to
the complete pyrolysis, and O, leads to combustion. When the pyrolysis occurs in the polymers,
the fragments from the cleavage of the polymers can be collected and analyzed by mass
spectrometry (MC), infrared Spectrometry (IR) or other analytical methods. In the combustion
portion of the experiment, the MCC collects quantitative information of heat release rate, mass
flow rate, total heat released and char yield. Unlike the traditional cone calorimeter test, smoke

information such as ASEA is not collected.
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Figure 1.7 Schematic process of combustion of the sample in MCC

1.1.7 Motivation for study

A key property possessed by layered materials is their ability to incorporate large molecules
such as polymers into their gallery spaces. The resulting strength and fire properties may vary
depending on the morphology of these polymer/clay composites. Therefore, matching a given
polymer with optimized layered compounds is important to enhance the desired properties. The
ultimate long-term goal of this research is to be able to prepare various layered materials that
could be more compatible with polymers, and then to use layered nanomaterials with selected
polymers for the production of new fire retarded polymeric systems. In our laboratory, we
synthesize many different types of layered nanomaterials, modify them, and study the

applications of these materials, including the fire retardancy, as well as organic pollutant removal
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from water. In the case of fire retardancy applications, our goal is to optimize materials for

improved polymer dispersion and to enhance their thermal properties.

Chapter 2 Experimental

2.1 Materials

Polystyrene (My ca. 230000, M, ca. 140000) , polypropylene (isotactic melt index 230 °C),
poly vinyl alcohol (Mw ca. 146000 87% - 89% hydrate), ethylene vinyl acetate (18% vinyl
acetate), butanol, and butylamine, were acquired from the Sigma-Aldrich Chemical Co.
Aluminum isopropoxide, phosphoric acid (85% w/w), phosphate monobasic potassium (97%),
potassium hydroxide, aluminum nitride nonahydrate (97%), sodium dodecyl sulfate (SDS), were

obtained from TCI America. All materials were used as obtained from the manufacturers.

2.2 Preparation of layered aluminum phosphate

There are two common methods to synthesize layered aluminum phosphate: hydrothermal
and co precipitation methods. Particular compositions and architectures (1-dimension, 2-
dimension and 3-dimension) of layered aluminum phosphate crystals can be obtained using

different methods.

A literature method for synthesis by co-precipitation was utilized.” The ALP synthesized
using this method was assigned as taranakite. A solution of AI(NO3);-9H,O (0.12 mol) in
deionized and decarbonated (heat the water to 100 °C for 2 hours to release the CO, in the water)
water (120 mL) was added dropwise to a solution of KOH (0.24 mol for Al/P molar ratio 1:2 or

0.18 mol for Al/P molar ratio 2:3) and KH,PO4 (0.24 mol for 1:2 or 0.18 mol for 2:4) in
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deionized water (180 mL) with vigorous stirring. The pH was about 4 ~ 5. The resulting slurry
was aged at room temperature for 24 hours with stirring, and then washed with deionized and

decarbonated water before drying it in air at room temperature.

The hydrothermal synthesis was performed using Chippindale’s method.”” Aluminum
isopropoxide (3 g) and phosphoric acid (1.9 mL for 1:2 or 2.4 mL for 2:3) were added to butanol
(23.7 mL). The mixture was stirred until homogeneous and the butylamine (7.5 mL) added. The
gel was heated to 150°C, and then transferred into a preheated (150°C) Teflon-lined autoclave
for 24 hrs. The solid precipitation was collected by filtration, washed with distilled water and

briefly dried in air at 80°C.

2.3  Modification of taranakite

The sodium dodecyl sulfate (SDS) modified aluminum phosphate (AL-SDS)
was prepared by following a procedure similar to the preparation of magnesium aluminum
undecenoate layered double hydroxide.”* A solution of 72 g SDS (0.4 mol), 10.08 g KOH (0.12
mol) and 16.32 g KH,PO4 (0.12 mol) were dissolved in deionized water (500 mL) and heated to
50 °C. Then a solution of 45 g AI(NO;3);-9H,O (0.12 mol) in water (120 mL) was added
dropwise to SDS solution with vigorous stirring. The resulting colloidal precipitate was aged for
48 hours at 50 °C, and then repeatedly filtered and washed with deionized water before it was

dried in an oven at 50 °C for 24 hours.

2.4  Preparation of polymer/taranakite composites

All polymers except PVA were prepared by melt blending methods in a Brabender mixer®”.

The loading for all the polymer/taranakite composites was maintained at 3, 5 and 10 wt% of
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taranakite or AL-SDS. The requisite amounts of polystyrene (PS), polypropylene (PP), and
taranakite were premixed in a beaker and stirred, then transferred to a Brabender Plasticorder
operated with a screw speed of 60 rpm and residence time of 20 min. The temperature for melt
blending was 200°C for PS and 185 °C for PP.”® The reference samples of pure PS and PP were

obtained using the same treatment procedure, without the additives.

The PV A/taranakite composite was prepared using a solution method.”” The 5 g of PVA
was dissolved in 200 mL deionized water held at 80 °C with vigorous stirring. Different masses
of taranakite were added to obtain loadings of 3%, 5% and 10 wt%. The mixture was kept
stirring for a week at a temperature 80°C, then the mixture solution was dried at room
temperature. The PVA/AL-SDS composite was prepared using same method with
PV A/taranakite, but it was found that AL-SDS is not compatible with the PVA polymer because
the AL-SDS precipitated after stirring, therefore the PVA/AL-SDS system was not included for

further experiments.

Chapter 3 Results and Discussion

3.1 Characterization of the layered aluminum phosphates

3.1.1 X-ray diffraction of taranakite and AL-SDS

The X-ray diffraction patterns of layered aluminum phosphate prepared by using different
methods are shown in Figure 3.1(I). Curves (a) and (b) are for samples synthesized via the co-
precipitation method with the Al:P molar ratio of 1:2 and 2:3 respectively, and curves (c) and (d)

were obtained with samples synthesized via the hydrothermal method with the Al:P molar ratio
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of 1:2 and 2:3 respectively. The ALP samples prepared using co-precipitation method shows a
good layered crystalline structure. The ALP synthesized using hydrothermal method shows
crystalline structure, but not a good layered structure. The different molar ratios of AL:P also
resulted in different structures. The co-precipitation ALP was used for the rest of the fire
retardancy studies because it has better layered crystalline structure, and also it contains no

organic composition.

Figure 3.1 (IT) shows the XRD of (a) co-precipitation ALP and (b) taranakite. The pattern
shows many sharp reflection peaks which are indicative of a crystalline material. Peak positions
are all consistent with the XRD of taranakite mineral (PDF 29-981) in literature.”® Table
3.1shows the 20, intensities of peaks and d-spacing of literature assignment for taranakite and the
observed values for our sample. Therefore, the co-precipitation ALP sample is assigned to be

taranakite.
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Figure 3.1 X-ray diffraction patterns of layered aluminum phosphate, (I) XRD of ALP at
different conditions, which (a) and (b) are co-precipitation method with Al:P molar ratio at
1:2 and 2:3, (c¢) and (d) are hydrothermal method with Al:P molar ratio at 1:2 and 2:3. (I)
XRD of co-precipitation ALP compared with taranakite.

Table 3.1 The 20, intensity and d-spacing of Taranakite and ALP

Taranakite (PDF 29-981) ALP
2Theta (°) I“t(‘f,;‘)‘;‘ty d-spacing() | 2Theta(°) I“t(‘f,;‘)‘;‘ty d'sl(’gs“‘g

5.58 100 15.84 5.65 100 15.65
11.17 11.9 7.92 11.25 11.95 787
11.89 16.72 7.44 12.00 16.77 7.38
12.32 3.41 7.18 12.45 3.46 711

15 9.48 591 15.05 9.53 5.89
17.58 233 5.04 17.60 238 5.04
19.02 1.88 4.67 19.06 1.93 4.66
2041 3.44 435 2045 3.49 434
206 7.63 431 20.64 7.68 4.30
21.17 1.66 4.20 2121 171 4.19
211 2.68 4.02 215 273 4.01
2332 24.92 381 2336 24.97 381
2374 551 375 2378 5.56 374




23.91 2.45 3.72 23.94 2.46 3.72
24.82 12.51 3.59 24.86 12.52 3.58
26.54 5.69 3.36 26.58 5.73 3.35
27.06 7.85 3.29 27.10 7.9 3.29
28.04 4.54 3.18 28.08 4.54 3.18
28.17 2.58 3.17 28.21 2.62 3.16
28.45 19.39 3.14 28.49 19.44 3.13
30.27 4.46 2.95 30.29 4.51 2.95
30.52 1.87 2.93 30.56 1.91 2.93
31.42 1.03 2.85 31.46 1.06 2.84
31.5 8.3 2.84 31.54 8.34 2.84
31.76 11.5 2.82 31.80 11.52 2.81
32.11 3.52 2.79 32.15 3.57 2.78
32.72 59 2.74 32.76 5.95 2.73
32.82 1.14 2.73 32.86 1.19 2.73
33.11 1.69 271 33.15 1.74 2.70
33.95 3.73 2.64 33.99 3.78 2.64
34.13 2.89 2.63 34.17 2.94 2.62
34.17 6.55 2.62 34.21 6.61 2.62
34.93 3.23 2.57 34.97 3.28 2.57
35.36 1.91 2.54 35.40 1.96 2.54
36.2 1.35 2.48 36.24 1.38 2.48
37.56 4.81 2.39 37.60 4.86 2.39
37.56 1.38 2.39 37.60 1.43 2.39
38.38 2.11 2.35 38.42 2.16 2.34
39.77 1.95 2.27 39.81 1.97 2.26
42.02 1.73 2.15 42.06 1.78 2.15
43.3 2.41 2.09 43.31 2.48 2.09
43.82 5.19 2.07 43.86 5.24 2.06
44.05 1.84 2.06 44.09 1.89 2.05
44.37 1.58 2.04 44 .41 1.68 2.04
45.82 1.32 1.98 45.86 1.37 1.98
46.11 1.41 1.97 46.15 1.46 1.97
46.38 1.67 1.96 46.42 1.72 1.96
47.69 2.44 1.91 47.73 2.46 1.91
48.83 1.08 1.87 48.87 1.13 1.86
49.31 1.13 1.85 49.35 1.18 1.85
49.98 1.81 1.82 50.02 1.87 1.82
50.65 2.04 1.80 50.69 2.09 1.80
50.78 1.15 1.80 50.82 1.2 1.80
51.33 241 1.78 51.37 2.44 1.78
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52.39 1.39 1.75 52.44 1.44 1.75
53.22 2.64 1.72 53.26 2.68 1.72
54.58 1.05 1.68 54.62 1.1 1.68
55.91 2.69 1.64 55.92 2.74 1.64
57.21 1.76 1.61 57.25 1.77 1.61
57.81 1.04 1.60 57.85 1.09 1.59
61.75 1.13 1.50 61.79 1.15 1.50
65.48 1.04 1.43 65.49 1.09 1.43
74.02 1.13 1.28 74.06 1.17 1.28
74.24 1.07 1.28 74.27 1.12 1.28

Taranakite is one type of alkyl aluminum phosphate mineral reported by Hector and
Skey ,” which was found in caves. The unit cell of taranakite contains six layers with the

composition K3A15(PO4)2(HPO4)6-18H20.100 Taranakite crystallizes in the hexagonal crystal

23

system. The unit cell dimensions are a =870.25 pm and ¢ = 9505 pm, enclosing a volume of

6.234 nm’ and the c-axis of taranakite is the longest of all known minerals.'”" Figure 3. 2 is the

schematic structure of taranakite, which six layers are stacked with the interlayer water

molecules.
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Figure 3.2 Schematic structure of taranakite crystal.'”

Figure 3.3 shows an overlay of the XRD patterns for the pristine taranakite (a) and AL-SDS
(b). The AL-SDS pattern shows three sharp reflection peaks which also indicate good layer
structure in the AL-SDS, and the absence of taranakite peaks in AL-SDS pattern indicates the
completeness of the ion-exchange process. All of the peaks, including the first diffraction peak
that is associated with the interlayer space, moved to lower 20 than ALP pattern, which means
the expansion of interlayer distance. This is consistent with the intercalation dodecyl sulfate ions
with an increase in d-spacing of the pure taranakite from 15.9 A to 30.9 A. The d-spacing upon
intercalation of the dodecyl sulfate ion, is 17.1 A, which is calculated by subtracting the solid
layer thickness of 13.78 A.'®! The increase is consistent with the potential replacement smaller
PO4> with a larger dodecyl sulfate anion (16.4 A). The chain length of SDS was calculated using

Gaussian 98 program and carried out at DFT (B3LYP) level of theory with 6-311G* basis set.
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The chain length was calculated as the inter-atomic distance between the sulfate oxygen and the
hydrogen atom of the furthest methyl group. Figure 3.4 shows the intercalation process of SDS
anion in ALP, and the proposed arrangement of dodecyl sulfate anions into the layer is an

intercalated structure (interdigited or tilted orientation).
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Figure 3.3 XRD pattern of AL-SDS (b) compared with pure taranakite (a)
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Figure 3.4 Modification process of taranakite by SDS

In the XRD, the first three 20 values 5.65°, 11.25° and 12.0° are for (006), (00(12)) and
(012) peaks of taranakite respectively. The d-spacing of taranakite was calculated by using the
Bragg equation with the doos peak to be 15.7 A. Crystallite sizes in the c-axis dimension were

estimated using the Scherrer equation:

KA
Bcosb (1)

where 7 is the crystallite size and « is a constant (shape factor = 0.9 for powders), B is the full
width at the half maximum (Full-Width Half-Maximum, FWHM) of the diffraction peak after

correcting for instrumental broadening. The instrumental broadening was corrected by the silicon
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111 peak at 28.4° where the FWHM of 111 peak of silicon was deducted from the FWHM of the
sample’s first peak. A is the X-ray wavelength which is 1.54 A for Cu-x,;. The 00€ (¢=1, 2, 3...)
peaks were used to estimate the average crystallite size, which is 29 nm for taranakite and 25 nm
for AL-SDS. The layers stacked of taranakite and AL-SDS for one crystal could be calculated by
the average c-axis crystallite size and d-spacing obtained from XRD, which are 12 layers stacked

for ALP crystal and 8 layers for AL-SDS crystal.

3.1.2 Infrared spectrum of taranakite and AL-SDS

The infrared spectrum of taranakite is shown in Figure 3.5. The spectrum agrees with that
reported by Sakae et al.'” The phosphate absorption bands were observed from 876 to 1200 cm™,
bands from 1100 to 1200 cm™ were assigned as the stretching bands of P = O bond. The
absorption bands of 1643 and 3063 cm™ were from H,O, while broad band at about 3372 cm’™
can be assigned to the stretching of water hydroxyl groups, suggesting that taranakite has
adsorbed water molecules. FT-IR spectrum also confirmed the absence of other anions, such as

nitrate and carbonate that normally appear at 1385 cm™ and 1365 cm™, respectively.
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Figure 3.5 FTIR spectrum of taranakite

The FTIR spectrum of AL-SDS is shown in Figure 3.6, along with the taranakite and pure
SDS spectra. After ion exchange, the phosphate absorption bands (876 to 1200 cm™) disappeared
and S = O stretching bands appeared at 1210 cm™ and 1047 cm™. The absorption band at 803
cm’ is assigned as the S-O stretching band. The absorption bands of 2913 cm™ and 2856 cm™
are assigned as the C-H stretching bands of alkyl chain. The FTIR spectroscopy thus confirms

the presence of dodecyl sulfate in AL-SDS.
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3.2 Characterization of polymer/taranakite composites

The nature of polymer/taranakite composites was evaluated by monitoring the XRD data.
The formation of an intercalated composite results in an extended basal spacing of the XRD
pattern, while the formation of an exfoliated composite leads to the complete loss of registry
between the layers and therefore no peak is observed. It is noted that the absence of a peak is not
proof of exfoliation because the disappearance of peaks from the XRD trace could be due to
various types of disorder.'” The presence of an XRD peak at a lower 20 indicates the formation
of an intercalated structure, while the presence of a small, diffuse peak may suggest a mixed
intercalated-disordered structure.

Figure 3.7 shows X-ray diffraction patterns of the PS, PP, PVA composites. The peaks for
the composites at the lower 20 disappeared for the PS and PP composites, which suggested that
the taranakite and AL-SDS are disordered in some way. Figure 3.7(c) is the XRD of
PV A/taranakite composite, and it shows the small, broad peaks which indicate an intercalation
structure. When increasing the amount of taranakite to 5 wt%, there is a broad peak at 4.9° with a
d-spacing of 18.01 A, increased from 15.6 A of pristine taranakite. The increase of d-spacing is

consistent with intercalation of PVA molecules.
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Figure 3.7 XRD spectra of PS (a), PP (b) and PVA (c) composites

3.3  Thermal stability of polymers/taranakite composites

The thermal decomposition of layered inorganic/organic hydrids is generally divided into
three stages'®: (I) dehydration of physiosorbed and intercalated water; (IT) dehydroxylation and
(IIT) oxidative degradation of the organic anions. Figure 3.8 below shows the thermogravimetric
analysis curves for our sample of taranakite, which is same as the literature.'” The DTA curve
reveals three stages during the heating of taranakite. The first peak in the temperature region
80 °C to 100°C is assigned to the loss of intercalated water, while the second peak at 150 °C

suggests the modification is due to a sluggish phase transformation. Then the residue tends to be

constant after 200°C which is about 67.2% of the original weight. XRD was used to study the
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residue at different temperatures. Figure 3.9 shows the XRD of taranakite after heating at
different temperatures. The XRD data indicates that when the heating temperature is lower than
200°C, the taranakite shows the same structure with the original one. However, when the
temperature is at 200°C, the taranakite loses its crystalline structure, which indicates that the
decomposition happened at this temperature. The TG curve shows that loss weight is from the

loss of intercalated water. This indicates that there are large amount of water at the interlayer of

taranakite.
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Figure 3.8 TGA and DTA curves of ALP
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Figure 3.9 XRD of taranakite heated at different temperatures.

Figure 3.10 shows the thermogravimertic analysis traces of pure PS and its nanocomposites.
The degradation of PS follows a single step and composites containing the taranakite or AL-SDS
exhibit enhanced thermal stability. This is similar to behavior typically seen with
montmorillonite (MMT) systems, where the addition of MMT brings about an increase in both
To.1 and Ty s, 105-107 Hut unlike some layered double hydroxides (LDH) which the Ty ; and Tys
decrease with added LDH.”® The onset degradation temperature (temperature at 10% mass loss,
To.1) is increased by 5-15 °C for all loading composites. The mid-point temperature (Tys) is also
increased compared to the pure polymer by 4-16 °C for the composites. Based on the fraction of
non-volatiles taranakite and AL-SDS, one expects to obtain between 2 - 7 wt% residues in these
composites and the experimental amount is in this range (2.1- 6.7 wt%), which indicates that all

residues are due only to the presence of the additive. Table 3.2 is the summary of the Ty ; and To s
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of PS composites with different taranakite and AL-SDS loading. The data indicates that there is
no significant difference between the taranakite and AL-SDS. The expected char% and
experimental char% are compared in the table. The expected char% is the sum of taranakite char%
calculated from TGA and pure PS char%. And the experimental char% is the collected data from
the TG instrument. These two data are similar as showed in the table, which indicates the

complete degradation of PS during the heating.
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Figure 3.10 TGA curves of PS composites



Table 3.2 TGA summary results for PS and its composites

Formulation To.1 Tos Exg;:;n;;:)t al lCE;;lg:c(tozd)
Pure PS 385+ 1 408 + 1 0.6+0.2 NA
PS+3% taranakite 390 +2 412+3 2.1£0.3 2.5
PS+5% taranakite 395+3 416 £3 39+£0.3 4.0
PS+10% taranakite 397 +2 421 +2 6.7+0.1 7.0
PS+3%AL-SDS 392+3 415+ 1 1.5+04 1.8
PS+5%AL-SDS 396 +£2 420+ 2 2.8+0.2 2.6
PS+10%AL-SDS 399 + 1 424 +3 5.1+0.1 4.6
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Figure 3.11 shows the TGA curves of PP and its composites. The degradation of PP also

follows a single step, and the loading of taranakite or AL-SDS increases the onset temperature

and mid-point temperature. Table 3.3 is the summary of TGA results. The data show that the

onset temperature of polymer composites increase by the increasing loading of taranakite, and at

the loading of 10 wt%, the Ty increased by 12°C which is a significant improvement for the

heat stability of PP, while usually there is a decrease with LDH as additive.''” The onset

temperature temperature of PP/AL-SDS remains constant or exhibits a slight decrease compared

to pure PP, while the PP/taranakite exhibits an increase in Ty ;. The reason for this may possibly

be the lower heat stability of SDS. The comparison of expected char% with experimental char%

indicates the complete degradation of PP for all compositions.
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Figure 3.11 TGA curves of PP and its composites
Table 3.3 TGA summary results for PP and composites
. Experimental Expected
Formulation Toa Tos Char (%) Char (%)
Pure PP 425 £ 1 450+ 1 0.2+0.1 NA
PP+3% taranakite 430 +2 457 +2 22+03 2.2
PP+5% taranakite 434 +2 459 + 1 34+£0.2 3.8
PP+10% taranakite 437 +2 463 +2 6.5+0.0 6.7
PP+3%AL-SDS 424 +3 456 +2 1.2+£0.2 1.4
PP+5%AL-SDS 425 +2 459 +3 23+0.1 2.2
PP+10%AL-SDS 415+3 456 + 3 45+04 4.2
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Figure 3.12 shows the TGA curves of PVA and its composites. Unlike PS and PP, PVA

is a polar copolymer. Polar polymers typically are expected to exhibit a better compatibility
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with polar layered materials than non-polar polymers such as PS and PP. The degradation of
PVA is reported to be a two step degradation mechanism.'® The first step, at a temperature
around 300°C, is the elimination of water and residue acetate groups, since a large number of
acetate groups remain in the PVA chains due to the incomplete hydrolysis. This process is
shown in Figure 3.13 (Scheme 1).'”® The second step, at the temperature of approximated
430 °C, is dominated by chain-scission reactions, side-reactions and cyclization reactions. An
early weight loss process in the temperature range 100-140 °C is attributed to the loss of
absorbed water, and is not counted as an additional step. The two-step degradation is shown by
DTA curves in the Figure 3.12.

The TGA curves show that the PVA/taranakite composites exhibit a significantly
improved thermal stability Unlike the other layered material additives (such as a-zirconium
phosphate) that lower the degradation temperature of PVA at the first step,'” degradation
temperatures of PV A/taranakite composite are markedly higher, especially when the content is
10 wt% (increased by 31°C). The temperature for the second step of PVA degradation
increased even more with the taranakite additives; it increased by 65°C with a 10 wt % loading.
All composites exhibit thus enhanced thermal stability. The table 3.4 contains a summary of
the parameters collected from TGA. The experimental char% data are almost same as
predicted, indicating complete degradation of PVA.

Similar to the pure PVA, the thermal degradation of the PV A/taranakite composite can be
regarded as two-step degradation. The mechanism of improvement of thermal stability of
PVA by adding taranakite could be due to the formation of hydrogen bonding by OH group in
PVA and the phosphate ions between the taranakite layers. This may impede the first step of

degradation, as shown in Figure 3.13 (Scheme 2).



1.0

(a)-(d) (a) Pure PVA
100+ —— (b) PVA+3% taranakite
1 (¢) PVA+5% taranakite
! — (d) PVA+10% taranakite 4038
80 - — (¢)DTAof PVA
first step (f) DTA of PVA+10% taranakite
1
L ! 406
= 60+ ! 5
(2] ] n
© AN\ ]
= 40 : 2
II (f) —4 04 (:
| 2
20 e)——= * <——second step ®
)
' —40.2
l \
=~ ‘ -
0 7N / \
4 \\ ’/ "/‘v.«\r‘. ~ NADASAS
T T T T T T T T | S 0.0
100 200 300 400 500 600 700

Temperature, (°C)
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Figure 3.13 Two steps of the decomposition of PVA

Table 3.4 TGA results summary for PVA nanocomposites

Formulation To1 Tos E’g’ﬁ;lrn(l;?)t al lciz[a):c(to;:i)
PVA 257+3 313+3 40+0.2 NA
PVA+3%taranakite 264 +2 337+ 1 6.3+0.3 6.0
PV A+5%taranakite 285+2 3672 6.9+0.1 7.3
PVA+10%taranakite 288+3 378+3 9.7+0.2 10.0

34 Fire retardancy of the nanocomposites

Cone calorimetry is one of the most efficient methods to evaluate the flammability
performance of polymeric materials.''® The peak heat release rate (PHRR) reduction is usually
considered to be the most important.'"!

Table 3.2-3.3 contain summaries of cone data results for the fire properties of PS, PP with

taranakite and AL-SDS, measured at a heat flux 35 kW/m?. As shown in the Table 3.2 and
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Figure 3.10, the presence of taranakite reduces the PHRR significantly in PS, while the presence
of AL-SDS has less effect on the PHRR.

Based on work with MMT, a small PHRR reduction or no reduction is usually associated
with microcomposite formation while a larger PHRR reduction may associate with the formation
of nanocomposites.''? In general, the polar layered materials (such as layered double hydroxides
or clays) without organic modification are less compatible with the non-polar polymers such as
PS and PP, which will results microcomposite formation. In this case, the fire properties of these
types of polymer do not exhibit significant improvement. However, in contrast to other layered
materials, taranakite with PS exhibits significant improvement on PHRR reduction that increases
with the loading of taranakite. The smoke, as measured by the ASEA, increased for all the
composites with taranakite and the time to ignition (t;;) was reduced; the lowering of the t;; may
be attributed to a decrease in the specific heat capacity.'’®> No significant change in total heat
release (THR) was observed for PS and PP, this is expected based upon the previous work with
MMT."'* The reason the composites with AL-SDS as an additive show less improvement on
PHRR of polymers might be the low thermal stability of SDS.

The effect of taranakite on polymer flammability can be considered as due to the following
reason:

At the temperature higher than 200 °C, the phosphate ions produced by decomposition of
taranakite could react with the polymer to form ester by the mechanism similar to that reported
by Kishore et al in 1981. The flame retardant effect of phosphorus compounds involves the
phosphate ions acting mainly in the condensed phase via a char formation mechanism. The
phosphate groups link to the polymer chain by ester groups which are readily eliminated forming

5

conjugated double bonds, and finally give the char.'” Figure 3.16 shows the process of the
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degradation of PS with the phosphate additive. The mechanism can be classified into five
important stages, (i) hydroperoxide formation; (ii) decomposition of the hydroperoxide; (iii) ester
formation with phosphoric acid; (iv) dehydration of the ester, forming double bonds; and (v) char

formation of the unsaturated substrate.'"

For PS/taranakite composite, the taranakite already
decomposes during mixing with PS in the Brabender mixer at 200 °C, so the fire retardancy

effect on PS only at the third step which is the formation of ester.

Table 3.5 Cone calorimetric data for PS, PS/ ALP, and PS/AL-SDS

Formula PHRR PHRR THR AMLR ASEA tig
(kW/m?  Reduc. (%) (mJ/m?)  (g/s m?) ( m?/kg) (s)
Pure PS 1557 + 44 NA 98 +7 34+ 10 784 + 55 38+2
PS+3%taranakite 1412 + 65 9 93+9 25+2 913 + 59 28+2
PS+5%taranakite 1342 + 47 14 111£5 25+2 907 + 27 26+ 1
PS+10%taranakite 1168 £ 51 25 102+5 27+1 1006 + 17 19+1
PS+3%AL-SDS 1528 + 47 2 105 +3 33+1 880 + 23 30+2
PS+5%AL-SDS 1489 + 45 4 105+ 4 30+£2 962 + 28 2742

PS+10%AL-SDS 1475 + 60 5 102+ 11 28 +4 1013 + 64 18+2
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Table 3.6 Cone calorimetric data for PP, PP/taranakite and PP/AL-SDS

PHRR  Reduction THR AMLR ASEA tig
(kW/m?) (%) (mJ/m*)  (g/s m?) ( m¥/Kkg) (s)

Pure PP 1726 29 NA 99 +7 34+1 361+5  30+6
PP+3%taranakite 1564 + 46 9 93 +8 25+2 425+8 2942
PP+5%taranakite 1462 + 58 15 107 + 10 25+3 43911 26+4
PP+10%taranakite 1395 £ 46 19 104+ 8 27+4 402+ 6 23+1
PP+3%AL-SDS 1644 +50 5 95+ 15 33+4 357+£29  33%3
PP+5%AL-SDS 1542 £20 10 94 + 20 30+ 8 414+8 321
PP+10%AL -SDS 1486 + 20 14 102+ 11 28 +3 411+£5  27+2
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For the PVA system, it was difficult to prepare the standard plaques for the cone tests. The
micro-combustion calorimeter (MCC) was employed to assess the flammability performance of
its nanocomposites, since only a small amount (less than 5 mg) of the sample is needed. By
measuring the heat of combustion of pyrolysis products, the primary parameters, peak heat
release rate (PHRR), heat release capacity (HRC), total heat released (THR) and temperature at
PHRR (T,), can be acquired. In particular, HRC and PHRR are used to screen the flammability
of the samples.

The results of MCC experiment listed in Table 3.7 clearly show that the THR, HRC and
PHRR (the first peak of heat release rate) decrease significantly as the taranakite additive
increases. The change of the char yields in the MCC exhibits the same tendency as in the TGA,
indicating complete loss of PVA.

Table 3.7 Cone calorimetric data for PVA and PV A/ taranakite

Peak PHRR Temp. of HR
HRR Reduction PHRR Capacity T(()lt:}l/l-;R C(:}a)r
(W/g) (%) O (J/g-K) & °
PVA 194 +3 0 347+ 1 194+ 4 18+0.2 4.0+0.1
PVA+3%taranakite 166 £3 14 347 +£8 186 £3 17£02  4.6+0.7
PVA+5%taranakite 146 + 8 25 399 +3 146 + 5 17£05 53£0.6
PVA+10%taranakite 138£5 30 393+2 138+ 4 16 £0.1 7.6+0.5

Figure 3.17 shows the influence of taranakite on the heat release rate (HRR) in the MCC
comparison with the mass loss rate (MLR) in differential thermal analysis (DTA) (DTA is the
first derivative of TGA data). The HRR curve of pure PVA shows features similar to the DTA,

but the HRR peaks shift to higher temperature due to the higher heating rate (60 °C /min for
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MCC vs 10 °C /min for DTA). Figure 3.17 further compares the changes of the maximum mass
loss rate (MMLR) of the PV A/taranakite nanocomposites in the first stage and the first peak of
HRR-MCC. These two curves show similar trends in that the MMLR and HRR decrease with
increasing taranakite content, and two factors decrease sharply with the loading from 0-5%,
while the loading from 5%-10%, the effects of taranakite on PV A tends to be less. The decreased
MMLR at a lower loading of taranakite may be attributed to the taranakite nanoplatelets slowing
the volatilization of degradation products. With an increased loading, there is a competition
between the segregation effect of taranakite nanoplatelets and the catalytic degradation of
PVA.'” The stacked taranakite nano-layers cannot efficiently work as a mass transport barrier to

suppress the volatilization and lead to a weak effect on MMLR.

Table 3.8 is the summary of PHRR, T, and MMLR, T, with different taranakite amounts
for two steps of degradation of PVA. At the first step (Step I) of degradation, the presence of
taranakite composites lowers the PHRR and MMLR both, and increases the T, and Ty
significantly. Then at the second step, the PHRR and MMLR increase with the increasing
loading of taranakite, opposite of what is observed for the first step. The significant PHRR
reduction on the first step degradation of PVA nanocomposites (shows in Table 3.8) is consistent
with the formation of hydrogen bonding between phosphate ions and O-H group in PVA as the

main reason for its thermal stability.
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Table 3.8 The summary of PHRR, MMLR, Tp, and T,, of PVA and its composites at two

steps
MCC DTA

P ’ (W/g) (%) °O) (Yo/min) °O
Pure PVA 203 NA 303 0.90 304
3% 182 10.3% 352 0.78 350

Step 1
5% 144 29.0% 404 0.64 359
10% 136 33.0% 397 0.58 347
Pure PVA 39 NA 468 0.28 432
3% 54 -38.5% 477 0.39 439

Step 11
5% 94 -141% 470 0.48 442
10% 107 -174% 467 0.44 434

3.5 Char information after cone calorimetry

Figure 3.18 shows the photographs of the residue that remains after cone calorimetry
experiments. For pure PS and PP, there is almost no residue after burning, while with the
samples that include taranakite or AL-SDS as additives, there is more residue covering a larger
area of the sample pan. The distribution of residue in the pictures suggests that the PP/AL-SDS
system has a better dispersion than taranakite system which shows some cluster in the residue.
This may be because PS and PP are non polar polymers which are not expected to disperse the

polar taranakite additive as would be the case for an SDS-modified additive.''®
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Figure 3.18 The photographs of residues of polymer/taranakite or polymer/AL-SDS
composites

Figure 3.19 contains the FTIR spectra of the residues of PP with taranakite and AL-SDS
composites. The spectra band of PP/taranakite composites at 1117 cm™ is P=O stretching
frequency, while the band at 932 cm™ is Al-O stretching frequency and the band at 770 cm™ is

Al-O-P stretching mode. At the 10% taranakite loading, the spectrum shows bands at
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approximately 2950 cm™, assigned as C-H stretching modes, and bands at 1464 cm™ and 1383
cm’', which are C-H bending modes. The bands observed in the PP/AL-SDS composite residues
at 1078 cm™ is S=0 stretching mode, while the band at 700 cm™ is S-O stretching frequency. At
the 5% and 10% AL-SDS loadings, the IR spectra of residues also show the C-H stretching

bands and C-H bending bands.

Figure 3.20 are the FTIR spectra of the residues of the composites of PS, with taranakite
and AL-SDS. At the 3% and 5% taranakite loadings, the spectra only show the P=0O, Al-O
stretching modes which are same with PP composites, while at the 10% loading, the spectrum
also shows the C-H stretching and bending frequencies. The spectra of PS/AL-SDS composites

with different AL-SDS loading show the same bands which are S=O and S-O stretching modes.

The FTIR spectra of PP, PS composites all show the C-H strectching and bending modes at
the 10% loading of taranakite, which indicates the incomplete combustion of the polymers.

However, at the 3% and 5% taranakite loadings, the residues are only from the taranakite.
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Figure 3.19 FTIR spectra of PP/taranakite, PP/AL-SDS residues
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3.6 Comparison of the effect of taranakite and Ammonium polyphosphate (APP)
on polystyrene flammability

The fire properties of taranakite and commercial ammonium polyphosphate (APP) on
polystyrene were studied to compare the fire retardancy of these two different phosphate
compounds. APP is classic fire retardant which shows great effect on PS as discussed in the
introduction. The fire retardant action is well understood. It acts mainly in the condensed phase
via a char formation mechanism. The phosphoric acid decomposed from APP at high
temperature links to the cellulose chain by ester groups which are readily eliminated forming

conjugated double bonds, and finally give the char.'"”

The PS/APP or ALP composites were prepared using melt blending method same as the

previous part. Table 3.9 lists the formulations of taranakite, APP and PS.

Table 3.9 Formulation of PS, ammonium phosphate and taranakite

Formula })02:))7 styrene ALP (%) ?0;3)
Pure PS 100 0 0
PS+5%APP 95 0 5
PS+10%APP 95 2.5 2.5
PS+2.5%APP+2.5%taranakite 95 5 0
PS+5%APP+S5 taranakite 90 0 10
PS+5%taranakite 90 5 5

PS+10%taranakite 90 10 0
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3.6.1 X-ray diffraction studies

Figure 3.21 shows the XRD of PS composites with taranakite and APP. The patterns of PS
melt blended with APP show the sharp peaks for 5% loading of APP which are typical peaks for
APP. All of the sharp peaks disappeared in samples containing both additives, suggesting

disordered structures.
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Figure 3.21 XRD patterns of PS melt blending with APP and taranakite

3.6.2 Evaluation of thermal stability

Figure 3.22 illustrates the TGA curves of pure PS and the taranakite composites. Table 3.10
contains a summary of the onset temperature of degradation (T ;), mid-point temperature of

degradation (Tys) and the fraction of the non-volatile residue remaining at 700°C. The onset



58

temperatures of the degradation when adding APP or the APP and taranakite mixture are similar
to pure PS, but exhibit a greater improvement when using taranakite alone as additive. The mid-
point temperature of degradation increases with the the addition of adding the APP or taranakite
and APP mixtures to the polymer. Based on the fraction of non-volatile in taranakite, the
expected char there should be between 4% and 8% residue in the composites and the

experimental amount is also in this range, so it appears that all residues are due to the additive.

— (2) 100%0PS

—(b) 95%0PS+5%0 APP

() 90%PS+10% APP

— (d) 95%P5+2 5/2 5 APP /taranakite
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Weight Loss(%)
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Figure 3.22 TGA curves of PS/ taranakite /APP composites



Table 3.10 TGA summary results for PS and composites

. To. Tos Char
Formulation CC) CC) (%)
Pure PS 385+ 1 408 + 1 0.6
PS+5%APP 384 +2 421+£3 2.1
PS+10%APP 385+2 416 £3 6.4
PS+2.5%APP+2.5%taranakite 386+ 3 420+ 2 3.7
PS+5% APP+5%taranakite 382+2 417 +3 6.4
PS+5%taranakite 395+3 416 +3 3.9
PS+10%taranakite 397 +£2 421+2 6.7

3.6.3 Evaluation of fire properties — cone calorimetry
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The cone calorimetric data for the PS composites, obtained at a heat flux of 35 kW/m?, are

shown in Table 3.11. The table shows that time to ignition was reduced when the APP and

taranakite were added. The lowering of the t;; is because the decreased specific heat capacity, or

decreased ignition temperature,

or changed decomposition products of the polymer

composites.''® The presence of APP /taranakite and taranakite reduced the PHRR significantly at

5% and 10% loading.

Table 3.11 Cone calorimetric data for PS, taranakite and APP

Formulation PHRR2 P;Ie RdR THR2 AMLl;l ASEA tig
(kW/m") (%) (mJ/m”) | (g/s m’) ( m?/kg) (s)
Pure PS 1532+ 58 | NA 92+1 37+1 1389+ 60 | 38+1
PS+5%APP 1509 £27 |2 100+ 0 32+1 1354+ 10 | 28+2
PS+10%APP 1333 +£12 | 13 96 +3 30+1 1353 £45 | 213
PS+2.5%APP+2.5%taranakite 1355+25 | 12 97+3 30+1 1332+65 | 21+1
PS+5%APP+5%taranakite 1164+39 |24 94+5 29+1 1364+£39 | 20+2
PS+5%taranakite 1314+62 | 14 98 +2 31+1 1473+ 60 | 24+2
PS+10%taranakite 1162+ 7 24 92+3 30+0 1298+ 16 | 20+2
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The HRR curves as a function of time for pure PS and APP/taranakite are shown in the
figure 3.23. The HRR curves of the taranakite composite are spread over a wide range, indicating
that the composites burn for a longer time. The addition of APP and taranakite brings a
significant reduction in PHHR. The PHRR decreases with an increasing loading of APP and
taranakite. This should be compared to PS-APP composites in which the reduction in the PHRR

is in the range of 2-13%, the taranakite is more effective in reducing the PHRR than APP.
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Figure 3.23 Heat release rate (HRR) curves for PS and APP/ taranakite

The better fire retardancy performance of taranakite compared with APP could be due to
decomposition of taranakite which will release the phosphate ions. The char formation by
phosphate ions and polymers will lead to the fire retardancy of polymers which is the same

mechanism as APP on polymers.
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3.7 Comparison the fire retardancy of taranakite with other layered materials.

Montmorillonite (MMT) is the most common of the mineral clays tested as potential fire
retardants. Because of the weak electrostatic interaction between MMT layers, polymer
molecules can easily intercalate into the d-spacing, resulting in exfoliation. When used as the
additive for polymers, MMT is typically modified by organic molecules. This process increases
d-spacing for the intercalation of polymers and can also improve compatibility with non-polar
polymers. The reported reduction of PHRR using modified MMT as additive for specific
polymers (such as PMMA) can be as high as 55%.'"” However, MMT nano-particles were found
to be inefficient in polypropylene because of the lack of a heat insulating char layer and because

of the decomposition of the modified surfactant layer on nanoparticle surface.'?’

Layered double hydroxide (LDH) and hydroxy double salts (HDS) are another class of
layered materials that have been tested for use as fire retardant because of the layered structure
and tunable metal composition. However, these materials show strong interactions between the
nano-layers, making it difficult to exfoliate them when mixing with polymers. LDHs compounds
are also usually modified by long-chain organic molecules to increase the interlayer space and
the compatibilities with polymers. The reported reduction of PHRR by using modified LDHs as
additive for polar polymers (PMMA) have been as high as 34%, but usually only modified with
long chain organic molecules will result a good reduction for non-polar polymers'>'. Nyambo et
al. reported that the Mg-Al-LDH modified with 10-undecenoin acid shows the 7% reduction on
PHRR for PP and 20% reduction for PS with the 10% loading.'*' Wang et al. also reported that
the Mg-Al-LDH modified with bis(2-ethylhexyl) phosphate (HDEHP) and sodium dodecyl
benzenesulfonate (SDBS) exhibits 32% and 49% reduction, respectively, on PHRR for PS at 10%

loading. The larger reduction in PHRR with modification by HDEHP and SDBS is because the



62

longer chain of these organic molecules compared with 10-undecenoic acid, which will lead to
larger increase in d-spacing of LDH.” The modification by these long chain organic molecule
lead to other environmental concerns, however. For example, the cone results show the high
ASEA increase with these modified LDH (50% increase for PS with 10% loading of 10-
undecenoin acid modified Mg-Al-LDH), which indicates more smoke will be produced during

the burning.'*'

The mechanism of fire retardancy on polymers by these layered materials is the char
formation mechanism, which is a charring barrier mechanism of carbonaceous char formation as
an insulator to the heat and a mass transport barrier during the combustion of the

nanocomposites.'*

Taranakite without any modification shows better compatibility with polar and non-polar
polymers than MMT and layered double hydroxides. Besides the char formation, fire retardancy
of this compound is also because of the large amount of interlayer water and the phosphate ions
produced at the decomposition. The reduction in PHRR by taranakite on polymers was found to
be 25% for non-polar polymers and 30% for polar polymer at 10% loadings. In addition, the
onset temperature for thermal degradation of polymer/taranakite nanocomposites is higher than
for virgin polymers, an effect that is different from that observed with some nanocomposites
containing LDH or MMT. However, the time to ignition in cone calorimetry decreases with

addition of taranakite.
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Chapter 4 Conclusions and potential future directions

Taranakite was synthesized and modified by sodium dodecyl sulfate. The TGA data shows
that the taranakite is stable when the temperature is lower than 200 °C, while decomposition

occurs at temperatures higher than 200 °C.

The materials were used as additives to non-polar and polar polymers to study the fire
retardancy. For non-polar polymers, PS and PP, the taranakite or AL-SDS composites were
prepared using melt blending methods. Based on the XRD patterns, one can expect the formation
of nanocomposites by these non-polar polymers and taranakite/ AL-SDS. Further experiments are
needed the confirm this. The thermal stabilities of PS or PP/taranakite composites were
significantly improved. The reduction in peak heat released rate (PHRR), which is the most
important parameter in the flame retardancy of testing polymers, increased with increasing
loading of taranakite. The possible reason for polar taranakite improving the fire retardancy of
non-polar polymers could be the formation of ester by hydroperoxide and phosphate ions during

the degradation of polymer improve the thermal stability of polymer.

The fire retardancy of a polar polymer with taranakite was also studied. PV A/taranakite
composites were prepared using solution method at 80 °C. The XRD provides the evidence of
the formation of intercalated nanocomposites. The thermal stability of these nanocomposites was
significantly improved, as shown in the TGA results. The fire properties which were acquired
from the micro-cone calorimetriy (MCC), were improved for PV A/taranakite nanocomposites.
This was indicated by the 30% reduction of PHRR obtained from 10 wt% loading of taranakite,
and also the corresponding decreased mass loass rate for the nanocomposites when compared

with the pristine PVA. The HRR curves and the summary of the PHRR and MMLR (Table 3.5.4)
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indicate the presence of taranakite could be the inhibitor at the first step of degradation of PVA.
This can be expected the formation of hydrogen bonding between PO, ions in the taranakite

layers and —OH groups of PVA.

Taranakite is a promising compound for fire retardant formulations for both polar and non-
polar polymers. The mechanism of the fire retardancy by taranakite is different from that of
other layered materials, which is of interest for further investgation. Further studies are required
on polymer/taranakite nanocomposites to identify the process that occur in these systems, and

different organic- modified taranakites would be of interest for further fire retardancy studies.
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Part B. Computational methods combined with experiments to study the
modification of a-zirconium phosphate and adsorption of organic pollutant

Chapter 5 Introduction

5.1 Preparation of a-Zirconium phosphate

The metal salts of phosphoric acid have been studied for over a century.'® These materials
can be used in many applications, such as: molecular sieves, catalysts, ion and proton
conductors, and matrices for chemical modification. Since the initial report of the ion exchange
properties of zirconium phosphate gels in the 1960s, these compounds have been the subject of

continuous interest because of their ion exchange ability.'**'*’

o -Zirconium Phosphate, a -Zr(HPO4),'H,O (abbreviated as a-ZrP) is an example of a
metal salt of phosphoric acid. It has great crystalline morphology,” high stability in aqueous

and organic solvents,””' and good thermal stability."'

a-ZrP is composed of two dimensional
layered macromolecular units that are weakly interacting with each other'*”. It has a clay-like
structure with an interlayer distance of 7.6 A, and each layer consists of a plane of zirconium
atoms bridged by three oxygen atoms of the tetrahedral phosphate group- anions,'® Figure 5.1
shows the schematic structure of a-ZrP. These phosphate groups serve as active Bronsted acidic

. 133;134
species,

and then interact easily with molecules containing basic group such as alkyl
amines or aniline. The theoretical cation exchange capacity (CEC) of a -zirconium phosphate is

6.67 mmol/g.' >3
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O Oxygen (): Phosphorous . ¢ Zirconinm

Figure 5.1 Schematic structures of the arrangement of three adjacent macro anions in o-
ZrP. The distance between two planes passing through the baricenters of O belonging to
the two sides of the macro anion is 6.3A (ref. 130).

The first reported crystalline a-ZrP was obtained by reflux in H3;PO4 of a zirconium
phosphate gel.'*” Tt can also be synthesized by hydrothermal methods or by direct precipitation

with prior formation of zirconium (IV) fluoro complexes.'?’

5.2 Intercalation of alkylamines in a-zirconium phosphate

Intercalation chemistry is of interest because of the alteration of the host’s properties

brought about by the intercalation process."*® For example, incorporation of amines into the
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interlayer space of clays not only increases the separation of the clay layers but can be used to
mediate the hydrophilic-hydrophobic character of the composite. The intercalated compounds
can be used to absorb organic species.'”” More recently, amine intercalates have been prepared to
make the clay more compatible with any number of organic materials or polymers to which they

: . P L 140;141
are admixed, and such intercalates can also be used as precursors to pillaring reactions.'*"

a-zirconium phosphate is an important compound for intercalation chemistry due to its two-
dimensional (2D) layered packing structure. The presence of P-OH groups on the surface of the
layers helps the alkylamine molecules access the interlayer region by the acid-base reaction.'*
This compound is able to act as a host for cationic or molecular polar guest species.'**'** The
intercalation of aliphatic monoamines and diamines has been investigated by several
researchers.'*'*” MacLachlan et al. reported the relationship between the amount of alkylamine
and its arrangement in the interlayer region of a-ZrP, and clarified that an alkylamine with a
short alkyl-chain, such as butlyamine, has various conformations in the interlayer region,

depending on the amount of alkylamine.'*%'*

The intercalation compound has an interdigited
structure at lower loading of alkylamine and then transforms to a bilayer structure, with an
increase of the interlayer distance at higher amine loading. a-ZrP is capable of incorporating a
maximum of 2 mol of n-alkylamines with formation of a bilayer in the interlayer space.'?*'*
The alkylamine intercalated a-ZrP with a bilayer structure has a large hydrophobic region in the
interlayer space.

Experimental characterization of the amine interlayer orientation has been explored via
XRD, FTIR, and computational methods.”*">* Benes et al. reported that the cross sectional area

154

is an important factor that would have effects on the arrangement. ™ Stoichiometric intercalation

can occur when the cross section area of amine does not exceed the free area of the a-ZrP which
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24 A’ If the cross section area of amine is higher than free area of o-ZrP, the interdigited

arrangements of amine will be formed.

5.3 Adsorption of organic pollutant by organo-modified layered a-zirconium
phosphate

Elimination of harmful environmental pollutants such as pesticides and environmental
hormones has become increasingly important and many chemists have devoted their research to
green chemistry. Hayashi et al. reported polyamine-intercalated o-ZrP adsorbed gaseous
carboxylic acid and formaldehyde by the interaction of those gases with polyamine in the
interlayer region.'”> ** Formaldehyde is a compound that causes the sick-house syndrome.'

Very small amounts of chlorophenols are contained in city water and their acceptable limits
are strictly determined.'”® The main pollution sources containing chlorophenols are the waste
water from pesticide, paint, pharmaceutics, wood, paper and pulp industries as well as water
disinfecting process.'”® Chlorophenols are weak acids which permeate human skin and are
readily absorbed by the gastro-intestinal tract. Due to its high toxicity, carcinogenic properties,
structural stabilization and persistence in the environment, the removal of chlorophenol from the
environment is crucial."’

Various treatment methods have been applied to remove chlorophenol molecules from
aqueous solutions, such as biological treatment using anaerobic granular sludge,'*® catalytic wet

? adsorption technology using activated clay,'® and

oxidation,'® photochemical treatment,
activated carbons prepared from various precursors.'®"'®> Adsorption on activated carbon is one
of the most effective and widely used techniques in treating low concentration of phenol waste

water. However, the usage of activated carbon has been limited by its high cost due to the use of

non-renewable and relatively expensive starting materials such as coal, which is a major
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economic consideration.'® This has prompted growing research interest in the production of
low-cost adsorbents such as activated carbons for application in wastewater treatment. Therefore,
the interest in the development of absorbents with low cost and high efficient such as nano-

165-167

crystalline metal oxides,'® layered nano-dimensional materials and organic-modified

168169 has also significantly increased in recent years. Clays treated with organic

clay,
compounds with long alkyl chains, or clays pillared by surfactants could adsorb phenols and
chlorinated phenols. Their adsorption mechanism is mainly hydrophobic interaction of long alkyl
chain or surfactant with phenols.'”*'”" Hayashi et al first reported that butylamine-intercalated a-
ZrP could adsorb harmful pollutants such as phenol, chlorophenol, and 2, 4- dichlorophenol.
Phenols were co-intercalated into the interlayer region and the adsorption reactions of phenols
reached equilibrium within 15 min. This makes the alkylamine-intercalated a-ZrP a potential

candidate to be an adsorbent for harmful phenols'’

. Recent work in our laboratory has reported
the effects alkylamine structure on the adsorption of chlorophenol by modified a-ZrP*. In this
part, the use of a dimethylhexadecylamine (DHDA) intercalated zirconium phosphate as a

potential sorbent for 4-chlorophenol is reported. The interactions between alkylamines,

phosphate and 4-chlorophonel are studied by computational methods.

5.4 Previous experimental work

The experimental parts, including the synthesis of a-ZrP, the intercalation of alkylamines
and the adsorption of chlorophenol were performed by Dr. Mlambo in our lab®. o-ZrP was
synthesized using reflux method according to the literature'”. Intercalation of alkylamines into
o-ZrP was also performed following a literature method'>. The products were studied using

XRD, FTIR and UV-vis.
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Powder X-ray diffraction measurements were obtained with a Rigaku Miniflex II
diffractometer from 2  to 40 (20) at a scan rate of 5 per minute using Cu K, radiation
(A=1.5404 A). The XRD data provided the evidence of the intercalation of alkylamines into the
a-ZrP. The XRD data were consistent with different arrangements by amines between the
interlayers, with bilayer formation observed for primary amines and the interdigited

arrangements with tertiary amines.

5.5 The motivation of calculation work

The experimental work confirmed the intercalation and adsorption of organic molecules into
the a-ZrP. It was found that the interdigited DHDA- a-ZrP structure was more effective as an
adsorbent for chlorophenol than the bilayer structures with primary amines. The goal of this
work is to examine the interactions between 4-chlorophenol and model fragments of selected
portions of the modified a-ZrP structures. The interactions between the analyte molecules and a-

ZrP layered needs to be understood in order to develop of optimized adsorbents.

Chapter 6 Computational methods to study the adsorption of chlorophenol
by intercalated zirconium phosphate

Density functional theory calculations were performed using the B3LYP functional with a
6-311G* basis set using Gaussian 03.'”* Density functional theory is a quantum mechanical
method to investigate the electronic structure of many systems, it is among most popular
methods to calculate the condensed matter properties.'”” The most widely used method within
this theory is B3LYP, which is a hybrid functional in which the exchange energy, in this case
from Becke's exchange functional, is combined with the exact energy from Hartree-Fock

176

theory. " 6-311G* basis set is a split valence triple zeta plus polarization basis set (6 Gaussians
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on core electrons then split 3, 1, 1, Gaussians on valence electrons).177 The advantage with
using the 6-311G* basis set is that it adds the polarization to all atoms, and improves the
modeling of core electrons. The calculation includes determination the chain length of
alkylamines and chlorophenol, and also the interactions between the phosphate layer,
alkylamines and chlorophenol molecules. The energies, that calculated by Gaussian use zero-
point energy, because it shows energies at the ground state. The contribution to this internal

energy is from the vibration mode, and only the real mode will be considered. '

6.1 Intercalation of alkylamines in a-Zirconium phosphate

The characterization of amines intercalated a-ZrP was performed by Dr. Mlambo.'”* X-ray
diffraction analysis was used to characterize the structure of synthesized a-ZrP and alkylamine-
intercalated o-ZrP. The XRD patterns of a-ZrP, ZrP-BA, ZrP-Octyl, ZrP-HAD, ZrP-DtDA and
ZrP-DHDA are shown in Figure 6.1. All the first peaks of intercalated ZrP XRD patterns shifted
to lower 260, Table 6.1 shows the 26 value of the first peak (002 peak), and the corresponding
interlayer space. The 00¢ (€ = 2 to 6) basal reflections found in the lower angle region for ZrP-
BA, ZrP-Octyl, ZrP-DtDA and ZrP-DHDA are sharp and equally spaced, indicating high range
ordering in the c-axis direction. It is also noted that the reflection at 20 =34° with Miller indices
(020) in the a-ZrP remains largely unaltered after intercalation of alkylamines suggesting that the
intercalation processes occurring in the interlayer region of the a-ZrP do not alter the Zr-O-P

framework.
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Figure 6.1 Powder X-ray diffraction patterns of ZrP(a), ZrP-BA (b) ZrP-Octyl (c¢) ZrP-

DtDA (d) ZrP-DHDA (e) ZrP-HDA (f). The positions of the (002) peak for each pattern are
clearly shown in the insert.'”?

Table 6.1 2Theta values of the first peak (002) and interlayer spaces of ZrP and
intercalated ZrP

Alkylamine-ZrP (002) peak 26 value Interlangr Space
ZrP 11.7° 7.6
Butylamine (BA) 4.7° 18.6
Octylamine (Octyl) 3.2° 27.6
Hexadecylamine (HAD) 2.1° 43.1
Dimethyltetradecylamine (DtDA) 3.4° 25.6
Dimethylhexadecylamine (DHDA) 3.1° 28.0
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The increase in interlayer space due to alkylamine intercalation is calculated by subtracting
the zirconium phosphate layer thickness of 6.3 A ' from the d-spacing obtained from X-ray
diffraction. Then the interlayer space for pristine a-ZrP is 1.3 A, which is the subtraction of d-
spacing 7.6 A by 6.3 A, and the interlayer spaces for intercalated ZrP can also be obtained by the
same calculation method (shows in Table 7.2). Table 6.2 also shows the length of alkylamine

molecules calculated from a B3LYP/6-311G* optimized structure using Gaussian 03.'"*

According to the literature,'*!”’

the angle of the inclination and the arrangement of amine chains
are proposed on the basis of the steric demands of the guest molecules, host layer thickness, and
the experimentally found basal spacing and composition of the intercalate. The proposed
arrangement was then derived from the analysis of the correlation between interlayer distance
and the number of carbon atoms in the alkylamine chain.'** ' Table 6.2 shows the proposed
arrangement of amine molecules in the ZrP interlayer space. The increase in interlayer spacings
for ZrP-BA, ZrP-Octyl, and ZrP-HAD are much larger than calculated chain length, indicating a
bilayer arrangement. In the cases of ZrP-DtDA and ZrP -DHDA, the interlayer increases are

slightly smaller than the chain length of amines, indicating an interdigitated (or tilted)

arrangement.
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Table 6.2 Calculated alkylamine chain length and proposed interlayer arrangement of
alkylamines in ZrP interlayer space

Calculated | XRD Observed Arrangement of
Alkvlamine Length interlayer molecules in
Y (A) Increases (A) | the ZrP interlayer space

Butylamine 6.2 11.3 bilayer
Octylamine 11.6 20.9 bilayer
Hexadecylamine 20.7 38.9 bilayer

Dimethyltetradecylamine 21.2 19.5 interdigitated

Dimethylhexadecylamine 22.8 20.2 interdigitated

Figure 6.2 shows the molecule structures of the amines. The difference between DtDA and
DHDA versus BA, Octyl and HAD are that the hydrogen atoms attached to nitrogen are replaced
by methyl group. The proposed arrangements of the DtDA and DHDA molecules are obviously
different than BA, Octyl and HAD. This can be considered as arising due to the different cross

sectional areas of the intercalated molecules.
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Figure 6.2 The scheme of molecule structure of alkylamines. (@ : oxygen; @ : nitrogen; O:
hydrogen)

The cross sectional areas can be calculated using method of Hermann.'”'” The method
considers the molecule as a set of intersecting spheres of carbon, hydrogen, and oxygen, with
their radii being equivalent to van der Waals radii. The following values for inter-atomic bond
lengths were used: aliphatic C-C, 1.54 A; C-H, 1.09 A; C-O (in alcohols), 1.43 A; and O-H (in
alcohols) 0.97 A% The van der Waals radii used were: aliphatic carbon, 1.6 A; hydrogen, 1.2
A; oxygen, 1.4 A and nitrogen, 1.5 A. The cross section areas are calculated combined the bond
length, bond angle and van der Waals radii of atoms in the molecule. In the case of a-ZrP, the
cross sectional areas of the intercalated molecules were calculated assuming that the C - N bonds
are perpendicular to the host layers. For BA, HAD and Octyl, the cross section areas include
only the —CHj3 group, and the cross section areas of DtDA, DHDA are the sum of the areas of —

CHj group and N atom. A schematic diagram (Figure 6.3) shows a planar view of a terminal
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methyl group and dimethylamino group. The methyl group can be considered as a sphere area
rather than individual atoms. The justification for the selection of a 2.0 A radius sphere for the
methyl or methylene group is derived from Pauling’s account of experimental measurements on
several molecules.'™ Solid curves show a carbon atom in the center (van der Waals radius 1.6 A)
and three tetrahedral hydrogen (van der Waals radius 1.2 A) located at 1.09 A from the center of
the carbon atom. The dotted curve shows the methyl group as a single sphere with a radius of 2.0
A. As can be seen, the parts of hydrogen atoms are compensated for by filling the void spaces
around the carbon atom. The estimated surface area of the methyl group should, therefore, be

33.2 A?; this suggests that the total surface area of DtDA and DHDA is 73.5 A,

Figure 6.3 Schematic planar view of a terminal methyl group and dimethylamino groups

For ZrP, the free area associated with each P - OH group is 24 A*'®, that is much smaller
than the surface area of DtDA and DHDA. Therefore, not every phosphate between the layers of
ZrP-DtDA or ZrP-DHDA, is occupied by the DtDA or DHDA molecules because of the
“covering effect” ."*° Figure 6.4 shows the proposed arrangement of BA (a), and DtDA (b)

molecules in the intercalate.
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Figure 6.4 Proposed arrangement of BA (a), DtDA(b) molecules in the intercalate

6.2 Adsorption of 4-chlorophenol by intercalated layered a-Zirconium
phosphate

6.2.1 X-ray diffraction study of the adsorption of 4-chlorophenol by a-ZrP

Figure 6.5 shows the XRD patterns of pristine ZrP (a), ZrP-DHDA (b) and the product after
adsorption of 4-chlorophenol by ZrP-DHDA. The insert part shows the XRD patterns of ZrP-
DHDA and the product of 4-chlorophenol intercalated in ZrP-DHDA (Trace c). The interlayer
space increases from 2.76 nm to 3.36 nm upon intercalation of 4-chlorophenol. The length of
chlorophenol obtained from computation calculations (B3LYP/6-311G*) is 0.63 nm. The

increase in the interlayer space (0.6 nm) shown in the insert (trace c) is consistent with
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intercalation of 4-chlorophenol oriented perpendicular to the layers. It suggests that 4-

chlorophenol and DHDA molecules are co-intercalated in the ZrP interlayer spaces.
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Figure 6.5 X-ray diffraction pattern of a-ZrP (a) ZrP-DHDA (b). Insert shows the X-ray
diffraction patterns of ZrP-DHDA (b) and ZrP-DHDA intercalated with 4-chlorophenol (c)
in the 2°-20° range

The proposed co-intercalation arrangement of chlorophenol and DHDA in ZrP is also
confirmed by infrared spectroscopy. Figure 6.6 shows the ATR-FTIR spectra of ZrP-DHDA and
4-chlorophenol intercalated ZrP-DHDA. The characteristic bands of 4-chlorophenol are observed
alongside the absorption bands of the parent material. Absorption bands due to 4-chlorophenol
at 1590 cm™ and 1497 cm™ are C=C ring stretching frequency, while the band at 1090 cm™ is C-
Cl stretching frequency and the band at 823 cm™ is the out of plane bending mode of the ring C-

H vibration.'®'® Figure 6.6 clearly shows that the infrared bands of the parent material are still
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present after the intercalation of 4-chlorophenol. This confirms that the DHDA and 4-

chlorophenol are co intercalated.
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Figure 6.6 ATR-FTIR spectra of phases obtained after adsorption of 4-chlorophenol by 0.1
g of ZrP-DHDA in 30 ml of solution at different 4-chlorophenol concentrations

6.2.2 Computational methods to study the interactions between ZrP, amine and 4-
chlorophenol

The XRD and FTIR data are consistent with a co-intercalated structure of 4-chlorophenol
adsorbed ZrP-DHDA. In order to better characterize the interaction between ZrP phosphate
anions, alkylamine and 4-chlorophenol, computational studies were performed. Figure 6.7 shows
a schematic proposed arrangement of alkylamine and 4-chlorophenol molecules at the interlayer

of ZrP. The 4-chlorophenol molecule has two electronegative atoms O and Cl, and they can form
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ether hydrogen bonding or halogen bonding with positive charged alkylamine ions between

172;185
layers, "~

while the hydrogen atom assigned to the —OH group in 4-chlorophenol could also
form hydrogen bonding with phosphate layer in ZrP. The preference of the bonding site with
alklyamine and phosphate layer will have lead to the different increasing of the interlayer space
of ZrP-alkylamine. The interactions between the three parts (highlighted by the rectangular block
in Figure 6.7) were studied by computional methods using DFT method (B3LYP) with the basis

set 6-311G*.

OH

Cl

4-chlorophenol

Figure 6.7 Schematic representation of 4-chlorophenol Intercalation into layered ZrP-
amine. The rectangular area is the part studied using calculation method

: Zirconium, : Phosphate, : Oxygen.
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Models built to analyze the interaction of amines, phosphate ions and
chlorophenol molecules

H;PO, (Singlet)

A model of H3POy4 (neutral) was built as shown in Figure 6.8, which the parameters of the
model were shown in the Table 6.3 at right. The zirconium atoms bonded with oxygen atoms in

ZrP were substituted by hydrogen atoms to simplify the calculation.

Figure 6.8 Schematic of the phosphate acid model

Table 6.3 The parameters of phosphate acid model

Bond Bond
length/ A Angle
Al1-A2 1.76
Al1-A3 1.76
A3-A6 0.96
A2-A1-A3 109.47°
A3-Al1-A4 109.47°
A1-A3-A6 109.50°




NH;----H;PO,

The model of hydrogen bonding between amine and phosphate was built as shown in Figure
6.9. The table 6.4 at the left is the parameters of the model, and the table 6.5 below is the energy

changing by the formation of the hydrogen bonding, which the negative energy indicates the

more stable state after the formation of hydrogen bonding.

Figure 6.9 Model of hydrogen bonding between amine and phosphate ions

Table 6.4 The parameters of NH3;----H3;PO4model

Bond Bond

length/ A | Angle
Al-A2 1.00
Al-A3 1.00
Al-A4 1.00
A1-A5 1.28
A5-A6 0.96
A6-A7 1.60
A7-A8 1.47
A7-A9 1.63
A10-Al11 0.96




A2-A1-A3 109.47°
A5-A6-A7 116.42°
A6-A7-A8 111.99°
A6-A7-A9 106.44°
A6-A7-A10 103.14°
A8-A7-A9 116.19°
AS-A7-A10 98.09°
A7-A9-A12 114.63°

Table 6.5 The formation energy of NH;----H3;PO4 model
E(RB+HF-LYP) =
NH;
-56.20
HPO E(UB+HF-LYP) = AE=-0.43 A. U.
e -640.23 = - 296.82 kcal/mol
E(UB+HF-LYP) =
H3PO, - NH;
-696.83

NH;3------ OH-C¢Hy4 Cl
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The model of hydrogen bonding between amine and chlorophenol molecule is shown in the

Figure 6.10, while the Table 6.6 below shows the parameters and the Table 6.7 energy changing

after the formation of hydrogen bonding. The hydrogen bonding formation also lowers the total

energy.



Figure 6.10 Model of hydrogen bonding between amine and chlorophenol

Table 6.6 The parameters of NH; - OH-C4H4- C1 model

Bond Bond
length/ A Angle
Al-A2 1.00
A2-A3 1.00
A2-A4 1.00
A1-A5 2.10
A2-A6 2.03
A5-A6 0.96
A5-A7 1.43
A7-A8 1.39
A8-A9 1.40
A9-A10 1.39
Al10-Al11 1.81
A1-A2-A3 110.36°
A6-A5-A7 112.78°
A1-A5-A7 120.34°
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Table 6.7 The formation energy of NH, -- OH-C¢Hy4- C1 model

NH; E(RB+HF-LYP) = -56.20
AE=-0.03 A. U.
C¢HsCIO E(RB+HF-LYP) = -763.16
e ( ) = - 18.82 kcal/mol
CeHsCIO — NH; E(RB+HF-LYP) = -819.39

H;PO4-----OH-CcH4-Cl

Figure 6.11 shows the model of hydrogen bonding between phosphate and a chlorophenol
molecule. The Table 6.8 below also shows the parameters of the model and the table 6.9 is the

energy changing after the formation of hydorgen bonding.

Figure 6.11 Model of hydrogen bonding between phosphate and chlorophenol



Table 6.8 The parameters of H;PO4

Table 6.9 The formation energy of H;PO4----- OH-C¢H4-Cl model

------ OH-C6H4-C1 model

Bond Bond
length/ A Angle
Al1-A2 1.69
A2-A3 1.76
A2-A4 1.71
A2-A5 1.79
A5-A6 1.00
A3-A7 1.01
A4-A8 1.02
A9-A10 1.42
A1-A10 1.10
A9-A11 1.34
Al-A2-A4 98.07°
A2-A1-A10 110.80°
A9-A10-Al 163.78°

HsPO,

E(UB+HF-LYP) = -640.23

CeHsCIO

E(RB+HF-LYP) = -763.16

CeHsClO - H;PO,

E(UB+HF-LYP) = -1403.52

AE=-0.13 A. U.
- 81.58 kcal/mol

NH;------ Cl-CcH4-OH
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Figure 6.12 shows the model of halogen bonding between amine and chlorophenol

molecule. And the tables 6.10 and 6.11 show the parameters of model and the energy changing

after the formation of halogen bonding, which is also negative.
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Figure 6.12 Model of halogen bonding between amine and chlorophenol

Table 6.10 The parameters of H;PO4----- OH-C¢H4-Cl model

Bond Bond
length/ A Angle
Al1-A2 1.76
Al1-A3 2.11
A3-A4 1.00
A4-A5 1.00
A2-A6 1.40
A6-A7 1.40
A7-A8 1.40
A8-A9 1.43
A9-A10 0.96
A3-A4-AS5 109.47°
A2-A1-A3 130.58°
A1-A2-A6 119.98°
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Table 6.11 The formation energy of NH;---CI-C¢H4-OH model

NH; E(RB+HF-LYP) = -56.20
AE=-0.04 A. U.
CsHsCIO E(RB+HF-LYP) = -763.16
o ( ) = - 25.1 kcal/mol
CgHsOCI — NH3 E(RB+HF-LYP) = -819.40

Table 6.12 is the summary of the energy changings when the formation of the hydrogen
bonding or halogen bonding between different molecules. The strongest hydrogen bonding site is
between phosphate and amine molecule with the formation energy -296.82 kcal/mol. The second
preference one is the hydrogen bonding between phosphate and clorophenol with the formation
energy -81.58 kcal/mol. The formation energies give the evidence that the adsorption of the
chlorophenol is driven by the formation of hydrogen bonding between phosphate and
chlorophenol rather than the interaction between amine and chlorophenol. So the intercalation of
alkylamine is for increasing the interlayer space to make it easier for chlorophenol to be
adsorpted by o-ZrP. Figure 6.13 is the schematic process of the intercalation of amine and

adsorption of chlorophenol into a-ZrP.



Table 6.12 Summary of the hydrogen bonding and halogen bonding formation energies
between phosphate, amine and chlorophenol

H3PO4 — NH3 AE =-0.43 A. U. = - 296.82 kcal/mol

CeHsCIO — NH; AE =-0.03 A. U. = - 18.82 kcal/mol

CeHsCIO — H3PO, AE =-0.13 A. U. =- 81.58 kcal/mol

CgHsOCI — NH; AE=-0.04 A. U.= - 25.1 kcal/mol
“
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Figure 6.13 Schematic process of the intercalation of alkylamine and the adsorption of
chlorophenol by a-ZrP
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Chapter 7 Conclusions and potential future directions

a-Zirconium phosphate was synthesized by reflux method, and modified using Butylamine
(BA), Octylamine (Octyl), Hexadecylamine (HAD), Dimethyltetradecylamine (DtDA),
Dimethylhexadecylamine (DHDA). The combined computational results and XRD data indicate
a bilayer arrangement of BA, Octy and HAD, while an interdigitated arrangement of DtDA and
DHDA is consistent with the data. The main reason for the different arrangements of amines is
because of cross section area, which can be calculated by considering the composition of
molecules with the radii be equivalent to van der Waals radii. Therefore, the tertiary amines such
as DtDA and DHDA have a larger cross section area (73.5A) than free area of a-ZrP (24A%),

which leads to the interdigitated arrangement in a-ZrP layers.

Amine intercalated o-ZrP can be effectively used for the removal of 4-chlorophenol from
aqueous solutions. And the removal of 4-chlorophenol from water solution is induced by
partitioning of the 4-chlorophenol in the ZrP-amine solid, and the chlorophenol was co-
intercalated into the ZrP-DHDA interlayer space with the DHDA molecules. The interactions
between amines, phosphate and chlorophenol are calculated using density function theory
(B3LYP) with a basis set 6-311G*. The formation energies between either of two ions or
molecules indicate that the driven force for the adsorption of chlorophenol is the hydrogen
bonding between phosphate ion and chlorophenol molecules. And the intercalation of the a-ZrP
by alkylamine is to increasing the interlayer space to allow the chlorophenol to get into the

interlayer space.

The calculation work provides an explanation of the intercalation process and driving force

of the adsorption of chlorophenol by amine intercalated a-ZrP. Future calculation work is needed
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to study the adsorption isotherm, kinetics and thermal dynamics by construct two-dimensional

structure of ZrP model and other molecules.
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APPENDIX

Model: H;PO, (Singlet)

Frequencies
183.233
225.133
292.556
346.972
382.268
384.206
414.89
757.12
857.748
883.857
1048.15
1073.3
1104.99
1227.13
3518.79
3540.5
3540.89

Bond Bond
length/ A Angle

Al-A2 1.76

Al1-A3 1.76

A3-A6 0.96

A2-A1-A3 109.47°

A3-Al1-A4 109.47°

A1-A3-A6 109.50°




NH;----H;PO,

Frequencies

43.023
101.25
167.431
221.56
245.95
310.46
342.366
357.402
385.147
407.176
448.156
465.933
518.042 Bond . Bond
length/ A | Angle
578.341
Al-A2 1.00
322123 Al1-A3 1.00
792 543 Al-A4 1.00
931.876 A1-A5 1.28
991.32 A5-A6 0.96
1047.45 A6-A7 1.60
1113.1 A7-A8 1.47
1233.343 A7-A9 1.63
1414.43 A10-Al11 0.96
1594.76 A2-A1-A3 109.47°
1678.731 A5-A6-A7 116.42°
1784.35 A6-A7-A8 111.99°
1789.71 A6-A7-A9 106.44°
3043.43 A6-A7-A10 103.14°
3412.25 A8-A7-A9 116.19°
3455.91 A9-A7-A10 98.09°
3457.76 A7-A9-A12 114.63°
3483.13

3543.33



100

NH;------ OH-C¢H,- Cl1

Frequencies

32.2047
46.5655
48.1236
129.046
157.603
247.626
317.006
367.548
401.209
439.751
449.95

450.662
509.18

574.257

650.851 Bond Bond
667.262 length/ A Angle

760.413
895 932 Al-A2 1.00

867.036 A2-A3 1.00
886.319 A2-A4 1.00

1027.5
1030.67 Al1-A5 2.10

1108.74 A5-A6 0.96

1146.53 AS-A7 1.43
1193.52 '

1229.32 A7-A8 1.39
1265.1 A8-A9 1.40

1317.94 A9-A10 1.39
1360.75

1438.86 Al10-Al1 1.81
1494.79 Al-A2-A3 110.36°

1539.57 A6-A5-A7 112.78°
1612.85
1618.61 AL-AS-AT 12034°
1640.06
1685.08
2098.02
3223.11
3225.38
3345.13
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3247.08
3350.13
3433.76
3437.81
3534.99

H;PO4-----OH-C¢H,4-Cl

Frequencies

30.43

39.19

58.05

80.13

112.12
138.82
201.49
209.19
231.38
291.23
330.00
339.97
373.02
381.12
431.56
454.79
460.33
533.75
539.31
547.54
610.57
636.96
665.87
703.11
756.34
784.61
835.44
841.32
848.49

&



859.67

904.22

994.94

1025.4

1034.02
1050.77
1088.9

1115.93
1136.95
1186.09
1218.81
1285.89
1316.01
1334.81
1371.97
1444.32
1534.16
1576.59
1587.01
1623.42
2009.49
3010.68
3201.59
3226.52
3259.21
3272.91
3395.45
3506.65

Bond . Bond

length/ A Angle
Al1-A2 1.69
A2-A3 1.76
A2-A4 1.71
A2-A5 1.79
A5-A6 1.00
A3-A7 1.01
A4-A8 1.02
A9-A10 1.42
A1-A10 1.10
A9-Al11l 1.34

Al-A2-A4 98.07

A2-A1-A10 110.80

A9-A10-Al 163.78

102



103
NH;------ Cl-C¢H4-OH

Frequencies

45.49
87.90

110.12

190.00

241.65

259.71

321.73

333.21

343.34

365.81

410.69

417.45 ,@
448.47

527.51

617.70

664.84

742.64

833.59

845.00 Bond Bond
881.71 length/A | Angle

1004.45 Al-A2 1.76

1019.00 A1-A3 2.11
1038.27

1087.06 A3-A4 1.00
1134.28 A4-A5 1.00

1184.44 A2-A6 1.40
1230.10

1323.32 A6-A7 1.40
1347.79 A7-A8 1.40
1379.15 A8-A9 1.43

1468.98
1541.86 A9-A10 0.96

1543.00 A3-A4-A5 109.47°
1609.98 A2-A1-A3 130.58°

1611.12 .
1617.44 Al1-A2-A6 119.98

1636.06
1780.55
1787.16
2891.62




3205.78
3231.76
3238.15
3248.20
3330.02
3407.28
3408.50
3527.87
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