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Abstract

The liquid phase synthesis of resorcinol from meta-phenylenediamine in the presence of
heterogeneous solid acids instead of the patented mineral acids offers a solution to the extremely
corrosive properties of these mineral acids at reaction temperature (200-275°C). The presence of
acids is required for the transformation of meta-phenylenediamine with water to resorcinol. The
thermodynamic analysis showed that acids are required as reagents to drive the otherwise
thermodynamically unfavourable reaction forward. With mineral acids the rate of reaction is
proportional to the hydronium-ion concentration. The mineral acid strength and the acid
concentration determine the extent of production of side-products.

The synthesis was performed in the presence of aluminosilicates (H-USY, H-Beta, H-Z5M-5 and H-
silica-alumina) or zirconium phosphates. Temperature programmed desorption studies were used to
determine the number of acid sites and acid site strength. To evaluate the adsorption strength of the
relevant compounds, liquid-phase adsorption studies were conducted at low temperatures with the
intention of predicting the heat of competitive adsorption at reaction temperature. This method,
however, is not viable since the heterogeneous analogues act as 'concentrating vessels' resulting in
the determination of the heat of physisorption rather than chemisorption.

High resorcinol vields can be obtained in the presence of the heterogeneous analogues, albeit at
higher reaction temperatures. The crystal structure of zeolites H-Beta and H-USY is destroved while
that of H-ZSM-5 is retained. Comparison of the reaction rate constants with the zeolite crystal
diameter shows that the true reaction rate constant when using mineral acids ~ Beta (dcrysta<0.3pm)
> ZSM-5 (derystar~0.5pm) > USY (derystar~0.5um) >> ZSM-5 (deryaa=1-5pm). Since the reaction rate
constants of Beta are comparable to those of the mineral acids, it might be concluded that all
Bronsted acids within H-Beta are utilised equally. For aluminosilicates with small crystallite sizes the
NH; produced per Brensted acid site is greater than one, thus indicating some catalytic activity.

The swelling property of layered zirconium phosphates enhances the accessibility of meta-
phenylenediamine onto its surface acid sites. However, the zirconium phosphates are not as stable
as H-ZSM-5 since leaching of phosphate groups into solution occurs at relatively low temperatures
(225°C). Zirconium phosphates could be reused several times if the spent solid is kiln calcined at
400°C. Of the zirconium phosphates used during the investigation, the y-form is preferred.



Declaration

| hereby declare that this submission is my own work
and that, to the best of my knowledge and belief, it
contains no material previously published or written
by another person nor material which has been
accepted for the award of any other degree or
diploma of the university or other institute of higher
learning, except where due acknowledgement has
been made in the text



Declaration




Acknowledgements il

Acknowledgements

Thanks are due to my supervisors A./Prof. Eric van Steen and Dr Dave Gammon for
all their assistance and guidance without which this thesis would not have been
possible. Also many thanks to Prof. Cyril O’'Connor for his time and effort in
commenting on previously submitted manuscripts. Many thanks to Dr Klaus Méller,
A./Prof. Jack Fletcher for their input. | wish to express my appreciation to the
Catalysis Research Unit, and also thank the FRD, AECI and other sponsors of the
Catalysis Research Unit at UCT.

A special thanks to Michael Claeys and all the fellow students for not only imparting
their knowledge but also valued friendship. Special thanks also to the guys of the
Fine Chemicals Catalysis sub-unit: Uwe Wilkenhdner, Gillian Moon and Palali
Motsoestoe. Thanks to the organisers Natasha Ristic and Heiko Manstein as well as
the LINUX people Warwick Duncan, Peter Schwan and Michael Halhead. | like to
also thank and acknowledge the contributions received by the numerous other
people constituting the chemical engineering department for their friendship and

assistance.

| express my appreciation to the administrative help received from Pam and Lorna.
My gratitude also goes to the laboratory assistance of Helen, Maria, Shireen and
Gary for all their hard work. Thanks also to the technical support received from Peter
Dobias, Joachim Macke, Granville de la Cruz, Bill Randall and Craig Ballfour.

| would especially like to thank my parents, Erich and Margrit, and my sister Sandra
for their love, encouragement and affection. A deep sense of gratitude goes to my
parents for their financial and motivational support throughout my stay here at UCT.
All | have achieved is a tribute to them.

A special thank-you also to Melanie Buwalda for her support, love and
understanding, and especially for putting up with me through all the times when the
task of completing a PhD thesis seemed impossible.



iv Synopsis

SYNOPSIS

Resorcinol is an important building block in the pharmaceutical, adhesion and dye industry. A
number of different processes for the production of resorcinol are available with each synthesis
route having intrinsic advantages and disadvantages that differ from one process to another.

A viable route to resorcinol in South Africa is via meta-dinitrobenzene due to the large-scale
production of nitrobenzene from benzene. Since meta-dintrobenzene is formed as a side-product
during the production of nitrobenzene and is hydrogenated quite easily, the acid hydrolysis of
MPDA to resorcinol will be considered during this investigation. MPDA is converted to resorcinol
via the intermediate meta-aminophenol (MAP) in the presence of an acid HA:

MPDA + H,0'+ A° m———" MAP + NH/ A (rxn 1)
MAP + H;0" + A m———" Resorcinol+NH,/ A" (xn2)

The industrial synthesis of resorcinol from MPDA can be carried out in an autoclave in the
presence of water and mineral acids at temperatures ranging between 200°C to 275°C. The water
serves as a reactant as well as a solvent. The mineral acids used are ammonium bisulphate,
phosphoric acid or sulphuric acid. It is known that mineral acids such as H,SO, are highly
corrosive, and polymerisation and condensation reactions do occur, leading to resin formation.

From studies with the mineral acids, i.e. H,SO4 (pKs = -2 at 25°C) (98wiw%), HsPO, (pKe = 2.12
at 25°C) (85wiw%), and (NH,)H.PO, p.a. (pKa = 7.4 at 25°C), it is deduced that the rate of
reaction is directly proportional to the hydronium ion concentration, which is primarily dependent
on the ionisation constant of the mineral acids. No resorcinol is produced from MPDA without the
addition of a mineral acid. Since ammonia is a stronger base than the reactant MPDA, the
catalytic conversion of MPDA to resorcinol is unfavourable. This is confirmed by means of a
thermodynamic study, which predicts that ammonium-salt formation during the course of the
reaction is vital to drive the reaction forward towards acceptable yields of resorcinol,

From reaction studies with mineral acids, it is found that the mineral acid strength as well as the
acid concentration inside the autoclave determines the extent of the production of polymeric
ethers. Mineral acids having an ionisation constant greater than that of hydronium ions are
hygroscopic at high concentrations and lead to the production of ethers, thereby yielding water
molecules. Traces of dimers comprising aryl-groups bonded by ~NH- links (3,3-diamino-
diphenylamine and 3-hydroxy,3-amino-diphenylamine) are observed, which are hydrolysed
further to MAP or resorcinol,
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There is an incentive to replace these corrosive and environmentally hazardous mineral acids
with solid acids that would also ease the separation process. In addition, the use of zeolite would
be expected to suppress condensation and polymerisation reactions. This would occur if the
transition-state of the condensation is too bulky to fit into the pores or if the condensation
products cannot diffuse out of the pores of the zeolites and the reverse reaction occurs.
- Therefore, aluminosilicates H-ZSM-5 (SVAI = 13), H-ZSM-5 (Si/Al = 22), H-Beta (Si/Al = 14.4), H-
USY (Si/Al = 5.6) and amorphous H-silica-alumina (SI/Al = 6.9) with different pore diameters and
pore architectures are investigated. Reactions are carried out at 225°C, 275°C and 300°C. The
aluminosilicates are characterised before and after the reaction at 300°C by means of NH;
temperature programmed desorption (NH;-TPD), thermogravimetric desorption (DT-TGA), No-
BET, X-Ray Diffraction and SEM. The NH;-TPD study and TGA on water are also used to
determine the respective heats of desorption of strongly adsorbed ammonia and water by varying
the temperature ramping rate. To evaluate the strengths of interaction of MPDA, MAP and
resorcinol with the aluminosilicates, liquid phase adsorption studies are conducted at low
temperatures (30°C, 50°C and 70°C) with the intention of predicting the heat of competitive
adsorption (solute: either MPDA, MAP or resorcinol; solvent = H,0). This method, however, is not
viable since zeolites act as ‘concentrating vessels’ resulting in the determination of the heat of
physisorption rather than chemisorption.

At lower temperatures, all zeolites apart from H-USY (~8mol% resorcinol vield) show a decrease
in the mass balance, which is attributed io the strong adsorption of MPDA., At higher temperature,
drastic increases in resorcinol vields are observed, although only small increases are observed
for H-USY (~25%) and H-ZSM-5 (SV/Al = 13) (~3%). Comparison of X-Ray Diffraction and N,-BET
data before and after the reaction show the extent of destruction of the zeolite framework
structure as follows: USY = silica-alumina > Beta > ZSM-5; the USY structure collapses totally
and ZSM-5 structure is setained. Comparison of the reaction rate constants with the zeclite crystal
diameter shows that for all zeolites the dominant part of the reaction occurs on the more external
surface acid sites. The true reaction rate constants when using mineral acids = Beta (derysta <
0.3um) > ZSM-5 (SUAl = 22, deystar = €a. 0.5pm) > USY (deysa = 0.5pm) >> ZSM-5 (Si/Al = 13,
deystat = 1 - 5um). Since the true reaction rates of Beta are comparable to those of the mineral
acids, all the Bronsted acid sites within H-Beta are utilised equally as with the mineral acids. Not
all acid sites on USY and ZSM-5 seem to have the same activity. The reactions with H-Beta and
H-ZSM-5 (Si/Al = 22) returned turmover numbers (moles NH; produced / moles acid sites) greater
than 1, which is aftributed to the existence of an equilibrium between ammonia adsorbed on the
aluminosilicate, in the bulk solution and in the autoclave headspace. With a suitable reactor
design (low silica/alumina H-ZSM-5 with small crystal size) and carrying out the reaction at
temperatures greater than 300°C, the removal of ammonia from the headspace is possible and
likely to improve the overall turnover number.
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in addition to the aluminosilicates, the layered compounds o-zirconium phosphate (o-
Zr{(HPO)H0) and y-zirconium phosphate (v-Zr(POJ(HPO.)-2H;0) are investigated as
heterogeneous solid acids for the conversion of MPDA to resorcinol. The layered zirconium
phosphate compounds consist of fixed ionogenic phosphate groups on macromolecular planes,
which resemble the structure of ortho-phosphoric acid. in contrast to aluminosilicates, the ability
of the zirconium layers to swell in the presence of amines (MPDA) allows for easy access of the
MPDA molecules to an active site. Some zirconium phosphates samples are kiln treated (400°C)
prior to their reaction to test their thermal and chemical stability. Reactlions with the zirconium
phosphates and their 400°C kiln-treated a- and y-zirconium phosphates are carried out at 225°C
and 275°C. The zirconium phosphates are characterised before and after reaction by means of
DT-TGA, N-BET, X-Ray Diffraction, FT-IR and SEM. Unsuccessful attempts are also made by
means of liquid phase adsorption (30°C, 50°C and 70°C) to evaluate the strength of interaction of
MPDA, MAP and resorcinol with the Brensted acids on the zirconium phosphates (solute: either
MPDA, MAP or resorcinol; solvent = H;0). The spent zirconium phosphates samples are further
characterised by regenerating and reusing them in a second reaction.

At 225°C, slight leaching of phosphate groups into solution is observed with the a-zirconium
phosphate samples undergoing a slow transformation to (NH,)Zr(PO.)s (ca. 8% after 25hours).
The leaching and transformation processes are greater at higher temperatures. The acid sites on
y-zirconium phosphates interact with the MPDA more readily than those on o-zirconium
phosphates. The true reaction rate of y-zirconium phosphate (diayer = 12.20A) is comparable to the
reactions with mineral acids, while those of a-zirconium phosphates (diyer = 7.55A) are generally
slower. The rate constants for a-zirconium phosphates are found to be a function of the interlayer
distance, inferiayer aftraction forces and Brensted acid strength. The turnover number calculated
for the hydrolysis of MPDA o resorcinol in the presence of zirconium phosphates is ~0.6 mole
NH; produced per mole acid sites, showing that this reaction can hardly be classified as catalytic.
However, y-zirconium phosphate could be reused several times (3™ cycle at 275°C leads to a
resorcinol vyield ~ 70% after 25hours) if the spent solid is kiln calcination at 400°C.
Notwithstanding the zirconium phosphates’ limited capacity as regenerable reagents, this is a
positive factor in favouring their use as an alternative to the traditional homogeneous routes.
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Symbols and constants that are defined and used locally are not included here.

a; activity of i-th componént
As total surface area
AS acid sites
C concentration
o heat capacity
d diameter (zeolites) or interlayer distance (zirconium phosphates)
E, activation energy
f fugacity
Fw formula weight
F flow rate of carrier gas
G (molar) Gibbs free energy of (refer to subscript or superscript)
H” excess partial molar enthalpy
intensity
k rate constant
equilibrium constant
K, equilibrium constant defined according to system
K, equilibrium constant; according to Equations A.24 and A.25
m mass (defined locally)
n surface excess of i-th component; moles
Bio surface phase capacity of pure component i; moles
n’ total number of moles of the i-th component in the surface phase
n’ total number of moles in the adsorption system
N number of moles
P pressure or molar pressure

ratio of two components

¢

n

entropy or molar entropy
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&y

¢

BEREEROC®

surface area determined using BET isotherm
time

temperature

reduced temperature

molar internal energy

volume fraction of i-th component

volume or molar volume

Weight

partial molar area occupied by the i-th component
molar work

mole fraction of i-th component

conversion

mole fraction (gas)

linear heating rate

Flory interaction parameter

binary interaction parameters between i-th and j-th components
volume fraction of i-th component

activity coefficient of i-th component

heterogeneity parameter

coverage

density

interfacial tension

change in Gibbs free energy (refer to subscript or superscript)
change in heat of (refer to subscript or superscript)

change in heat of (refer to subscript or superscript)

change in entropy of (refer to subscript or superscript)

surface excess of the i-th component per mass adsorbed
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Subscripts

a adsorption

ad adsorption

Al aluminium Species

aq aqueous

des desorption

ext external

f formation

g gas phase

HA mineral acid

i i-th component

J Jj-th component

/ liquid

lc layer charge

loc local

m maximum

max maximum

MAP meta-aminophenol
MPDA meta-phenylenediamine
0 initial or pure component
RES resorcinol

rxn reaction

s solid phase

w water

vap vaporisation
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Superscripts

l liquid / bulk phase

L liquid phase

0 standard (pure component)

phys physisorbed

prot protonated

s solid / adsorbed phase; or partial

vV vapour phase

vap vapourisation

rxn reaction

Constants

R universal gas constant; 8.314 J/(mol K)
Ny Avogadro's constant; 6.022:10% 1/mol
k Boltzmann's constant; 1.381-102° J/mol
g electronic charge; 1.6022:10"° C

Abbreviations

AA Atomic Adsorption Spectroscopy

BET Brunauer, Emmett and Teller isotherm

DTA Differential Thermal Analysis

EFAI Extra Framework Aluminium

FT-IR Fourier Transform Infra-Red

GC Gas Chromatography

GCMS Gas Chromatography with Mass Spectrometer as Detector
HTD High Temperature Desorption

HPLC High Pressure Liquid Chromatography
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HY (USHY) Zeolite Y (ultrastable)

1.D. Inner Diameter

IR Infra-Red

LTD Low Temperature Desorption

MAP meta-Aminophenol

MPDA meta-Phenylenediamine

MS Mass Spectrometer

m.a.s magic angle spinning

NASICON Sodium Super-lonic Conductor

NTP Normal Temperature Pressure

NMR Nuclear Magnetic Resonance

SEM Scanning Electron Microscopy

TCD Thermal Conductivity Detector

TGA Thermogravimetric Analysis

TPD Temperature Programmed Desorption
USP United States Pharmacopoeia

XRD X-Ray Diffraction

a-ZrP a-Zirconium Phosphate, a-Zr(HPO4);-H,0
a-ZrP400 Calcined a-ZrP at 400°C for 12hours
y-ZrP y-Zirconium Phosphate, y-Zr(PO4)(H2PO4)-2H20

y-ZrP400 Calcined y-ZrP at 400°C for 12hours
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Glossary

basal spacing
d-spacing

E-factor

Gallery height
lamella

interlamellar distance
interlayer distance
Interlayer region

distance between barycentres of two adjacent sheets
see basal spacing

mass ratio of by-products relative to desired product
actual distance between two lamella (free distance)
planar macromolecular sheet

see basal spacing

see basal spacing

free space between two adjacent layers






Chapter 1

Introduction

Discovery consists of seeing what everybody has
sean and thinking what nobady has thought
tAloent Szent-Gydrgyi)



Introduction 1

1. INTRODUCTION

Resorcinol forms an important building block in the pharmaceuticals, adhesion
and dye industries [Dressler, 1994). The available resorcinol synthesis routes are
either highly energy intensive, capital intensive, safety hazardous or may include
a muititude of stages that result in difficult removable isomers and co-products.
The resorcinol synthesis route conducive to South Africa is that from meta-
dinitrobenzene. The South African explosives industry produces large amounts of
nitrobenzene from benzene. In the presence of a nickel catalyst, the meta-
dinitrobenzene can quite easily be catalytically hydrogenated to meta-
phenylenediamine. Thereafter, the purified meta-phenylenediamine (MPDA) can
be converted to resorcinol in the presence of water and a suitable promoter. The
promoters comprise of mineral acids of which ammonium-bisulphate, phosphoric
and sulphuric acid are amongst the most commonly used [Greco, 1968 - 1972].
Although side reactions, especially condensation reactions, do occur, high
resorcinol yields (>95%) can be o'bta.ined in the presence of mineral acids. The
mineral acids tend to be highly corrosive at the required reaction temperatures (in

excess of 200°C), making the process capital intensive.

The objective of this study is to replace the corrosive and hazardous
homogeneous mineral acids previously required for the MPDA hydrolysis with
heterogeneous solid acids that posses localised acid sites. The heterogeneous
acids considered are aluminosilicates (e.g., zeolites) and zirconium phosphates.
The pore structure of the zeolites is thought to aid in suppressing condensation
reactions. This might occur if the transition-state for the condensation is too bulky
to fit into the pores and/or if the condensation products cannot diffuse out of the
pores of the zeolites and the reverse reaction occurs. Heterogeneous acids
would also ease the separation process since no acid neutralisation and

precipitation steps would be required.
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2. LITERATURE REVIEW AND PROPOSALS

2.1 RESORCINOL PRODUCTION

Resorcinol (1,3-dihydroxybenzene) and resorcinol-based resins are primarily
used in the tire and rubber industries to enhance the adhesion between
reinforcing materials and rubber. It is used in the manufacture of wood adhesive
resins and forms an important building block for the production of
pharmaceuticals and ultraviolet absorbers. Resorcinol is also required as a
starting material for the preparation of dyes [Varagnat, 1981; Dressler, 1994].
The estimated world-wide manufacturing capacity of resorcinol is around 30 000
tons per year [Krumenacker et al., 1995] and the world price of resorcinol in
November 2000 was averaged at 17.60$ per kg USP grade resorcinol (6.60%/kg

technical grade resorcinol) [n.n., 2000].

Although, resorcinol is a sought after chemical, its synthesis route has not
evolved since the 1980's and still relies heavily on stoichiometric reactions. Since
the hydroxyl substituent on a benzene ring is ortho- and para-directing, the meta-
isomer can only be obtained from benzene in an indirect way. For example, the
hydroxylation of phenol using TS-1 type catalysts with hydrogen peroxide yields
hydroguinone and catechol but not resorcinol (<0.5%) [Romano et. al, 1990].
Consequently, the commercially feasible production of resorcinol depends on the
yield and selectivity of a meta-precursor that can then be converted to resorcinol.
Catalytic processes for the production of resorcinol are available, although these
processes are greatly dependent on the market value of the co- and/or by-

products formed [Fellmann et al, 1991].
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2.1.1 PROCESSES FOR SYNTHESIS OF RESORCINOL

Figure 2.1 illustrates that the high yields of meta-disubstituted products can only
be achieved via the aromatic nitration or the aromatic sulfonation processes.
These processes are based on the primary —NO, or ~SO3H substituents on the
benzene ring being strongly meta-directing. Meta-directors exert their directing
influence because they deactivate the meta-position less than they deactivate the
ortho- and para-position. Highly concentrated acids-are required to sulfonate or
nitrate the benzene ring since the reactivity of the mono-substituted equivalent is
less than that of benzene. This translates into vast amounts of base required to
neutralise the acid medium after reaction, which results in mineral salts as by-
products. The very corrosive properties of sulfuric acid or nitric acid make these

processes also capital intensive due to high maintenance costs on the reactors.

O
| I
-NHz -OCH; -CHs (alkkyl) -F -Br —C—H —C—OH -SO3H -NO;

-OH -NHCOCH3_© H -Cl | —G—0CH, —G—CHj NR;
© ©  —c=n

N A AN o
~ ~"
Ortho- and Meta-directing
para-directing deactivators
activators
Figure 2.1 Classification of directing effects for substituents [redrawn from

McMurry, 1992].

Catalytic 1,3-substitution reactions on the benzene ring can be achieved using

meta-directing organic substituents, e.g., an acyl substituent. Nevertheless, the
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selectivity towards meta-directed compounds would not be as pronounced as
observed for the nitro and suifonate groups. Therefore, larger amounts of ortho
and para disubstituted benzene molecules are produced as by-products. This
leads to large capital expenditures for the overall process due to separation units

réquired to purify the desired product.

The main route for the industrial synthesis of resorcinol is the alkaline fusion of
meta-benzenedisulfonic acid, whereas the hydroperoxidation of diisopropyl-
benzene is primarily adopted in Japan [Krumenacker et al, 1995]. Other
patented processes exist and are presented in Table 2.1. Apart for the 8-keto-

acid route, all other resorcinol processes require benzene as a starting material.

Table 2.1 Manufacturing processes for resorcinol

Process A References

Alkaline fusion of m-benzenedisulfonic acid [Allen, 1976]
Hydroperoxidation of diisopropylbenzene [Varagnat, 1981]
Dehydrogenation of cyclised 8-ketocarboxylic [Meyer et al., 1979;
acid esters Greco, 1982]
Oxidative dehydrogenation of cyclohexanone [Fellmann ef al., 1991]
Hydrolysis of hydrogenated m-dinitrobenzene [Greco, 1972]

2.1.1.1 COMPARISON OF INDUSTRIAL PROSESSES

A convenient way of comparing the different chemical processes for the
manufacture of resorcinol on an environmental and economic level is given by
the E-factor, which is defined as the mass of by-products formed per mass of
products produced [Sheldon, 1996]. The theoretical E-factor is based on the

inverse of the atom selectivity as follows:

1
-1
Atom Selectivity

Theoretical E -factor =

2.1
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The atom selectivity is calculated by dividing the molecular weight of the desired
product by the summated molecular weights of all products formed as given by
the stoichiometric equation. The true E-factor, however, is greater than the
theoretical one since the general plant efficiencies are far from perfect and
unwanted side-reactions do occur. Additionally, only limited information is given
regarding neutralisation steps.

2.1.1.2 BENZENE DISULFONATION

The first step involves the reaction of benzene with fuming sulphuric acid to form
meta-benzenedisulfonic acid (Reaction 2.2). The acid medium is then neutralised
with NaOH [Varagnat, 1981] or Na;SO; [Allen, 1967] to produce a disulfonate
sodium salt (Reaction 2.3). The caustic salt is further treated with dry caustic
soda at 350°C to eliminate the sulfonic acid group to produce sodium resorcinate
and sodium sulfite (Reaction 2.4). Resorcinol is then extracted with sulphuric acid
(Reaction 2.5). Based on m-benzenedisulfonic acid, the resorcinol yield is around
94% [Varagnat, 1981]. This commercial process is energy intensive due to the
drying step. In addition, the use of concentrated sulphuric acid and caustic soda
makes the process very capital intensive [Fellmann et al., 1991]. The theoretical
E-factor (mass by-products / mass resorcinol) for the overall process equals 4.56.

SOH
© + 24,80, Da. @\ + 2H,0 2.2
oOH

SOH SONa

+ 2NaOH —» ©\ + 2H,0 23
oH O,Na
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SO, Na ONa
+ 2Na, SO,
+ 4NaOHyy — + 2H,0
O Na ONa
ONa OH
+ Hz 804 e + Naz 504
ONa OH
Figure 2.2 Process for the production of resorcinol via benzene

disulfonation.

2.1.1.3 HYDROPEROXIDATION OF DIISOPROPYLBENZENE

A process primarily adopted in Japan is that of the diisopropylbenzene route to
resorcinol. The liquid phase Friedel-Craft alkylation of benzene by propylene is
carried out over a variety of heterogeneous acid catalysts (Reaction 2.6). Zeolites
are the most commonly used acids with the zeolite structure influencing the
selectivity of the meta to para ratio [Kaeding, 1984]. The para-isomer and the
other propylated species (e.g., cumene) formed must be removed and recycled
so that high yields of the pure meta-product is obtained. The meta-diisopropyl-
benzene is oxidised in air to obtain the di-hydroperoxide (Reaction 2.7).
Hydrogen-peroxide can be used to prevent the formation of alcohol side-products
[Wu, 1987]. Acid cleavage of the di-hydrogenperoxide yields acetone and
resorcinol (Reaction 2.8). Acetone in the presence of hydrogen peroxide,
however, forms sensiﬁve explosive compounds that create safety hazards.

24

2.5
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Since the addition of propylene is not a very selective reaction, separation
processes have to be employed to purify the desired meta-intermediate from the
para-isomer, cumene, and propylene. The economic viability of the process itself
is very dependent on the co-products formed [Fellmann et al, 1991]. The
theoretical E-factor (mass by-products per mass resorcinol) equals 1.05.

© - 2/\ e 5* 2.6
OOH
+ 20, ——s 2.7
HOO
OOH OH
, O
— O,
OH
HOO
Figure 2.3 Process for the production of resorcinol via diisopropylbenzene.

2.1.1.4 RESORCINOL FROM 3-KETOCARBOXYLIC ACID ESTERS

Manufacturing resorcinol from acetone and acrylic acid emerged as a viable
route due to the low cost of the raw materials. Acrylic acid is first reacted with an
alcohol to obtain an ester in the presence of an acid catalyst (Reaction 2.9). The

5-ketocarboxylic-acid ester is then obtained upon reacting the acrylic ester with
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acetone in the presence of a cyclic lower alkyl secondary amine such as methyl-
B-pyrrolidin-1-yl propionate [Meyer et al., 1979]. The Michael addition is a liquid
phase reaction, carried out between 170°C and 250°C (Reaction 2.10).
Depending on the process, Reaction 2.11 can be carried out in one or two steps.
The one step production of resorcinol from the 3-ketocarboxylic acid involves a
gas phase reaction in the presence of a hydrogen/nitrogen carrier and a two-
component catalyst consisting of thorium-on-carbon and platinum/chrome-oxide-
on-alumina [Muller et al, 1979). Separation difficulties and the impractical
reactivation of the very expensive catalyst make this process unfavourable
[Fellmann et al., 1991]. The two step process involves a gas phase reaction of
the keto-carboxylic acid ester to a cyclic intermediate (3—hydroxy-2—cyclohexene'-
1-one) in the presence of toluene and an activated carbon catalyst [Greco, 1982].
Since the keto-carboxylic acid ester is soluble in toluene and the cyclic
intermediate is immiscible in toluene, the presence of toluene increases the
conversion of ester and eases the separation process. The second step involves
a liquid-phase dehydrogenation of the 3-hydroxy-2-cyclohezene-1-one
intermediate to resorcinol. The dehydrogenation is carried out in a pressurised
CSTR at 170°C using isopropyl-alcohol as a solvent, palladium-on-carbon as
catalyst and a nitrogen purge stream to remove the formed hydrogen [Greco,
1982]. Although the theoretical E-factor (mass by-products / mass resorcinol) in
Figure 2.4 equals 0.18, the value gives an incorrect interpretation of the

selectivity of the process due to prevalent side-reactions.

OR
/\H/OH + ROH — = Al/ + H,0 2.9
o)

0

0 o) 0
/Affo OR

O
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O OH
0 O
OR
OH OH
Figure 2.4 Process for the production of resorcinol from acetone and acrylic
acid.

2.1.1.5 OXIDATIVE DEHYDROGENATION OF CYCLOHEXANONE

A further process to resorcinol is via the oxidative dehydrogenation of
cyclohexanone [Fellmann et al, 1991]. Many routes to cyclohexanone or 2-
cyclohexenone are available [Fellmann ef al,, 1991]. One of the possible routes
to cyclohexanone (Reaction 2.12) is given by first hydrogenating gaseous
benzene over a platinum catalyst to form cyclohexane (150°C < T < 400°C;
0.5MPa < P < 5MPa). Subsequently, liquid cyclohexane is oxidised in the
presence of an oxygen containing gas to produce a mixture of cyclohexanone
and cyclohexanol (120°C < T < 190°C). After separating the cyclohexanone from
the mixture, the cyclohexanol can be dehydrogenated catalytically over a

platinum catalyst back to cyclohexanone [Van de Mond ef al., 1981].

The next step involves the oxidative dehydrogenation of cyclohexanone with
oxygen to form 2-cyclohexen-1-one (Reaction 2.13). The liquid phase reaction
uses acetic acid as a solvent and the catalyst employed consists of a mixture of
soluble Pd(ll) and Cu(ll) complexes. During the reaction, the Cu(il), however,
transforms itself to cuprous oxide [Theissen, 1971]. The addition of water to 2-
cyclohexen-1-one over, e.g., Amberlyst 15, yields 3-hydroxycyclohexanone
(Reaction 2.14). The selectivity to the desired product is ca. 100% [Fellmann et
al., 1991)]. Resorcinol is thus obtained from 3-hydroxycyclohexanone by
employing the same method as described previously (see Reaction 2.11). This

2.11
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process requires a considerable amount of steps. Purifying the product after each
reaction tends to be very capital intensive. Nevertheless, many of the
intermediates are valuable and therefore this could be a viable route to
resorcinol. According to Figure 2.5, the theoretical E-factor (mass by-products /

mass resorcinol) equates to 0.50.

o)
2.12 213
+3H, +%0,
+%20; -HO
-YaH;
OH O
2.15 2.14
+05 +H,0
OH -2H,0 OH
Figure 2.5 Process for the production of resorcinol from benzene via the

oxidative dehydrogenation of cyclohexanone.

2.1.1.6 HYDROLYSIS OF HYDROGENATED m-DINITROBENZENE

Treating benzene with a mixture of concentrated nitric and sulphuric acid yields
meta-dinitrobenzene (Reaction 2.16). After neutralising the strongly acidic
solution with a base, the meta-dinitrobenzene is recovered. The formation of
large quantities of salt and the production of other isomers makes the nitration
process very expensive [Fellmann et al, 1991]. Using a mixture of a
mononuclear aromatic hydrocarbon and a lower aliphatic alcohol as a solvent,
the meta-dinitrobenzene is hydrogenated to meta-phenylenediamine over a
nickel catalyst (Reaction 2.17). A substantially pure meta-phenylenediamine is
obtained keeping the reaction temperature under 100°C and the corresponding

pressure at 400psig [Greco, 1972].
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Hydroiysing the meta-phenylenediamine (MPDA) using ammonium-bisuiphate,
sulphuric or phosphoric acid yields the desired resorcinol. As shown in Reaction
2.18, the hydrolysis proceeds via the intermediate meta-aminophenol (MAP)
[Greco, 1968] with water serving as a reactant and solvent for both consecutive
reactions. The reaction is typically performed in liquid phase in an autoclave
applying a reaction temperature between 170°C and 250°C [Greco, 1972].

For the industrial production of resorcinol to be feasible, the mass percent of
MPDA to water should lie between 5 and 15 percent. The reaction is considered
unprofitable if the MPDA mass percent is below 5% [Greco, 1968]. A solution of
more than 15 mass percent MPDA may lead to possible reactor blockages since
the probability of polymerisation increases. Furthermore, corrosion of the
equipment becomes more problematic since more concentrated acids are
required. The reactor itself should not be constructed using stainless steel or
monel metal since the presence of acids lead to the added production of
metal/amine complexes that enhance the formation of resins [Greco, 1968].
Resorcinol is extracted from the reaction mixture using ether. The dissolved
resorcinol in ether is then distilled. The theoretical E-factor (mass by-products /

mass resorcinol) equals 3.07.

NO,
© + 2Hno, 2S04 @ + 2H,0
NO,
NO, NH,
+ 6H, @ + 4H,0
NH,

NO,
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__________________________________________________________________________________

NH, OH :
+ H-0 g
+ H.PO — + (NH4)HzPOy
3P !
H2 H2 :
f 2.18
OH OH 5
+ H0
+ HPO e + (NH4)HPOy:
3 4 1
H, OH |
Figure 2.6 Process for the production of resorcinol via benzene nitration.

2.1.1.7 GENERAL OVERVIEW OF PROCESSES

Table 2.2 shows that no direct route from a bulk chemical towards resorcinol is
available. All process routes considered require 3 or 4 reaction steps. Process-
routes making use of heterogeneous catalysis, i.e., the hydroperoxidation of
diisopropylbenzene, the oxidative dehydrogenation of cyclohexanone or via
cyclisised 8-ketocarboxylic acid esters, are efficient as shown by the relatively
low theoretical E-factors. The catalytic routes are not 100% selective. The side-
products often need to be removed after each reaction to prevent the formation of
a diverse array of chemical products further downstream. The side-product

formation has not been included in the theoretical E-factor.

Side-products often have similar physical properties as the desired product
resulting in large separation expenses being incurred due to initial capital
investments and operating expenses. If the side-products have commercial value
the separation costs may be recovered. Catalyst deactivation can also offset the
viability of a particular catalytic route. The irreversible poisoning of certain
catalysts and the formation of side-products invariably leads to an E-factor larger

than predicted by the theoretical E-factor.
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Larger theoretical E-factors are calculated for the synthesis of resorcinol via the
benzene disulfonation and the hydrolysis of hydrogenated m-dinitrobenzene
route. The true E-factors should be considerably larger than those calculated in
Table 2.2, since for example, the extraction of resorcinol from an acid solution
would also require the neutralisation of the excess mineral acids. Newer
technology, however, enables the recovery of the bulk of the unspent sulphuric
acid via the formation of gaseous SO;. Consequently, the direct removal of
sulphuric acid from a reaction mixture gives it an advantage over, for example,
phosphoric acid. Further disadvantages of the usage of mineral acids are their
corrosive nature that can lead to larger capital expenditures and their hazardous

make-up that is not easily contained in the advent of a spillage.

Table 2.2 Summary of advantages and disadvantages of available
process routes towards resorcinol

Reaction Process No. React. Theorstical E-factor Remarks
Steps
Benzene disulfonation 4 4.56 ¢ Capital intensive due to
corrosion of materials of
construction

o Energy intensive; drying Na-
salt product

o Formation of additional
salts during separation

Hydroperoxidation of 3 1.05 » Side-reactions; large
diisopropylbenzene separation expenses

e Explosion hazards
Cyclisation of §-keto- 3-4 0.18 e Separation difficulty; many
carboxylic acid esters separation stages

e Impractical reactivation
of expensive catalyst

Oxidative dehydrogen- 4 0.50 * Side Product formation

ation of cyclohexanone » Capital and Energy In-
tensive; purification of
product after each
reaction step

Hydrolysis of hydrogen- 3 3.07 » Capital Intensive due to

ated m-dinitrobenzene materials of construction

e Formation of additional
salts during separation
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2.1.2 CONVERSION OF MPDA TO RESORCINOL

Within the South African context the manufacture of resorcinol via meta-
phenylenediamine is a viable option due to the production of large quantities of
meta-dinitrobenzene. The compound is co-produced during the manufacture of
nitrobenzene, which is an intermediate for the production of explosives. The
manufacturing process of nitrobenzene / meta-dintrobenzene is in itself a very
environmentally unfriendly, capital and ene‘rvgy intensive process. The benzene
nitrification reaction will not be investigated in this study, although studies have
been reported to make this process more environmentally friendly [Vassena et
al., 1999]. :

2.1.2.1 THERMODYNAMICS REGARDING TRANSFORMATION OF MPDA TO
RESORCINOL |

Simplistic thermodynamic equilibrium calculations between reaction temperatures
of 150°C and 350°C have been perfqrmed for both gaseous and liquid phase
systems. For both phases, calculations have been performed with and without
the presence of a mineral acid. According to Reaction 2.18, phosphoric acid is
arbitrarily chosen as the mineral acid, aifhough the use of ammonium-bisulfate or
sulphuric acid gives similar results. It is important to note that the conversion of
MPDA to resorcinol occurs via meta-aminophenol (MAP) (see Reaction 2.18).

The chemical and physical data for the relevant components are given in
APPENDIX-B. Inadequate information. on MAP necessitates estimation
techniques (group contribution method; Van Krevelen and Chermin, 1952) being
used for determining the properties of MAP [Perry ef al., 1984]. Using this
method, it follows that in essence the thermodynamic properties of MAP may be
obtained by averaging the properties of MPDA and resorcinol. The latter route is

thus chosen.
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(i) Gas phase equilibrium

Reaction 2.19 displays the gaseous conversion of MPDA to resorcinol in the
presence of a catalyst. Reaction 2.20, however, illustrates the set of reactions if a
heterogeneous reagent is used, with the reasonable assumption that phosphoric
acid and its corresponding salt do not undergo any phase changes and remain

solid throughout the reaction.

MPDAg + HO(——» MAPg + NHsg
MAPg + H2Oq — Resorcinolg + NHsg

2.19

MPDA(Q) + HzO(g) + H3PO4(S) L MAP(Q) + NH4H2PO4(S)
MAPg) + H2Oq + H3sPOss) —— Resorcinolg + NHsH2PO4

2.20

Table 2.3 Calculated equilibrium constants (K,) and heat of reactions
(4h,.,) at 25°C for Reaction 2.19 and 2.20 in gaseous phase.

K, at25°C Ah, at 25°C
(J/mol)
Reaction 2.19 MPDAg — MAP, 6.91E-4 1.30E4
MAP g — Resorcinolg, 6.91E-4 1.30E4
Reaction 2.20 MPDA) — MAP, 1.17E9 -1.02E5
MAP g — Resorcinolg, 1.17E9 -1.02E5

Table 2.3 gives the calculated equilibrium constants and heat of reactions at
25°C for Reaction 2.19 and 2.20, respectively. For each reaction system
considered, the equilibrium constant and the heat of reaction in proceeding from
MPDA to MAP is identical to that of MAP to resorcinol. This is caused as a result
of estimating the properties of MAP by averaging the properties of MPDA and
resorcinol. The catalytic conversion of MPDA to resorcinol (see Reaction 2.19 in



Resorcinol Production 17

Table 2.3) is predicted to be endothermic (4h.., > 0) , and the very low
equilibrium constants signify an unfavourable forward reaction at 25°C. Since the
reaction is endothermic, the conversion of MPDA should improve with increasing
temperature. In contrast to Reaction 2.19, the presence of a heterogeneous
reagent, e.g., HaPQOy) in Reaction 42.20, results in a highly exothermic reaction
with a very large equilibrium constant at 25°C. For Reaction 2.20 a decrease in
the equilibrium constant is expected with increasing temperature. The heat of
reaction, 4h,,,, calculated at 25°C ,is assumed to be temperature independent to
obtain a first estimate on the equilibrium constants at higher temperatures (see
Equation 2.21). | '

K, (%) _f‘z Ahm,(ﬂi

1 - ar .
K. (298K) T sk RTE T

A low enough operating pressure is ch‘ose'n for the ideal gas law to become
applicable. Therefore, the equilibriufﬁ‘bons'tants, K, are given by Equations 2.22
and 2.23 for Reactions 2.19 and 2.20, respectively. The extent of each of the
reactions is given by X. Subscripts / and 2 respectively refer to reactions MPDA
— MAP and MAP — reso;c_:iriol. The term W represents the number of moles of
water added initially to 1 mole of MPDA. Values chosen for # are 20, 100, and
2100 to give Water to MPDA ratios of 20:1, 100:1 and 2100:1.

= (X, = X)X+ Xs) ‘and K —_— X (X + X))
TUA-XDW =X, =X)L (X, = X)W - X, ~ X,)

(X, = X)W +1- X, - X,) latm and K .= e +1-X - X,) Aamm
A= X)W-X,-X,). p Y (XN -X)W-X,-X,) p

According to Equation 2.22, the equilibﬁurh extent of Reaction 2.19 is pressure
independent. Equation 2.22 créarly,illﬁstratés the strong dependence of the
extent of the reaction on the initial water to MPDA mole ratio. The increasing

equilibrium conversion with inc[‘easihg water to MPDA mole ratios for Reaction

2.21

2.22

2.23
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2.19 is depicted in Figure 2.7. Subtrécting the equilibrium resorcinol yields from
the equilibrium MPDA conversion reveals that a considerable amount of MAP
should be expected. For water to MPDA mole ratios of 20:1 and 100:1 the ratio of
resorcinol to MAP is ca. 1:1. For large water to MPDA mole ratios, i.e., 2100:1,
the ratio of resorcinol to MAP at equilibrium is between 4 (at 150°C) and 11 (at
330°C). Thus, the catalytic production of resorcinol in the gas phase with a high
yield requires very large water to MPDA mole ratios and high temperatures to
prevent excessive separation and purification costs. Nevertheless, the large

excess of water required during reaction would render the process uneconomical.

% 9
= 100 5 100
& 2100:1 E
I i
§ 80F (A) s 807 2100:1 (B)
» b
5 3
o 60 ¢ g 60 |
§ 700:1 8
s 40} e 40}
& // g 100:1
32 20:1 2
£ 20} T 20}
-
g 0 w0 bt
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Reaction Temperature (°C) Reaction Temperature (°C)
Figure 2.7 Equilibrium conversion of MPDA (A) and molar yield of resorcinol

(B) at different temperatures and initial water to MPDA mole
ratios (2100:1; 100:1; 20:1) for the catalytic gas phase
conversion of MPDA to resorcinol (Reaction 2.19).

The gaseous conversion of MPDA in the presence of a heterogeneous reagent,
i.e., HsPO, (Reaction 2.20), is pressure dependent as expressed by Equation
2.23. Consequently, increasing the reaction pressure leads to an increase in the
resorcinol yield. Figure 2.8 illustrates the MPDA equilibrium conversion and
expected equilibrium resorcinol yields at various temperatures for reaction

pressures of 0.5atm, 1.0atm and 2.0atm. The moderate pressures are chosen to
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ensure that the ideal gas law may still be assumed applicable. A negligible

improvement in the resorcinol yield of Reaction 2.20 is obtained when increasing

the water to

MPDA mole ratio from 20:1 to 2100:1. Therefore, the expressions

given by Equation 2.23 may be simplified by assigning a large number to W,

thereby setting (W+1-X,-X2)/(W-X;-X7) equal to 1. The new simplified expressions

for Equation 2.23 are used to.generate Figure 2.8.

Figure 2.8 clearly shows an increase in the extent of the reaction with increasing

pressure. Furthermore, it can be seen that the resorcinol yield becomes

thermodynamically limited at-high 'témpe"rat'ures (T> 300°C).
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Figure 2.8 Equilibrium conversion of MPDA (A) and molar yield of resorcinol

(B) at different"temberatures and pressures (0.5atm, 1.0atm,
2.0atm) for the conversion of MPDA to resorcinol in the gas
phase with _the transformation of solid phosphoric acid to
ammonium-diﬁydrogen phospﬁate (Reaction 2.20). Molar ratio of
water to Ml:f’DA >20.
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(ii) Liquid phase equilibrium

Reaction 2.24 displays the conversion of MPDA to resorcinol in the liquid phase
and in the absence of any co-reacting substances. Since the reaction occurs in
dilute solutions, the magnitude of the hydrolysis of the solutes needs to be
estimated. This is done by extrapolating the constants for hydrolysis given at low
temperatures (see APPENDIX-B) by means of the van't Hoff equation. Of all
relevant components, the extent of hydrolysis of ammonia is the largest at room
temperature. Establishing the equilibrium constants at 20°C, 30°C and 50°C for
the reaction NHaag) + HoO © NHs'(aq) + OH'(aq) by making use of the constants
for hydrolysis given in APPENDIX-B and knowing the ionisation constant of water
at 25°C = 10, the extent of hydrolysis of aqueous ammonia at 300°C is
estimated to be <1% for a water to NHaq) ratio of 21000. It is, nevertheless,
understood that the ionisation constant of water at 300°C is 107"%% (see
APPENDIX-B) and thus the estimated extent of hydrolysis of NHaag is not
entirely justifiable. However, for the sake of simplicity, the aqueous ammonia
formed during the reaction is assumed not to hydrolyse to NH," and OH'".

MPDA(aq) + HzO(q) — MAP(aq) + NH3(aq)
MAP(aq) + HzO(q) e Resorcinol(aq) + NH3(aq)

2.24

Reaction 2.25 shows the conversion of MPDA to resorcinol in the presence of a
mineral acid, i.e., HsPO,4. The solution is assumed to be dilute enough for the
H3PO4(3§) (25°C < T < 350°) to fully dissociate solely into H* and H,PO4™ (pK, of
H3POyaq at 25°C = 2.12; Shriver ef al., 1994). The same assumption is applied
for ammonium-dihydrogen phosphate. The formation of di- and tri-ammonium

phosphate salts is assumed to be negligible.

MPDAGq) + H20q) + H'(ag) + H2PO4 (ag) —# MAP(aq) + NHs ' (aq) + H2PO4(aq)
MAP(aq) + HzO(l) + H+(aq) + H2P04'(aq) . Resorcinol,(aq) + NH4+(aq) + H2P04-(aq)

2.25
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Table 2.4 gives the calculated equilibrium constants and heat of reactions at
25°C for Reactions 2.24 and 2.25, respectively. The Gibbs free energy and the
heats of formation for the organic components in the aqueous state could not be
found in literature and thus the liquid heats and free energies of formation are
estimated by means of the Peng-Robinson equation [Sandler, 1989]. The heat of
formation of NHsaq at 25°C is given in APPENDIX-B and the free energy of
formation of NHaaq at 25°C for very dilute solutions is estimated from the
constant for hydrolysis to be equal to -26570J/mol. The free energies of formation
for NHs" and OH ions are given in APPENDIX-B.

Table 2.4 Calculated equilibrium constants (K,) and heat of reactions
(Ah.) at 25°C for Reaction 2.24 and 2.25 in liquid phase.

K, at 25°C Ah,,, at 25°C
(J/mol)
Reaction 2.24 MPDAzq) — MAP (5 1.80E-3mol/L 2.01E4
MAP aq) —> Resorcinol g 1.77E-3mol/L 2.03E4
Reaction 2.25 MPDA@q) —> MAP 4 3.36E6 -3.24E4
MAP aq) = Resorcinolag 3.32E6 -3.22E4

Similar to the reaction carried out in the gaseous phase, the conversion of
aqueous MPDA to resorcinol in the absence of any co-reaction mineral salt
(Reaction 2.24) is endothermic (4h,,>0). In the presence of H3PO, (Reaction
2.25), the liquid phase hydro!yéis of MPDA becomes exothermic (44,.,<0). The
molar extent of reaction for very dilute systems, i.e., water to MPDA mole ratio =
2100, in Reaction 2.24 and 2.25 respectively is calculated by assuming the
aqueous species to be in a 1molal ideal solution as shown in Equations 2.26 and
2.27. The activity coefficients of the organic compounds for the solute-solute
interactions are assumed to be approximately equal. The extent of the reaction is

given by X. Subscripts 7 and 2 respectively refer to reactions MPDA — MAP and
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MAP — resorcinol. The term W represents the number of moles of water added
initially to 1 mole of MPDA. Values chosen for ¥ are 2100 and 100 to give water
to MPDA ratios of 2100:1 and 100:1. Although water to MPDA ratios of 100:1
would not satisfy the assumption of a dilute solution, it has been included for the
sake of completeness. In the presence of phosphoric acid, the amount of water
present is unimportant as long as the ratio given by the activity coefficients does
not deviate too strongly from unity. The term 4 in equation 2.27 represents the
number of moles of phosphoric acid initially added to the MPDA. Since 2mole
H3PO, is required to convert 1mole of MPDA to resorcinol, values chosen for 4
are greater than 2. The equilibrium constant for a certain reaction temperature is
calculated using Equation 2.21 and assuming a constant heat of reaction, 4k,
given in Table 2.4.

(X, - X)X, + X,)*1000 _ X,(X,+X,)*1000

K, and K,, =
* (1-X,)*W *18 2 (X, -X,)*W*18
(X1"X2)(X1+X2) Xz(X1+X2)
= and K , =
' (1‘X1)(A““X1_Xz) ' (X1_X2)(A’X1’X2)

According to Equation 2.26 and Figure 2.9 the equilibrium extent of Reaction
2.24 is strongly dependent on the initial water to MPDA mole ratio. Essentially,
the same general observations hold true for the MPDA conversion in the
aqueous phase as for the gaseous phase. Nevertheless, for the same water to
MPDA mole ratios, i.e.,, 2100:1, a lower equilibrium MPDA conversion and
resorcinol yield is obtained for the aqueous phase than for the same reaction in
the gaseous phase. Since the heat of reaction in Equation 2.21 has been taken
as a constant, alterations of solute-solute activity coefficients for the case when
the initial water to MPDA mole ratio equals 100:1 would not lead to any
improvement in the accuracy in predicting the equilibrium extent of the reaction.

2.26

2.27
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Figure 2.9 Equilibrium conversion of MPDA (A) and molar vield of resorcinol

(B) for the catalytic conversion of MPDA in aqueous phase
(Reaction 2.24).

Reaction 2.25 goes essentially to completion if the initial H3POsq) to MPDA 3
(dilute solutions) is 2 with the resorcinol yield at 150°C equalling 99.5% and at
350°C equalling 97.8%. Any initial H3PO4aq to MPDAgg value greater than 2
results in an increase in the equilibrium resorcinol yield. A similar phenomenon is
observed when assuming the phosphoric acid and its corresponding ammonium
salt to remain a solid throughout the reaction. Thus, the equilibrium resorcinol
yield should also approach 100% in the presence of a heterogeneous

polyphosphate reagent.

2.1.3 OVERALL REACTION PATTERN FOR TRANSFORMATION
OF MPDA

Apart for the hydrolysis of MPDA being a set of consecutive reactions with
resorcinol being formed via the intermediate MAP, ample side-reactions in the

form of polymerisation reactions can occur. A simplified version of possible poly-
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merisation reactions is illustrated in Figure 2.10. Analogous reactions not shown
in Figure 2.10 would in effect result in a vast array of dimerisation and

polymerisation side products with the aryl-groups being bonded by ~NH- or -O-

bridges.
Compound B POLYMERS
{(SOLUBLE) (INSOLUBLE)
A
I - qu - "Hzo
+ H,0" » + H;0"
MPDA - » MAP - » Resorcinol
- NH4 - NH4
- NH, T NH;, -H,0
H « v
Compound A Compound C Compound D
(SOLUBLE) (SOLUBLE) (INSOLUBLE)
H2N©/NH©/ NH, HO \©/NH \©/OH
A: 3,3'-diamino-diphenylamine C: 3,3'-dihydroxy-diphenylamine

HZNONH ©0H g HO©/O \©/OH

B: 3-hydroxy,3'-amino-diphenylamine D: 3,3-dihydroxy-phenylether

Figure 210  Overall simplified reaction mechanism for hydrolysis of MPDA to
produce Resorcinol [developed at AECI Ltd. (South Africa)].
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The ether formation is found to be essentially irreversible. In addition, ethers are
far less soluble in water than the polyphenylene-amines. The diphenylamines can
undergo acid cleavages to form hydroxylated benzenes. Thus, the reaction
mechanism illustrated in Figure 2.10 is not entirely correct since the breaking of

the -NH- links is more likely to occur via acid hydrolysis than it being reversible.

2.1.4 HOMOGENEOUS REAGENTS

First attempts to produce resorcinol from aqueous MPDA in the presence of
mineral acids such as hydrochloric acid, stannous chloride and sulphuric acid
were carried out at the end of the 19" century [Greco, 1968]. All the experimental
conditions resulted in low yields of resorcinol in admixture with substantial
amounts of tarry resins. This observation came to no surprise, since the
difunctional properties of resorcinol, MPDA as well as the intermediate product
meta-aminophenol (MAP) allows for the polymerisation to various resins to take
place in the presence of strong acids and bases. This route was abandoned until
Greco [1968-1972] furthered the investigation by using sulphuric acid, phosphoric

acid and ammonium bisulphate.

Sulphuric acid: Resorcinol can be produced in significant amounts when
operating the autoclave within a certain temperature range (180°C — 230°C). At
temperatures above 250°C sulphuric acid is transformed into an oxidising agent
due to the formation of SO, [Musso, 1967]. The reaction, however, must not go to
completion and the removal of resorcinol from solution needs to take place
before any substantial polymerisation, i.e., etherification, of resorcinol can occur.
The mole ratio of MPDA to sulphuric acid needs to be kept between 1.2 and 2.2
to ensure satisfactory conversion of MPDA and the neutralisation of sulphuric
acid to lower the rate of resorcinol polymerisation. The optimum resorcinol yield
(~75%) is obtained employing a 1.8 H2S0,4 to MPDA mole ratio and keeping the
reaction temperature at 220°C [Greco, 1968].
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Phosphoric acid: Unlike sulphuric acid, the mole ratio of phosphoric acid to
MPDA is no longer critical as long as enough acid is available to ensure complete
conversion of MPDA. High resorcinol yield (~95%) is obtained by maintaining the
reaction temperature between 170°C and 250°C. This was ascribed to the unique
feature of phosphoric acid, i.e., only the primary hydrogen in phosphoric acid is
strong enough and the formed dihydrogen ammonium phosphate salt can act as

an inhibitor in the formation of resorcinol polymers [Greco, 1969].

Ammonium bisulphate: The MPDA hydrolysis can also be carried out by
contacting the MPDA with at least four moles ammonium bisulphate per mole of
MPDA in aqueous solution and temperatures of 200°C to 300°C [Greco, 1972].
The formed salt (NH4),SO,4 can be regenerated to ammonium bisulphate by
heating the salt melt to 310°C — 450°C [Young, 1978]. Similar to phosphoric acid,

minor quantities of polymers are produced.

By comparing the ionisation constants (see Table 2.5) of the mineral acids used
by Greco [1968 — 1972], it is clearly illustrated that the acid strength is a major
criterion for generating resorcinol in high yields. The stronger the acid, the larger
the expected driving force towards resorcinol due to the acid-base reaction that
involves the formation of ammonium ions (see Reaction 2.18). Acids with low pK,
values also tend to be become more hydrophilic [Shriver et al., 1994]. Depending
on the H,SO, concentration towards the end of the MPDA to resorcinol reaction,
the hydrophilic property of the sulphuric acid leads to the transformation of
resorcinol to polymer ethers since a maximum of one water molecule is liberated
per two —OH functional groups. Since the pK;, values of ammonium-bisulfate and
phosphoric acid are greater than zero, the ether formation from resorcinol should
not occur. Consequently, the statement made by Greco [1969] that the formed
(NH4)H.PO4 when using HsPO4 acts as an inhibitor during the formation of

resorcinol polymers is incorrect.
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Table 2.5 Acidity constants for species in aqueous solution at 25°C
[Shriver ef al., 1994]

Acid HA A Ka p,
Sulphuric H,S0, HSO4 102 2
Hydronium ion H,O" H,0O 1 0.0
Hydrogensulphate ion HSO, S04 1.2 x 107 1.92
Phosphoric HsPO, H,PO, 7.5x10° 2.12
Dihydrogenphosphate ion H.PO, HPOZ 4x10°® 7.4

Furthermore, the mineral acid used for the conversion of MPDA to resorcinol
should not be able to act as an oxidising agent. Thus, acids like HNO; are
unsuitable since MPDA, a known -antioxidant, is oxidised readily. The use of
H,S0,4 above 250°C presents a similar scenario due to the transformation of

H.S0, to SO,, which is also an oxidising agent.

2.1.5 PROBLEMS / PROPOSALS

From the information gathered out of literature, the MPDA acid hydrolysis
reaction to resorcinol are solely conducted in the agueous phase using water as
a reactant and solvent. Typical mineral acids considered are H,SO,, H3P0,4 and
(NH4)HSO4 with which resorcinol of high yields can be obtained (200°C - 300°C)
[Greco, 1968 - 1972]. The simplistic equilibrium studies performed on the acid
hydrolysis of aqueous MPDA in the liquid phase in the presence of H;PO, (see
Section 2.1.3) reveal that in the absence of any polymerisation side-reactions
very high resorcinol yields are attainable (99.5% at 150°C; 97.8% at 350°C). If
the mineral acids are, however, excluded from the reaction mixture, appreciable
equilibrium resorcinol yields are only attainable for highly dilute solutions, as
shown in Figure 2.9. Even with the initial water to MPDA ratio equal to 2100:1,
the resorcinol yield in the absence of any mineral acid at 350°C is ca. 69% in
admixture with the intermediate MAP A(2.3%) and the reagent MPDA (8%).
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Therefore, a purely catalytic conversion of MPDA to resorcinol renders itself
uneconomical. By comparison of Figure 2.7 and 2.8, a similar conclusion can be
derived for the conversion of MPDA to resorcinol in the gas phase.

Nevertheless, the use of mineral acids poses many economical and
environmental disadvantages. The mineral acids considered for the hydrolysis of
MPDA to resorcinol are highly corrosive at reaction temperature (200°C - 300°C)
making the process quite capital intensive. Since MPDA in solution with mineral
acids leads to the added production of metal/amine complexes when exposed to
stainless steel or monel metal, the autoclave reactor cannot be constructed from
the usual metal of choice. Instead, alternative metals are required that often
result in greater capital expenditures. Separation and drying of the neutralised
mineral acid from the reaction product solution is energy intensive and requires
for the disposal of the inorganic salt by-product. The corrosive nature of mineral
acids may also pose work-environmental disadvantages due to its inconvenient

handling ability in the case of spillage, etc.

The use of water insoluble, large surface area heterogeneous acids could rectify
the above-mentioned shortcomings experienced with mineral acids and may
serve as a replacement for the aqueous mineral acids. Since the acid sites are
confined to a heterogeneous surface, the acid corrosion of construction materials
and the formation of metal/amine complexes are unlikely. Additionally, solid acids
ease and simplify the separation processes in that no neutralisation and drying
steps are required. Solid acids also present safer handling than liquid mineral
acids [Venuto, 1994].

The objective of the investigation is to replace the corrosive and hazardous
homogeneous mineral acids previously required for the MPDA hydrolysis with a
regenerable / reusable, heterogeneous ‘acid such as aluminosilicates (e.g.
zeolites) and zirconium phosphates. Thereby, the theoretical E-factor calculated
for the MPDA hydrolysis reaction improves from 2.09kg by-products per kg
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resorcinol when using HiPO4 to just 0.31kg ammonia per kg resorcinol in the
presence of a truly regenerable solid reagent. The pore structure of the zeolites is
thought to aid in suppressing the condensation side reactions by exerting control

over the reaction selectivity.
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2.2 ZEOLITES

Zeolites are three-dimensional crystalline aluminosilicates consisting of arrays of
corner-sharing SiOs~ and AlOs-tetrahedra linked via the oxygen atoms. The
aluminosilicate framework is built up by sharing all vertices of the SiOs— or AlO4—
tetrahedra so that the ratio O/(Si + Al) = 2. The occurrence of Al** in place of Si**
in an aluminosilicate renders a net negative charge on the zeolite framework. An
additional cation, such as H*, Na*, or %Ca®", is therefore required to neutralise
the negative charge created by each Al atom replacing a Si atom. Consequently,
the unit cell formula can be represented by: |

Mur[(AIO2)x(SI02),] * wH0 [Flanigen et al., 1991]

where n represents the valency of cation M. The term M is generally a Group | or
Group Il ion, although other cations can also balance the negative charge
created by the presence of Al in the structure. The variables x and y depict the
total number of tetrahedra per unit cell and w corresponds to the number of water
molecules sorbed per unit cell within the intercrystalline void [Bréck, 1974]. The
number of AlOs~tetrahedra that can be incorporated into the zeolite structure can
vary considerably. However, according to the Ldwenstein’s empirical rule the
Si/Al ratio is always greater than 1 since the AlQOs~tetrahedra has to be linked to
four SiOs-tetrahedra [Haber, 1981]. ‘

Crystalline aluminosilicates, i.e., zeolites, have an open structure with regular
apertures of molecular dimensions, thereby allowing only molecules into their
pore structure that are smaller in diameter. Different arrangements of the SiOs~
and AlOs~tetrahedra allow the formation of large varieties of zeolite structure
types with uniform cavities and unique differential sizes and shapes. Since each
zeolite variety is defined by a crystal structure, the cages, pores and channel
sizes are highly regular and- of precise dimensions.

2.28
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Apart from the aforementioned cations required to neutralise the negatively
charged aluminosilicate framework, small guest molecules such as water are
also accommodated within the zeolite structure, as illustrated in Formula 2.28.
The presence of water in the zeolite structure allows for cations to be easily
exchanged with those in the surrounding solution, e.g., NHs". The ability for
zeolites to act as ion-exchangers and as molecular sieves of great themmal
stability allows for their use in shape-selective heterogeneous catalysis. By
choosing a corresponding ion-exchanger the adsorptive and catalytic properties
of the zeolite is modified. Therefore, fully incorporating NH," ions into the zeolite
structure by ion-exchange followed by subsequent thermal decomposition of
NH," into NHa results in the remaining protons screening the negative charge on
the AlQ, tetrahedra. Thereby, Brensted acid centres [Haber, 1981] are formed,
which can be useful for the heterogeneous synthesis of resorcinol from meta-
phenylenediamine. Since the presence of water within the zeolite structure is
important for the formation of resorcinol from meta-phenylenediamine, zeolites
with low Si/Al ratios are chosen due to their strongly polar anionic frameworks.
The protons screening the framework aluminium thus create strong local
electrostatic fields that interact with highly polar molecules such as water.

2.2.1 ZEOLITE PORE STRUCTURE

Zeolites are subdivided into small-, medium- and large-pore zeolites, depending
on the number of tetrahedral SiO,~ and AlOs,—members required for creating the
largest pore aperture. Small pore zeolites with 8-membered ring channels sorb
only linear molecules such as n-paraffins and primary alcohols. These zeolite
structures, commonly consist of large cages with access only through the 8-
membered rings. The pore channel systems of 10-membered rings such as Z&M-
5 are of uniform dimension in the absence of any cage structures. The structures
of the Beta zeolite and that of the Faujasite zeolites such as X and Y zeolites are
large pore zeolites, consisting of 12-membered rings, able to sorb larger
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molecules [Venuto, 1994]. Key structural properties for some of the zeolites are
described in Table 2.6.

Table 2.6 Channel systems of some commonly known zeolites
[Venuto, 1994]

Molecular  Structure Ring size of Pore size of Channel system
Sieve Type type code channels largest channel (A)  dimensionality

Small pore
Linde Type A LTA 8-8-8 4.1
Erionite ERI 8-8-8 3.6x5.1

Medium pore

ZSM-5 MFI 10-10-10 5.3x5.6 3
ZSM-22 TON 10 44x55 1
Large pore .

Faujasite/X/Y  FAU 12-12-12 7.4

Beta BEA 12-12 7.6 x6.4

Mordenite MOR 12-8 8.5x7.0

2.2.1.1 STRUCTURE OF ZSM-5

ZSM-5 crystallises predominantly with orthorhombic symmetry [Meier et al,
1996], although monoclinic symmetries have also been observed [De Vos
Burchart et al., 1993]. The framework of ZSM-5 contains two perpendicularly
intersecting 10-ring channel systems that form a three dimensional network. The
one channel system is straight running parallel to the [010] plane with near-
circular (5.3 x 5.6A) pore openings, while the other sinusoidal channel system is
parallel to the [001] plane with elliptical openings (5.1 x 5.6A). This is illustrated in
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Figure 2.11. At the intersection of the two channels, a free volume of ca. 9A
diameter is created. This !arge;r volume may be significant in catalysis in terms of
product selectivity as well as catalyst deactivation [Dérouane and Vedrine, 1980;
Derouane, 1980]. '

Figure 2.11 lllustration of ZSM-5 zeolite pore dimensions of the straight
channel system (A) and the sinusoidal channel system (B) [Meier
et al., 1996]. lllustration (C)- depicts the intersecting straight and
sinusoidal channel system of ZSM-5 zeolite [Meier et al., 1978).

2.2.1.2 STRUCTURE OF A FAUJASITE

The faujasite zeolites crystallise with cubic symmetry [Meier et al, 1996]. The
pore channel system of the zeolite consists of a very open, three-dimensional
network made up of sodalite units or cages (see Figure 2.12C) that are linked
together via their hexagonal faces by hexagonal prisms as illustrated in Figure
2.12B. This arrangement produces supércaées of roughly spherical dimensions
with a diameter equalling 11.4A. Access to these supercages is restricted by
7.4A pore openings. Typically, one supercage is able to accommodate 5.4
benzene molecules at 25°C, [V_enuto, 1994]. The sodalite cages and the
hexagonal prisms make up a snfiall-pore system that gives access to only small

molecules such as water and ammonia. -
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Figure 212 Pore dimensions (A) giving access to a supercage of the
faujasite structurev-(B) that is built up by sodalite cages (C) [Meier
et al., 1996]. _ ’

2.2.1.3 STRUCTURE OF ZEOLITE BETA

Zeolite Beta is a large pore zeolite containing a fully three-dimensional 12-
membered ring pore system, opening into channels [Ratnasamy et al., 1989].
Zeolite Beta crystallises in both tetragonal and monoclinic symmetry. Due to the
channel system of zeolite Beta, molecules that are able to penetrate the 12-ring
channel openings can subsequently ‘interact with all acid sites present within the

pore structure of the zeolite [Higgins et al., 1988].
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A

Figure 213  Front (A) and side view (B) of the centrosymmetrical, tertiary
structural building unit of zeolite Beta. A second, perpendicular 6-
ring is added to create an object with left-handed (C) and right-
handed (D) symmetry. (Al and Si atoms, solid circles; O atoms,
open circles) [Treacy and Newsam, 1988].

The framework of zeolite Beta consists of intergrown hybrids of three distinct but
closely related structures that are arranged in layers [Treacy and Newsam,
1988]. All three structures are constructed from the same basic structural building
unit as illustrated in Figure 2.13. Figure 2.14 shows the three possible
morphologies (Polymorph A, B and C) obtained by different arrangements of the
centrosymmetrical tertiary building unit (Figure 2.13A). The three polymorphs in
Figure 2.14 are revealed by simultaneously observing the left- or right-handed
arrangement of the 6-ring along the [100] and the [010] projections; with
structures B and C representing an enantiomorphic pair. The 12-membered ring
channels along these two projections are identical and linear [Higgins et al.,
1988] with the pore size corresponding to 7.6 x 6.4A [Meier et al., 1996]. The
framework structure of zeolite Beta is, however, disordered along the [001] plane
due to stacking fauits arising because of successive layers having to interconnect
in either a left- or right-handed fashion, and both modes of linkage occur with
almost equal probability [Treacy and Newsam, 1988]. Nevertheless, a large
sorption capacity of about 0.2ml/g is maintained. The third 12-membered ring
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channel along the [001] projection is nonlinear with pore dimensions equal to 5.5
x 5.5A [Meier, et al., 1996].

Figure 214  Zeolite Beta structures A, B and C with the plane [100] illustrated
on the left and the [010] projection shown on the right.
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2.2.2 ACIDITY OF ZEOLITES

The electrical imbalance between the metal oxygen stoichiometry due to the
substitution of Al in the silicon-oxygen structure is countered by the presence of a
cation. This is clearly seen in Figure 2.15, where some Si** of the neutral SiO,
molecular sieve structure is selectively substituted with framework AI**. Due to
the incorporation of AI** the overall zeolite framework becomes negatively
charged which needs to be compensatéd by metal cations or protons that
respectively constitute Lewis- or Brensted-acid sites. Zeolites are usually
synthesised in the sodium-form. Bransted acidity is created by ion-exchanging
the sodium with ammonia followed by a 400-500°C calcination in order to obtain

the proton form as illustrated below.

NH: | W
O\Si/O\A:/O\Si/O e g O O + NH
/N /N /\ /N /N /\ :
0O 00 00 O 0 00 00 O

Figure 215  Formation of Bransted acid site centres via the thermal treatment

of the ammonium exchanged aluminosilicate.

Intuitively, the O-H bonds in Figure 2.15 are thought to be of an ionic nature since
the cations neutralising the zeolite framework charge are readily ion-exchanged.
However, strong evidence exists fhat the hydroxyl groups in zeolites possess
predominantly covalent characteristics [Kazaﬁsky, 1991]. The proton attached to
the oxygen atom connecting the neighbouring silicon and aluminium atoms result
in the formation of a three-coordinate‘oxygen atom, creating relatively weak OH
bonds [Van Santen, 1994]. Therefore, the protonic'acid centres formed in Figure
2.15 are classified as very strong Brensted acid céntres, comparable to 98%

H2.S04 [Venuto, 1994].
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The Brensted acid strength is dependent on a number of factors such as the
aluminium concentration, location and distribution of the aluminium species as
well as the overall zeolite framework. Kazansky [1994] observed that the covalent
OH interaction-energy varies little with acidity and concluded that the acid
strength is mainly dependent on the stabilisation of the negative charge left on
the aluminosilicate framework upon deprotonation. The proximity of the
aluminium tetrahedra largely affects the lattice stability. It is shown that if the
AlQ,~tetrahedra are separated by at least two SiO4-tetrahedra, no significant
framework destabilisation should occur [Dempsey, 1974]. Based on IR
measurements, Barthomeuf [1980] established that for Si/Al ratios greater than 6,
the AlQ,—sites may be assumed to be adequately separated provided that these
negative aluminium centres are evenly dispersed throughout the crystal. Van
Santen [1994] observed that the dominant effect controlling the OH bond-
strength depends on the proton concentration with the strength of the Brgnsted
acidity increasing with decreasing proton concentration. The proton concentration
can be altered by either maintaining a low framework aluminium concentration or
by poisoning some Brensted acid sites with sodium, thus changing them into

Lewis acid sites, which provide additional stability to the framework.

The stability of the overall zeolite structure also affects the strength of the acid
sites. Since the framework of ZSM-5 is more stable than Beta or Faujasite Y, the
acid stfength of the framework hydroxyls are expected to be greatest in ZSM-5
[van Santen, 1994]. The acid strength of the bridging hydroxyl groups is found to
be in following order. ZSM-5 > Beta > Y, derived by observing the shift in the
relevant O-H frequency upon adsorption of benzene [Hedge et al., 1989]. Similar
observations are made with NH;-TPD [Katada ef al, 1997]. The lower acid
strength is also partially a result of the lower Si/Al ratios observed for H-Beta and
H-Y zeolites. The Si/Al ratio of the ZSM-5 zeolite structure ranges between ca. 20
and 8000 while that of Beta and the Faujasite is below 20, with the Si/Al ratio of
Faujasites approaching 1 [Venuto, 1994]. A further reason for the greater

framework stability of ZSM-5 is explained by the even distribution of the AlO4—
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tetrahedra throughout the structure [Dempsey, 1974; van Santen, 1994]. Thus,
the Bransted acid sites in the ZSM-5 structure are chemically homogeneous,
regardiess of the Si/Al ratio [Topsoe et al., 1981}, consisting primarily of Si(1Al)
and Si(OAl) [Fyfe et al., 1984]. Regarding the ZSM-5 structure, the Si(2Al) are
generally only observed for Si/Al<10 with the probability for one framework
aluminium atom to be in an Al-O-Si-O-Al arrangement being less than 5%
[Brunner, 1989].

070
- O o~
N
S/i —
Framework Ai —o H-O.
Aluminium* I :H H 0
7°‘ ]
7~
Figure 2.16 lllustration of different typés of Brensted acid sites found within a

zeolite [redrawn from Sauer, 1989]

Demonstrated in Figure 2.16 are the different types of hydroxyl groups
encountered within a zeolite structure. The schematic view of a zeolite
microcrystallite illustrates the nd‘na'cidic SiOH terminal hydroxyl groups found on
the outer surface and bridged acidic SiOH observed on the walls of the
micropores [Woolery et al., 1986; Brunner ef al., 1989; Sauer, 1989]. Evidence is

also presented for the formation of weakly acid AIOH groups due to the formation



40 Chapter 2 - Literature Review and Proposals

of extra-framework or non-framework aluminium species. The thermal activation
of NHy-zeolite under mild conditions leads to the formation of isolated
octahedrally coordinated extra-framework alumina. These species are typically
found in the supercages of H-USY and the channel intersections for the case of
H-ZSM-5. Protonated zeolite Y also contain isolated tetra-coordinated extra-
framework aluminium species within their sodalite cages [Beyerlein ef al., 1997,
Campbell ef al., 1996].

The effect of non-framework aluminium species on the development of strong
Brensted acid sites in protonated zeolites is shown to be of importance.
Nevertheless, the interaction of framework and non-framework aluminium is not
well understocd. There are suggestions, that the freed framework aluminium
species interact with some of the Si-O-Al to form Lewis sites in much the same
way as the Group | and I cations, thus providing added stability to the zeolite
crystal structure [Beyerlein ef al, 1997]. Therefore, according to Van Santen
[1994], the acid strength of the remaining Brensted acid sites should increase, as
is generally observed. The enhancement of the activity of the zeolite is thus
explained on the basis of an interaction of Bregnsted acid sites with that of Lewis

sites due to the extra-framework aluminium (EFAI) species.

2.2.3 INTERACTION OF WATER WITH ZEOLITES

The adsorption of water on Bronsted acid sites of zeolites has been studied
extensively by means of powder neutron diffraction [Smith, 1996], IR
[Pelmenschikov, 1993] and 'H NMR [Haase, 1994] spectroscopic analyses as
well as'quantum chemical ab initio techniques [Haase, 1994; Krossner, 1996].
Although the formation of aqua-oxonium ions (H30*-H,0) are observed for water
being adsorbed onto dehydrated HY zeolites, the presence of hydronium ions on
strongly acidic H-ZSM-5 has been the subject of some dispute [Marchese, 1993].
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Figure 2.17  lllustration of the adsorption of water onto a bridged hydroxyl
group (Structure 1) by either hydrogen bonding of the water
molecule (Structure ) or the formation of a hydronium ion that
screens the framework aluminium species (Structure Ill)
[Marchese et al., 1993].

Depicted in Figure 2.17 are two possible adsorption structures for water.
Structure 1l in Figure 2.17 illustrates a neutral water molecule being attached to
the Brensted acid site via two hydrogen bonds. Structure lll shows the manner in
which the adsorbed water molecule is protonated and thus coordinated via two
protons to the negatively charged zeolite framework site. Nevertheless, recent
interpretations of spectroscopic data and computational studies tend to suggest
that hydrogen bonded water molecules have to be present to assist in the
stability of the oxonium structure [Krossner, 1996]. Therefore, the formation of
oxonium species [H3;0"-nH20] is only possible for higher water loadings [Haase,
1994]. Chen [1978] observed that principally four water molecules adsorb onto
each tetrahedrally coordinated aluminium site within the zeolite Mordenite. This
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implies that the oxonium structure could consist of one hydronium and 3
hydrogen bonded water molecules. Further observations revealed that if the
SiOx/Al; O3 ratio is below 10, the framework aluminium concentration is high
enough such that the whole crystalline void volume is occupied by water [Chen,
1978]. It is likely that at low water coverage, only very strongly hydrogen-bonded
water complexes prevail on the Brensted acid site with hydronium ions

themselves being absent [Pelmenschikov, 1993].

Apart for the phenomena observed for the oxonium water complexes, water
molecules also interact with other polar sites residing within the zeolite cavities.
Such sites include silanol groups (=SiOH) that are quite often created by zeolite
defects. The concentration of extra framework aluminium species also affects the
amount of water attracted to the zeolite structure [Chen, 1978; Campbell,1996].
Experimental work conducted on H-ZSM-5 involving '®0-exchange with bridging
oxygen in liquid water at 95°C suggests that Si-O-Si and Si-O-Al bridges cleave

under rather mild conditions [Von Ballmoos and Meier, 1982].

Water does, however, not interact with the homopolar (=Si-O-Si=) bonds [Chen,
1976] since these bonds are hydrophobic. This implies that the hydrophobicity of
a zeolite is dependent on the SifAl ratio since high Si/Al ratios result in more (=Si-
O-Si=) bonds. For example, zeolites such as H-Y, which typically has a low Si/Al
ratio, has many Brensted acid sites with hydronium ions more readily formed. In
contrast, zeolite H-ZSM-5 that normally has less framework aluminium generally
presents itself as being of a more hydrophobic nature [Marchese, 1993].

2.2.4 DEALUMINATION OF ZEOLITES

Water has a significant influence on the dealumination of framework aluminium
sites leading to the formation of extra-framework aluminium species (EFAI). This
influences the stability of the zeolite framework [Brunner et al., 1989]. Although
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the Bronsted acid activity and framework stability is increased upon mild
steaming at moderate temperatures, serious breakdown of the zeolite structure
occurs upon severe steaming and very high temperatures. This is shown during
extensive studies for ZSM-5 [Brunner ef al., 1989; Campbell et al., 1996] and
Faujasite Y [Wang et al., 1991] zeolites.

Engelhardt et al. [1983] observed that only aluminium atoms aésociated with
NH4" and H* cations (and not Na®) can be removed by hydrolysis from the zeolite
framework. Wang et al. [1991] showed that the migration of the extra framework
aluminium species (EFAI) to the outer surface of the zeolite crystal is only
possible in the presence of water. Therefore, water can play a significant role in
the destabilisation of the zeolite crystal structure. The expulsion of Al atoms from
framework T-sites is given in Figure 2.18. In a second step, the vacancies
created by the expulsion of Al from the lattice are refilled to a large extent by Si
atoms migrating from the collapsed portion of the crystal. Although there is only
limited consensus regarding the mechanism of the Si replacement / ‘healing’
process, it is generally agreed that if this ‘healing’ did not occur the entire crystal
would collapse prematurely. This would not correspond to the observed
phenomena, which amongst others include a shrinking unit cell size and
increasing hydrothermal stability [Beyerlein et al., 1997].
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Figure 2.18  Schematic representation for the dealumination of a protonated
zeolite [Beyerlein ef al., 1997].

From extensive kinetic work by Wang et al. [1991] on the dealumination of the
Faujasite Y zeolite, the rate law governing the removal of framework aluminium is
found to be 1% order. Two distinct periods of dealumination are observed, namely
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an initial one in which dealumination is rapid and a second one in which
dealumination is slow. The first period (Equation 2.29) would correspond the
dealumination of the protonic zeolite and the second period (Equation 2.30) to
that of the zeolite exchanged cationic aluminium species. Correspondingly,
Equation 2.30 describes the rate of dealumination of USY (Ultra Stable Y)
zeolites for a given temperature (Kelvin) and water vapour pressure (kPa) with
N4 representing the number of framework aluminium tetrahedra. The time is

expressed in hours:

dN

- — A 0.68-2490/TNA1P3.5
- dN
dt Al = 10-58_8350/TNAIPW

2.2.5 ADSORPTION OF AMMONIA

Since ammonia itself is a base, it readily neutralises (poisons) the strong
Brensted acid sites. Chemisorption also occurs on Lewis acid sites, however, the
strength of the adsorption depends on the type of cation present at the bridging
Si-O-Al oxygen. For instance, Warawdekar and Rajadhyaksha [1987] noticed that
the acid strengths measured for various cation exchanged zeolite Y show the
following trend: NaHY > CuNaY > CrNaY > CaNaY > NaY. Ammonia interacts
less strongly with the surface silanol (Si-OH) groups because of the weak
Brensted acidity realised on silanol hydroxyl groups. The adsorption strength of
ammonia onto the silanol groups is comparable to ammonia adsorbing on a

sodium exchanged zeolite [Topsoe et al., 1981].

2.29

2.30
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2.2.6 ADSORPTION OF ORGANIC COMPOUNDS

The larger molecular diameter of meta-phenylenediamine (MPDA), meta-
aminophenol (MAP) and resorcinol prevents these molecules from accessing
certain parts of the zeolites, e.g., the sodalite cages in faujasites. Even the 5.3 x
5.6A aperture of the medium pore zeolite structure of ZSM-5 could not
accommodate the organic compounds if it were not for a certain degree of
structural flexibility. Dessau [1980] concluded on the basis of available sorption
data at 20°C that molecules having minimum elliptical cross-sections greater than
6.4 x 6.9A would be excluded from the interior of ZSM-5 zeolites. Based on the
findings of Dessau [1980], the organic compounds relevant to this study should
be able to access the ZSM-5 channel structure since the molecular size of MPDA
is calculated at 6.6 x 4.8A. Since the ZSM-5 zeolite structure needs to adapt to
the incoming meta-substituted benzene structures, the configurational diffusivities
of these molecules are expected to be relatively low. In liquid phase adsorption
stripping the incoming molecule off its hydrating water needs to be taken into
account when considering the uptake of the organic molecule from aqueous

solutions in zeolites.

Strong adsorption of benzene onto the surface of large-pore zeolites has been
documented [Venuto, 1994]. Hopkins [1973], and Freeman and Unland [1978]
observed that the adsorption of benzene onto Lewis acid sites is stronger than on
the hydroxyl groups. Meta-phenylenediamine (MPDA), meta-aminophenol and
resorcinol have the tendency to adsorb end-on via the polar -OH and —~NH;
functionalities rather than the n electron system of the aromatic nucleus as
observed for benzene [Warawdekar and Rajadhyaksha, 1987]. The basic nature
of the —NH, group results in very strong interactions with the acid sites (see
Figure 2.19A). Some aminobenzenes, such as aniline, tend to adsorb even more
strongly onto the zeolite surface than ammonia [Katada et al., 1997]. Infrared
spectroscopic studies conducted on the adsorption of phenol onto Brgnsted acid
sites at 300°C led Katada et al. [1997] to suggest that phenol (-OH groups)



46 Chapter 2 — Literature Review and Proposals

adsorbs onto non-acidic sites such as oxygen anions, since the IR adsorption
bands depicting the acid hydroxide frequencies were unaffected by the
adsorption of phenol. According to Katada et al. [1997], the acidity of phenol
allows it to adsorb onto oxygen anions. Nevertheless, these findings are
contradictory to the ideas of Parton et al. [1988], suggesting that the phenol taken
up from aqueous solution interacts so strongly with the Bransted acid sites of H-
ZSM-5 (Si/Al = 19) that pore mouth-blockages occur at ambient temperature. It is
also postulated that phenol, a weak acid, is being weakly adsorbed
perpendicularly to the zeolite surface by H-bonding at a neighbouring site via its
hydroxyl group as shown in Figure 2.19B [Venuto, 1994]. Phenolic compounds
generally desorb above 204°C [Venuto and Wu, 1966].

(A) (B)

NH, O—H
O—Zeolite H O—Zeolite
Figure 219  Possible adsorption of aniline (A) and phenol (B) onto a zeolite
Brensted acid site [Venuto, 1994].

2.2.7 USE OF ZEOLITES FOR MPDA TO RESORCINOL

Based on the thermodynamic investigation in Section 2.1.2.1, the adequate
conversion of MPDA to resorcinol is only possible in the presence of a co-
reacting reagent (acid) that ensures the removal of ammonia from the reaction
fluid and serves as a thermodynamic driving force towards the formation of
resorcinol. Consequently, for the conversion of MPDA to resorcinol, zeolites can
only be employed as heterogeneous reagents and not as catalysts. The very
strong Bransted acid sites present on the aluminosilicates have already been
compared to that of 98% H,S0, [Venuto, 1994]. This results in the very strong
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adsorption of ammonia (see Section 2.2.5) and amine functional groups (see
Section 2.2.6). If upon adsorption of MPDA onto a Brgnsted acid site via the -NH;
functional group the MPDA is converted in the presence of a water nucleophile to
a phenolic compound, the resulting ammonia would remain chemisorbed while
the weak heat of adsorption of the formed phenoclic compounds (see Section
2.2.6) constitutes their removal from the heterogeneous surface into the bulk
solution. Thus, the reaction temperature needs to be high enough to ensure the
adequate ease of desorption of the phenolic compounds while at the same time
preventing the removal of the chemisorbed ammonia.

Although the preferred adsorption interaction between the relevant compounds
and the zeolite Bransted or cationic acid sites occur via the polar ~OH and ~NH;
functionalities, the adsorption options for these aromatic nuclei are considerably
enhanced since the 'flat’ adsorption via the benzene r-electrons is also possible
[Venuto, 1994]. The resulting ability for the aromatic nuclei to act as either an
electrophile or a nucleophile allows for bimolecular reactions to take place.
Additionally, the catalytic activity for bimolecular reactions is strongly dependent
on relatively high acid site concentration to ensure a high concentration of
reactants in the pores of the zeolites that favour these types of reactions [Feast
and Lercher, 1996]. Enhanced activities have been reported [Warawdekar and
Rajadyaksha, 1996] for H-zeolites partially exchanged with Group |, Il and
transition metal (multicationic) species. The zeolite facilitates nucleophilic
substitution of aromatics by electron withdrawal from the aromatic ring via
coordination on the metal cations [Freeman and Unland, 1978]. The manner in
which the aromatic compound interacts with the acid sites is also highly
dependent on the temperature [Venuto, 1994].

Ensuring the presence of water within the zeolite structure tends to be vital for
the successful hydrolysis of MPDA to product resorcinol since water serves as a
reactant as well as a solvent, thus preventing the zeolites from serving as a pure
host-lattice or organic compound concentrating “vessel’. Therefore, in the
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presence of a suitable solvent, less side-reactions should occur in the liquid
phase. As mentioned in Section 2.2.3, the hydrophilic nature of a zeolite depends
on maintaining a low framework Si/Al ratio. The Ieaéhing and migration of
aluminium species from the zeolite framework can result in the formation of extra-
framework alumina-species and Lewis acid sites. The formed species could
promote the formation of diphenyl-compounds since the commercial formation of
diphenylamine (from aniline) is carried out in the vapour phase employing an
alumina or silica-alumina catalyst [Warawdekar and Rajadhyaksha, 19871.
Consequently, investigations into reactions with MPDA and high surface area y-
alumina are required to check for possible polymerisation side-reaction. An
amorphous silica-alumina catalyst will also be employed for the conversion of
MPDA to resorcinol to identify whether a crystalline zeolite pore structure has any
effect on the shape selectivity towards resorcinol in preventing dimerisation or

polymerisation side-reactions.
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2.3 ZIRCONIUM PHOSPHATES

Zircanium phosphates are |layered compounds, consisting of covalently bonded
planar macromaolecules, known as lamellae, that are held together by van der
Waals bonds between the adjacent layers. Similar to aluminosilicates, the
framework of zirconium phosphales is negatively charged with counterions. e.g.,
H™ and Na’, balancing the fixed charges present within the zirconium
phosphates. Whereas the fixed charges present in aluminosilicates originate by
the isomorphous substiéstion of Si™ with AT, the localised fixed charges present
cn the zirconium phosphale layvers are due lo ionogenic phosphate groups
attached to the planar macromolecule [Alkerti and Costantinc., 1996} Since the
fixed ohogenic phosphate groups on the macromolecular plane are essentially
constituents of mineral artho-phasphoric acid, it wauld e intuitive that, like with
shosphoric acid, resorcinol of high yield and selectivity is produced in the
presence cf zirconium phosphates. The ability for zirccnium phesphate layers tc
swell should allow for easy access of the incoming MFPDA maolecule to an active
site. Zirconium shosphates are alsc regarded as being thermally stable and
highly water insoiuble compounds, which further assists in justifying their

successful use as heterogeneous acids for the hydrolysis of MPDA to rescreino!

2.3.1 ZIRCONIUM PHOSPHATE STRUCTURES

The structures of the two most frequently studied layered zirconism phosphates
are that of wZrfHPOQ - H:O and «~Zr(PO4HPO)-2H0. Both types of
zirconium phosphates are  crystalline comgpounds, comarising  of planar
macromeclecules that are packed and held fogether via van der Waals forces
between the adjacent layers. As illustrated in Figure 2.20. the distance between
the barycentires of two adjacent macromclecular sheets or lamellae is known as
the ‘d-spacing’, 'interlamellar distance’, ‘interlayer disiance’, interlayer spacing’ or

‘basal spacing’. The 'gallery height’ or the 'free distance' refers to the distance
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between two adjacent macromolecular sheets or lamellae, obtained by
subtracting the |layer thickness from the interlayer distance. The space between

the layers is called the 'interlayer region' [Alberti and Costantino, 1996].

La}'rer thickness { ey
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Figure 2.20  Schematic illusiration of some definitions and important
characteristics of layered zirconium phosphates [redrawn from
Alberti and Costantino, 1996]

The total surface area .4, {area per gram) of a layered compound is easily
calculated from Equation 2.31 [Alberti and Costantino, 1996]. Depending on the
chosen dimensions of the unit cell, M. represents the formula weight of the unit
cell (g/mol); ab the lamellar surface area of one side of the unit cell; and » the
number of such sites exposed to the interlayer region. ¥, is the Avogadro

constant.

N (ah)*
t M,

4 2.3

Since the total surface arsa cannot be determined by N:-BET due to the
contraction of the interlayer distance upon degassing, Equation 2.31 is vital for
determining the surface area of layered compounds. Clearfield and Djuric [1978]

abserved that the crystaliinity of zirconium phosphates is related to the measured
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BET surface area, with highly crystalline w-ZeiHPQO4):-HO samples giving a
surface area of 2.4m2fg as a result of only the outermost lamellage heing exposea
towards M; adsorption. The surface area of low crystalline samples is
approximately 72 to 237m?/g. For structures with unknown cell parameters. the
iotal surface area may be estimated by means of the density, » angd the

nterlayer dgistance, 4, of the layered compound [Albert and Costanting, 1986

4. =2*(pd)!

The homaogeneous distribution of active sites wathin zirconium phosphates allows
for the accurate determination of the area available per active site, also known as

the free area’

AW

o “‘.5"'.-'{E

free area =

where Fi is the molecular formula weight and « the number of equivalents of
aclive sites per £/t The 'free area is important for the adsorption as well as the
reaction study determining the maximum amount of guest molecules able to
intercalate or adsorh. Generally, if the size of the guest molecules is larger than
the free area’ of the active sites a full stoichiometric intercalation is not

achieved.
A further important parameter is the ‘layer charge density’, ., describing the

number of elementary charges per unit surface area. with ' preserting the

number of electrons per one Coulomb charge.

. =(freearea) '*C

2.32

2.33

2.34
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2.3.1.1 STRUCTURE OF -Zr(HPQ4};-H:0

Crystafline fayered o-Zr(HPO4);'H-0 was first synthesised by Clearfield and
Stynes [1964] by boiling amorphous zirconium phosphate gel in concentrated
phosphaoric acid (10 — 12mol/l) for several days Clearfield and Smith [1968]
solved the monaclinic crystal structure of a-Zr(HPO,)-H-O using single-crystal
diffraction data. However, the preparation of high-guality «-Zr(HPO4):-H-0
crystals via the HF direct precipitation method allowed for the refinement of the
a-zirconium phosphate structure yielding cell dimensions: ¢ = 9.0680A, » =
5.297A ¢ = 15.414A and #= 101.71% space group £2./» [Troup and Clearfield,
1977]. Accordingly, the interlayer distance eguals 7 55A with the formula weight
per unit cell 44, egualling 4 times the molecular formula weight . The unit cell
volume (725.7A% is calculated with the density equalling 2. 78g/cm® (Equations
2.31 and 2.32).

Figure 2.21 Idealised crystal structure of w-zirconium phosphate with solid
Iines illustrating one of the cavities created by arrangement of the
layers; protons and water molecules are omitted [Clearfield and
Costantino, 1958].
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The layer structure of a-Zr{HPQ4):'H20 consists of zirconium atoms lying above
and below (x 0.25A) the mean plane [Clearfield, 1984] and are bridged by
tetrahedral PO:{0OH) phosphate anions. The phosphate groups are situated
alternately above and helow the metal plane, with three oxygen atoms of each
phosphate group being linked to three zirconium atoms. Consequently, each
zirconium atom is surrounded by a slightly disterted octahedron of oxygen atoms
belonging to six different phosphate groups. The fourth oxygen per phosphate
group bears a negative charge that is balanced by an ion-exchangeable proton

with the resulting acid OH group peinting towards the nearest neighbouring tayer.
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Figure 2.22 Schematic projection perpendicular to the crystal axis ¢, showing
negatively charged oxygen atoms of two facing sides of adjacent
tayers forming zeolitic cavities, with each cavity accommeodating
one water molecute. Shaded and open circles respectively refer
to oxygen atoms lying above and below the intermediate plane
[redrawn from Alberti and Costantino, 1974 and 1934)].

Adjacent layers are displaced relative to one another, producing a stacking

arrangement where the phosphorus atom of one layer is placed directly above
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the zirconium atom in the layer below [Clearfield and Smith, 18569].
Consequently, as shown in Figure 2.22, the negatively charged oxygen between
facing sides of two adjacent layers form an intermediate plane with the cxygen
anions being arranged in a hexagonal fashion, Stacking of the layers, as
llustrated in Figure 2.21, leads to the formation of small cavities that are
interconnected by windows whose maximum diameter is 2.64A [Troup and
Clearfield, 1977], thus preventing molecules of diameters greater than 2.64A
from entering the interlayer region. in essence. the number of these smali
cavities cofresponds to the number of zirconium atoms. Each cavity
accommeodates one hydration water molecule with the water being hydrogen
bonded to three of the acid phosphate groups on the same layer. The water
molecules interact with three adjacent phosphate groups, accepting two
hydrogen bonds and giving a third one. The gther proton on the water points into
the cavity of an adjacent layer and undergoes no hydrogen bonding. Thus, the
layers are only weekly held together by dispersion forces. w-Zirconium
phosphate, unlike other clays, does not undergo infinite swelliing when
suspended in water. Troup and Clearfield [1577] ascribed this to the strong
binding of the layers to the high degree of crystailite perfection. However, Dyer
and Leigh [1972] attributed this phenomenon to the very high lattice charge or
layer charge density, o = 4.12*10"e/cm® [Alberti and Costantino, 1996].
Application of Equation 231 yields a lamellar surface area of 9685m°g”". The
corresponding ‘free area’ associated with each =P-OH group equals 24 .0A*
(Equation 2.33). The total / maximum ion exchange capacity for o-Zr{HPO,)2-H20
is 6.64mequiv. per gram, which is slightly less in the presence of impurities
[Clearfield, 1993].

2.3.1.2 STRUCTURE OF 1-Zr{PO,)(H:P0.):2H.0

The preparation of a second planar macromolecule, termed +-zirconium

phosphate, having the same chemical composition as o-Zr{fHPO4):H:O but
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different structure was first reported by Clearfield ef a/ [1968]. The synthesis of
crystalline v-zirconiurm phosphate involves a water soluble zirconyl salt in the
presence of a mono-substituted dihydrogenphosphate, which upon refluxing for
several days, yields a mono-substituted ¢-zirconium phosphate salt [Alberti ef al.,
1888]. The hydrogen form of y-zirconium phosphate is then obtained by ion
exchange, On the basis of solid-state *'P magic-angle spinning MAS NMR
spactroscopy [Clayden, 1987] and studies performed on isostructural titanium
phosphate [Christensen ef al., 1890] the correct structural formula, ie..
Zr{PO){H-POL)2H:0. is suggested. Therefore, the monoclinic y-zirconium
phosphate crystals consists of PO, groups in which all the oxygen atoms are
bonded to zirconium atoms as well as HPO4 groups in which only two of the
oxygen atoms bond to the zirconium atoms with the other two oxygen atoms
bearing two acidic protons. The failure to produce v-zirconium phosphate crystals
large enough for X-ray structure determination required the use of X-ray powder
diffraction resuiting in slight deviations within the reported literature. The most
recently accepted unit cell parameters for Zr{PON{HPO4)2H0 are; ¢ =
5.386A, F = 6636A. ¢ = 24.806A and 7 = 98.70° [Clearfield and Costantino,
1998], space group #2; and x = 4 [Poojary ef al., 1985]. Therefore, the interlayer
distance equals 12204, the unit cell volume = 876 4A% and density = 2.43g/em®.
The free area surrounding each P(OH); graup on the surface of the {ayers equals
35.7A% ie., 17.8A° if the free area is associated with each OH group on the
plane. Consequently, the total lamellar surface area comesponds to 674m?/g. The
maximum ion exchange capacity equals 8.27mequiv/g and the layer charge

density o is §.60e/em’.
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(a)
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Figure 2.23  {a) Representation of layered -Zr{PQO4}{HPQ4)2H0 viewed
down the b-axis with water molecules heing omitted [Clearfield
and Costanting, 1898]; (b) Polyhedral presentation of the -
zirconium phosphate structure down the a-axis, illustrating the
hydragen bonds between the water molecules and hydroxyl

groups (dashed lines) [Poojary ef af., 1995].

A detaited structural view is given in Figure 2. 23, illustrating the octahedrally co-
ordinated zirconium atoms that are surrounded by oxygen atoms originating from
the PO,> and H.PO, phosphate tetrahedra. All four oxygen of the PO,™ group
bridge across zirconium atoms with one set of bridges running parallel to the a-
axis and anocther parallel to the b-axis, thereby joining all the zirconium atoms,
setting up the raw framework structure. The central phosphate atoms within the
framewark phosphate group, i.e., PO, group, are positicned alternately ca.
0.65A above and helow the mean plane of a particular layer. In turn, the
Zirconium atoms are located ca, 1.68A sequentially above and below the mean
plane. Thus, the framework phosphate tetrahedra are sandwiched between the

zirconium octahedra. The H:PQy4 group is located an the outer periphery of the
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layer utilising two of s cxygen to bridge acress zircgnium atoms in the a-
direction. The other two oxygen extend inte the interlamellar region, each oxygen
bonded to one ion-exchangeable proton [Foojary et all, 1994] Figure 2.23(b)
ilustrates the manner in which the two different water meolecules, e, W1 and
W2 are hydrogen bonded towards the PCH groups and towards one ancther,
producing a zigzag chain of water molecules that runs  between the
dihydrogenphosphate groups. Consequently, unlike for w-Zr(HPQO4):H:0,
Fydrogen bonds exist between the layers of ~Zr(PCO{HFPO42H: 0. Nustrated in
Figure 2.23(h) are two four-membered rings created by hydrogen bonding. The
one ring involves O(7), O{8), O} and O{W2); and the other ring consists of
08, oavzZy, O and OMW2Y, OfF) and O(B) dencte the charged oxygen
present on the HzPO,; QM) and O0W2) refer to the respective oxygen residing

within the water molecules [Poojary. 1525

2.3.2 ADSORPTION / INTERCALATION PROCESSES

The acid sites situated betwsen layers and on the exterior surfaces of the
zirconium phosphates allow for the adsorption of Brensted bases. The term
‘intercalation’ commanly refers to the adsorption of componenis onto acid sites
positicned  within the interayer regien  of the Zzircenium  phosphates.
Conseqguently, intercalation involves the reversible insertion of guest species
inte the interlayer regicn of the zirconium phosphate host. Although the interlayer
distance between a lavered zirconium phesphate host changes upon
intercalation of guest melecules, the macromelecular layered structure is refained
[Alberti and Ccstanting, 159961 The advantage of using layered compounds as
cpposed to the rigid 3 dimensional aluminosilicaies for the hydrolysis of
resorcingl from MPDA is the accommedation of larger melecules in zirconium
phosphates, due to an increase in the interlayer distance. This may result in
greater access of reactant MPDA onto active P-(OH) sites . The initial separation

of the layers during the intercalation prccess fequires work {c overcome the
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dispersion binding energy. Therefore, only if the energy for intercalation is large
enough will it be possible for the layers to move apar. From the first law of
thermodynamics, a change in the internal energy. &f/, for the interlayer solution is

given by

JU = TdS = pdV + 3 Glan’ +dW,

The partial molar Gibbs free energy and the number of moles of species | are
given by (7 and »,, respectively. The additional expression, B, is the work done
in spreadmg the layers of the zirconium phosphates to overcome the surface
electrostatic forces that hold the macrcmolecular zirconium phosphate sheets
together [Granguist and McAtee, 1963]. Since the intercalation process in layerad
zirconium phosphates occurs discontinuously, the term ‘activation energy’ s
often used in literature, which generally refers to the minimum energy required for
increasing the gallery height by a certain distance to allow for a particular

intercalation process to ccour.

The driving force for the spreading of the layers essentially involves electrostatic
gnergetics that are created betwesn the Bransted acid sites and the neutral polar
molecules present in the bulk solution. Apart for the electrostatic considerations,
also entropic considerations are of some importance as well as stripping the
incoming moiecules of its hydration water, Whether or not neutral molecules will
be allowed into the interlayer region of the zircenium phosphate would depend
firstly an their molecular size as well as on the interlayer region of the zirconium
phosphate. The spreading of the layers and the diffusion of proton accepting
neutral molecules into the interlayer region of the zirconium phosphates depends
on the chemical potential difference that 1s created between the proton rich
interlayer region and the agueous seclution, This sheuld be large enough to
overcome the minimum work reguired in spreading the layers. Consequently, the
more basic Brensted bases (e.g.. amines) in sclution lead to a greater potential

difference between the interlayer region and the bulk sclution, and the more likely

239
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the spreading of the macromelecular sheets becomes The minimum work
implies that the interlayer distance is minimally increased. This typically occurs
when the molecules diffuse flat and parallel into the layers. Thus, the initial rate of
amine uptake is slow, but after a definite induction time due to spreading of the
layers. a considerable increase in the rate of uptake may occur, If the & area of
the parallel criented molecules 1s larger than the free area associated with each
actwe site, not all the acid sites have been protonated and if the potential
difference between the interlayer region and the solution 15 enough for ancther
increase in the interlayer distance, more molécules will be able o adsorb. An
ncrease in the interlayer distance allows for the mode of adsorption to change
from a parallel arientation to a more upright position. thereby reducing any stenc
hindrance [Alberti and Costantino, 1984]. The maximum number of meolecules
able to intercalate is thus dependent on the number of active sites present and
also the number of basic Brensted functicnal groups situated on the incoming
maleculz. The malecular dimensions of the intorcatate is also of importance,
since this could lead to steric hindrances, as well as the chemical stability of the
acid sites themselves which could lead to hydrolysie of the phosphate groups.
The rigidity ar flexibilty of the macromelecular layers also determines the manner
in which the intercalation procecds [Alberi and Costantine. 1596]. The two

gxtremes are schematically llustrated in Figures 2.24 and 2.25.

Figure 2,24  Simplistic schematic illustration of intercalation of neutral
muolecules into the interlayer region of a lamellar salid with ideally

rigid layers [redrawn from Alberti and Costanting, 1998].
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The rigidity of the layers play an important role during the intercalation process
since for highly rigid lamellae (see Figure 2.24) the enlargement of the whole
interlayer region must occur, even by the insertion of only a few guest molecules.
Conzequently, the energy reguired for the initial penetration of the molecules into
the interlayer region has to be large enough to enlarge the whole interayer
region at the same time. As soon as the final interlayer distance has been
acquired during the inibal intercalation of molecules, no more energy 1s neaded
for the enlargement and the rate of adsorption should increase considerably. The
enerdy reguirement in separating the layers is proportional to the attraction
between adjacent layers, with the attraction heing a function of the layer charge

density s and the interlayer distance [Alberti and Costantine, 1995].

Figure 2.25 Simplistic schematic illustration of 'moving boundary concept
during intercalation of neutral molecules into the interlayer region
of a lamellar solid with ideally flexible layers [redrawn from Alberti

and Costanting, 1996],

During the intercalation process of guest molecules into solids with ideally
flexible layers, only the exterior portion of the interlayer region must be forced fo
expand, resulting in the coexistence of smaller and larger interlayer distances.
Thus, there is the farmation of a phase boundary hetween the intercalated and
nan-intercalated zenes of the imterlayer region. The phase boundary facilitates
further penetration of guest molecules. As the intercalation process proceeds, the
phase boundary moves towards the centre of layers. Since the initial

enlargement is limited to only the external portion of the interlayer region, the
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initial energy required is less than that necessary for systems with rigid layer
systems. However, during the process of intercalation, integral work /i, has to
be done in spreading the layers. The number of degrees of freedom at constant
temperature and pressure is zero and thus the intercalation process must take
place at constant composition of the external solution. This implies that for
agueous solutions, intercalation will occur when the pH of the external solution
remains constant and the solution phH will only change once the original phase
has been completely converted inta the new intercalating phase [Aiberti and
Costanting, 1996; Costantino ef af., 1886].

2.3.21 INTERCALATION INTO w-Zr{HPQ4);'H;0

The zirconium atoms within «-zirconium phosphates are situated nearly in a
plane with anly phosphate groups connecting the zirconium atoms, suggesting
that the lamellae of w-ZriHPO4)-HO should be relatively flexible., Thus -
zirconium phosphate may be wvisualised as a solid consisting of layers
approaching that of a flexible layered solid. Bending of the layers therefare
occurs at a distance very close to the intercalating guest molecules (see Figure
2.25) and organic compounds intercalate by the 'moving boundary’ moadel, In this
way, the full intercalation of an organic base results in a progressive saturation of
active sites with discontinuous changes in the basal spacing until the fully
intercalated phase iz obtained. Generally, the number of phases formed
corresponds to the number of different orientations that the guest molecules may
assume during the formation of the fully intercalated phase. It may occur that
before a given phase has been fully transformed inte ancther, a new intercalate
phase begins 1o form at the edge of the crystallite, resulting in more than two
phases co-existing [Costantino &t al/, 1888]. Similar behaviours are also

observed upon desorption of the guest molecules or thermal dehydration of o-

zircanium phosphate.
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Figure 2.26  Schematic depiction of n-alkyl-moncamine (e.g., butylamine)
double layers being formed within a-Zr{HPO.4) H,0 at maximum

amine loading [Clearfield and Tindwa, 1977]

{i) Intercalation of alcohols

Very weak Bronsted bases such as alcohols, generally do not intercalate into
crystalline w-zirconium phosphate due to the electrostatic van der Waals forces
holding the w-zirconium phosphate layers together. Intercalation can anly occur if
the layer distance of w-ZriHlPQyiz 0 (7.554) is increased by farming
polyhydrated zirconium phosphate salts w-NaH{PO.); 5,0 (10.4A) that are then
treated with HCIO4 to remove the sodium ions [Costantino, 1975%] Another
method is by exfoliation which involves regenerating alkyl amine intercalated -
zirconium phosphate using HCI at pH~2 under vigorous stirring [Alberti ef al,
1885]). Also. more basic Brensted bases such as pyriding [Yamanaka &f al.

1976] and imidazole and benzimidazole [Costantino ef af, 1988] encounter
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difficulties in intercalating into the interlayer region, The intercalation ability of the

latter molecules is reduced due to their bulky nature,

{ii) Intercalation of amines

Clearfield and Tindwa [1972] studied the intercalation of n-propylamine and n-
butylamine into layered o-zirconium phosphate and showed that generally a
maximum of ane n-alkyl amine molecule is intercalated per acid site. A number of
phase ftransitions of w-zirconium phosphate oceur duning the intercalation
process (see Figure 2.27) of both components with the zircomium phosphate
crystal becoming disordered during some phasas, only to re-crystallise at higher
loading. At maxmum leading, a bilayer of the inclined n-alkyl amine is formed, in
which the hydroghilic moieties are directed towards the inorganic layers, leaving
the hydrophobic groups in thelr interayer region, Total thermal remowval of n-

butylamine takes place between 280°C and 480°C [Dékany and Szirtes, 1935]

: _",;;_ :
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Figure 2.27  Common orientations of n-alkyl-monoamines in the interlayer
region of w-Zr(HPQ4):'H:O. (al alkyl chain axis parallel o the
layer plane; (b) monolayer of extendad molecules, {c) bilayer of

extended molecules [Clearfield and Costanting, 1896].

FPenetration of ethylenediamine into the w-zirconium phosphate structure ocours
at an even lower pH than for n-alkyl aminges. As expected, only half the number of

moles of ethylenediamine could be intercalated since then the intercalated
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ethyienediamine constitutes the same number of amine groups as the
intercalated n-alkyl moncamines. At maximum loading, only a manolayer of
extended alkyl-diamine molecules i1s thus expected |Clearfield and Costanting,
1996]. MacLachlan and Morgan [1980] have studied the maximum basal spacing
for a range of compounds. Adsorption of ammenia from the liguid or gas phase
into the interlayer region occurs in a simple step leading to the formation of -
ZriHPO.2NH- HO {d = 9404A) [Clearfield and Costantino, 1998] Upon
desorption of ammenia a partially-exchanged phase is obtained of composition
ZrHPOy > NH3-xHC with ¥ being .5 or less [Clearfield and Hunter, 1978].
Aniling also adsorbs strengly with 2 males of aniline intercalating into 1 mole of
w-zirconium phosphate, forming a bilayer at maximum foading [Herzog-Cance ef
af., 1992], However, very large and bulky amine molecules such as crystal violet
require some assistance, eq. lower alcohols, to intercalate into a-zirconium

phosphate [Hoppe et al.. 1997].

(i} Thermal desorption of guest molecules

The ‘'moving boundary model also applies to the desorption of guest molecules
and hydrated water molecules upon thermal treatment. Since the removal of
guest species start from the exterior parts of the intercalated c-zirconium
phosphate crystal, during the desorption process the exterior layers assume a
new basal spacing with a smaller interlayer distance. Thereby, the guest
molecules situated towards the centre of w-zirconium phesphate famella may
become trapped |Alberti and Costantino, 1896] This is especially noticeable for
larger crystals [Costanting et &/, 1997]. To ensure that the distance between the
layers do not confract, it is often important to treat the intercalated o-zirconium
phosphate first at a specific temperature for a few hours or days before heating it
further. f-or the dehydration of water, La Ginestra ef al, [1987] suggested keeping

the solid at 180°C for 12hours before further ramping of the temperature.
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2.3.2.2 INTERCALATION INTO «-Zr{PO,){HPO.)H; 0

The structural arrangement af the zirconium atams in Zr(PQO4)HPO4)-2H.0
makeas the lamella meore rigid. Consequently, the 'moving boundary’ concept is of
far less importance for the w-Zirconium phasphate than the o-type, Primarily only
one interlayer distance is thus cbserved during each intercalation step. However
exceptions do occur especially far larger malecules, e.g., the intercalation of 6-(2-
amincpropylamino)-g-deoxy-[-cyclodexdrin [Kijima, 1990]. The more widely
separated lamella (12.20A) and the maore cpen interlayer arrangement of
hydration water allows for easy access of guest molecules into the interlayer
region (sge Figure 2.23). The actvalion engrgies reguired for the individual
phase ftransitions to ocour during the intercalation process is therefore
considerably less for the --zirconium phosphate than for the w-zirconium
phosphate. The adsorption of guest moleculas principally accurs anly on one of
the Bransied acid sites per CP(OH): group, This would results in the formation
of a menolayer adsorption of extended molecules where the steric hindrance s
negligible. However, comparison of the free area (35.747) around each
dihyodrogenphosphate with that required for accommodating two extended alkyl
chains in a frans-frans conformation (2*18.6!53} results in the final intercalated
phase forming a bimalecular film of extended molecules within the interlayer
region [Clearfield and Costanting, 19%8]. Szirtes and Raleh [1991] suggest from
ARD and IR pattarns that during the intercalation process some rearrangemeant
from the y-zircanium phosphate to a-zirconium phosphate may take place. 11

seems however, that other authors did not verify the mentioned observation.

(i} Intercalation of alcohols

In wzircanium phosphate, alkancts [Costantino. 1981] and benzylalcohol and
diethyleneglycol [Szirtes and Raieh, 1991] readily intercalate into the |ayered
structure [Costanting, 1881]. Alcchol-intercalates, however, become unstable if

the nawly formed compounds are dried in air at ambient condition [Costanting,
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1981]. Exfoliation of the vy-zirconium phosphate crystal is achieved in the

presence of acetone in admixture with water at 55°C jAlberti et af. 19587,

{i1) Intercalation of amines

intercalated n-butylamine exists as a bilayer w-zirconium phosphate complex,
aven at very low concentrations with only one male n-butylamine adsorbing per
male +-Ze(PO(H PO, 2H,0. Di-alkylamines intercalate as a monoiayer with
0.5molecuies of n-alkylamines adsorbing per one zirconium phosphate unit
[Costantino. 1981]. A similar pattern is observed far aniline [Herzog-Cance &f &/,
19562].

{iii) Thermal desorption of guest molecules

Even though the acid strength of the  primary hydrogen on  each
dihydrogenphosphate group is greater than that of wa-zirconium phosphate
[Herzog-Cance, 1892], desarption of amine groups occur at a lower temperature
[Dekany and Szirtes, 1995]. Desorption of the n-butylamine occurs between
250°C and 380°C [Dékany and Szirtes, 1555] due to lesser diffusional constrains
offered by the moaore open arrangement within the interlamellar region. The
discrepancies would have to be attributed to the higher diffusional constraints

experience by the guest molecules during descrption in ¢-zirconium phosphate.

2.3.3 CHEMICAL AND THERMAL PROPERITES

The properties of zirconium phosphates vary accerding to preparation with their
tharmal and chemical properties being related to their crystallinity {Albertsson,
1856]. Due to the layered structures of zircanium phosphates, different types, e,
phases, of - and --layered zirconium phosphates are obtained as 3
consequence of thermal treatments and intercalation-deintercalation processes.
|.e,, adsorption-desorption metheds, These phenomena can be attribuied to the

shifting of the layers relative to one another as well as the change in the
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interlayer water content and thus the interlayer distance [Clearfield and
Costantino, 198€] Since the structure of the constituent layers does not change
appreciacly with the naiure and amount of palar maoleciles present in the
intarlayer region, or with the nature of the organic comoonants adsorbing onto
the active sites, or with the manner in which the planar macromolecules are
packed. the prefixes « and v are used to describe the tyoe of macreanions, Their
respective interayer distances are given in parenthesis. Conseguently, a- and -
zirconium phosohate will be written as  w-Zr(HPO.)»-H,0Q (7.5548) and -
Zr(POLYH,POL-2H,0 (12 204), respectively.

2.3.3.1 CHEMICAL AND THERMAL PROPERTIES OF w:-Zr{HPQO,)2-H:0

Clearfield and Stynes [1954] observed the very high stability of crystalline -
ZriHP O2-H2O towards hydrolysis of phosohate groups into aguesous solutions.
The hydrolysis of phosphate groups inta solution is also deoendent on the
temperature and the solution pH, with the stability towards hydrolysis decreasing
with increasing temperature and pH. According to Vesely et af. [1968], no change
in the zirconium ochosohate structure nor chemical oroperty occurs if o-
ZriHPC )z HO s treated at very high temperatures in slightly acidic (0, 1mel/L
HCI solution. Titration studies of w-zirconium ohosohate against NaOH and
Cs0OH show that the arnount of phosphate released into solution is minimal telow
a pH of 8 [Albertsson. 1986, However., it seems that the hydrolysis of
phosphates into solution is also dependent on the activation energy required in
increasing the interlayer distance, since the quantity of phosphates leaching into
solution is far higher during proton-exchange with Cs™ than with Na® that has a
smaller ionic radius than Cs’, A large activation energy implies that a large
difference between the protan rich interlayer region and the more proton deficient
concentration of the bulk solution has to exist before the incoming ion can diffuse

inte the interlayer region of the compound (see Section 2.3.2).
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Interestingly, w-ZriHPO4)-HO exhibits two different monchydrogen phosphate
groups with different acid strengths {(+4.8>H.>+3.3 and —3.0=H,>-5.6) as shown
using Raman spectrescopy [Hattorl ef af. 1977] and titration methods [Clearfield
and Thakur, 19801 A detailed study of the infrared and Raman spectra of
crystalline -zirconium phosphate is given by Horsley af af {18741 The +{OH}
streich bands assigned io the Brensted acidity of the POH groups is 3670 —
3630cm  with the acid strength increasing slightly by calcination or bulk
dehydration [La Ginestra and Patrono, 1887]. Thus, the Brensted acidity on -
ZrHPO.)» H:G is less than the observed acidity for the aluminosilicates. Upon
heating the crysialline zirconium compound to 400°C the ratio of strong to weak
Bransted acid sites increases while still maintaining the same number of acid
sites [Claarfield of a/, 1380] Heating above 400°C leads to condensatian of the
hydroxyl groups to pyrophosphate or P-G-F bords (570cm™). thus decreasing
the number of acid sites [Hattari ef al., 1977]. The amount of acid sites decreases
abruptly beyond 450°C and becomes negligible after a thermal treatment above
480°C. Hattori ¢f af. [1977] showed by IR analysis of pynidine adsorbed onto the
thermally treated c-type that the strong acid sites formed are of Bransted type

and concluded that w-zirconium phosphate exhibits acidity only when the POH

qQroups remain.

The interlayer water situated within the cawvity of r-Zr{HFO4)2-H20 is completely
lost upon prolonged heating at 110°. At around the same temperaiure the o-
zirconium phosphate undergoes a phase change to a-ZriHF Oy}, (T41A)duetoa
re-arrangement of the layers relative to one ancther. It was proven that the
endothermic loss of crystal water and the endothermic phase change of -
ZriiHPQL: H,0  (7.588) to  o-ZriHPOs)  (7.41A) are kinefically and
thermodynamically distinct processes [Clearfield and Pack, 1874]. Heating -
Zr{HPO,) (7 414) at 220°C leads to an endothermic, reversible phase transition
to o-Zr(HPQ4)y (B.80A) {La Ginestra ef al., 1987] that is stable up to temperatures
¢f ca. 400°C — 450°C. Between 450°C and 800°C, the P-OH groups condense
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ifreversibly to form P-O-P bonds resulting in the above mentiored loss in acid
sites and w-Z1{HPQ,}; (6 804) transforms itself to «-ZrP,0+ {6104} [Costanting
and La Ginestra, 1982] cor simply «-L-ZrF,0- ('L denoting that the new phase is a
layered nyrophosphate} [Clearfield and Costarting, 1596]

2.3.3.2 CHEMICAL AND THERMAL PROPERTIES OF +-Zr(FPO,)(H:PO4)22H,0

fructural examination of «ZrPOMH.PO.) 2H.O suggests that w-zirconium
phosphate can be hydrolysed mere easily than e-zirconium phosphate since the
interlayer phesphate groups are bonded to the metal atoms with only two bends,
Mevertheless, vzirconium phosphate is very stable ard reverts to c-zirconium
phosphate only in the presence of zirconium complexing acids (HF} or in bBeiling
HiPQy [Albert: of al. 1989].

Interestingly, the calorimetric studies of amine adsorption on w- and wtitanium
phosphate, which are iso-structures of - and »-zircenium phosphates, revealed
that at low coverage the differential heats of adsormpticn for the w-titanium
chesphate are higher thaa on a-titanium phosphate. This proves that the pK, of
the ~+compound (H:PCs groups} is lower than that of the w-compound (HPQ4*
qroups) [Espira ef af, 1998] Vibraticnal spectrescopic studies parformed on
aniline intercalated «- ard +-zirconium phosphates led to the same conclusion by
observing tha: the N—H--O hydrogen bending is waaker for aniline adsorbad on
wzircenium phosphate than en a-zircenium phesphate [Herzog-Cance ef al,
15921 The Brensted acidic surface P{OH); groups are identified as having their
viOH) stretch band at 3600cm™ [La Ginestra and Patronc, 1387], suggesting that
the Bronsted acid strength is comparable to that of the aluminosilicates.
However, the acid streaqth of the secondary proton on the P(COH); greups must
ba weaker than the primary proton. The pki-value for orthe-phosphcric acid

changas by Sunits when comparing the acid strength of the prmary to the
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secondary proton. Therefore, a similar behaviour is expected for the zirconium
phosnhates. The |large expected difference in the nkK,-vatues implies that organic
compounds associate preferentially with the primary proton situated on each -
ZriPOLHPO02H-0 group. Adsorption onto the secondary proton recuires
basic solution that can result in the destabilisation of P(CH); phosphate group
[Herzog-Cance of al, 15%2]. This 18 explained an the basis that upon the
adsorption of two components on the same phosphate group the whole grouping
15 destabilised since both negative sites are on the same phosphate group with
the two adsorbed components themselves approaching each ather very clasaly,
thus causing steric problems [Clearfield, 1983]. Since the OH groups in »-
zircenium nhosphate structure are closely placed and the free area associated
with each OH group is 8.9A% most guest muolecules cannot occupy all acid

centres due to steric hindrance [Clearfield and Castantino, 1996].

The hydration water (2 molecules per unit formula) that align the adjacent layers
of «ZriPO4)(HPOL 2H0 via hydrogen bonding are completely lost between
50°C and 100°C [Clearfield et al, 19681 This loss in crystalline water is
reversible with the anhydrous form, i.e., +Zr(POL)(HPC,) (9.44), being able to
rekydrate fully at room temperature. The condensaticn of acid kydroxyl groups
begins at about 230°C, |oosing ca. 0.7 water molecules between 230°C and
500°C. The newly formed compound, i.e., v-ZrP:0- (8.26A) or «L-ZrP205, is
stable up to ca. B00°C, with usually 30% of the hydroxyl groups remaining [Alberti
ot al.,, 1889]
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The first rule of intelligent tinkering
18 to save all ine parts
(Paul Ehrlich)
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3. EXPERIMENTAL

3.1 REAGENTS

Meta-phenylenediamine (MPDA, purify > 98%) is obtained from AECI {South
Africa). Mineral acids used for the homogeneous acid catalysaed hydrolysis of
meta-phenylenadiamine {MPDA) are Hz30. (98 wt. %), H:PO, (85 wt %) and
(NH:1H:PO, p.a. (all purchased from Saarchem). Thase materials are used

without further purification.

Zeolites H-ZSM-5 (Sidchemie AG, SifAl = 13), H-ZSM-5 {Sudchemie AG, Sifal =
22). H-USY {Akzo Nobel SifAl = 5.8) and zealite H-Bata (Siidchamis AG, SifAl =
14 4) are used. For comparison amarphous silica-alumina {Kalichemie AG, SiAl
= 6.9} and +ALO, (Kalichemie AG) are used. Before use in reactions, the
aluminosilicates are calcined in a furnace in air at 180°C for Zhours followed by
another 12haurs at 450°C., After calcination. the =olids are stored in a desiccator

over a waterbed of de-ionised water for 24hours to allow for rehydration.

w-ZriHPO: HaO (-ZrP) and w-Zr(H:PO4(PO412H:0 (+-ZiP) are donated by
Daiichi Kigense Kagaku Kegyo {(Japan). The zircenium phosphates are either
used as received or in calcined farm. The calcination treatment includes heating
the solids in a kiln in air for 12hours at 180°C and for another 12hours at 400°C,
The step-wise ramping is employed to ensure the complete removal of crystailine
water between the layers, since heating layered zirconium phosphates results in
the centraction of their interlayer distances [La Ginestra ef af, 1587] After
calcination, the solids are slowly cooled from 400°C to ambient temperatures and
stored in a desiccator over a waterbed for approximately 3days to allow for
rehydration. c-ZrP400 and +-ZrP400 respectively denole the w- and y-zirconium
phosphates calcined at 400°C.
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3.2 SOLID CHARACTERISATION

The following sections detail the physicochemical characterisation technigques
Lused. Since aluminesificates and zirconium phosphates are quite different
materials, different characterisation techniques are reguired. These are
mentioned below. The aluminosilicates are, however, cbtained from commercial
venders with their chemical compositions ¥nown, The same applies to crystalline

zirconium phosphates.

3.2.1 ELEMENTAL ANALYSIS

Atomic Adscrption (AA) measurements {Varian SpectrAA-110) are used to check
for both leached and extra-framewark Al species after reaction. The dinal sclition
mixture is treated with HCI to pH 1. After 10 minttes, the soltion is separated
from the solids and analysed by AA for Al The Ni, Fe and Cr content in the final
reaction mixture is also analysed by AA to determine the state of leaching from

the stainless steel reactor walls.

AA s also used to determine the Zr content in the reaction mixture after the
reactions with zirconium phosphates. The phosphorous content in solution at the
end of the reaction is measured by the method described by de Koring and Mol
[19849] One Elank and a series of testiuibes containing solutions of known
phosphorus concentrations are prepared and their volumes adjusted to 2.0ml
with the pH adjusted to 0 using sulphuric acid. To each test-tube 0.2ml of 5%
ammonium molybcate and 0.3ml| of the Fiske-Subbarow reducing solution is
added. After vigorous shaking and heating the soluticns for 10minutes in boiling
hot water, the content is cocled and diluted to SGml in volumetric flasks. The
adsorbance {Varian Superscan 3 spectrophotometer) of the blue molybdenum
cclour is read at 830nm against the blank and a graph of adsorbance versus

ug/ml phosphorous is plotted. The solutions of unknown phosphorous
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concentration are subjected to the same procedure as manticned above and the
obtained £30rnm adsorbances are then compared with the previously cbtained

graph.

3.2.2 SOLID STRUCTURE AND MORPHOLOGY

3.2.2.1 X-RAY DIFFRACTION {XRD}

The crystallinity of the zeclites prier te and after reaction are examined using
powder X-ray diffraction spectra by means of a Philigs X-ray diffractometer
(PV43710 mpd control) generating Cu-Kir radiation (. = 1.5424) in the 2-Theta

region of 4 — 457 with a step size of 0.1° and operating at 40kY and 25mA.

A 2 Theta range of 3.6 38" is emgloyed for the powder X-ray diffractograms
performed on the zircenium ghosphates. Due to the possible swelling properies
of the zirconium phosphates, XRD's are taken after avary calcination, rehydration

and reaction step,

3.2.2.2 SCANNING ELECTRON MICROSCOPRY (SEM)

Electron micregraphs are obtained using a Leica 5440 Scanning Electron
Microscope (SEM). Samples are mountaed on aluminium stubs using a mixture of
carpon and water-soluble glue. Once dry, the mounted samples are coated with
atomised Au/Pd, The following settings are employed with the pictorial seftings
used being predominantly a function of magnitude and sample conduciivity:
acceleration voltage (5 - 15keV), filament current (80 - 200pA), stage tilt (07,

working distance (8 - 15mm) and aperiure size (30pmy).
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3.2.3 THERMAL STABILITY

Thermogravimetric (TGA) as well as differential thermal analysis (DTA) curves
are obtained with a Stanton Redereft STA-TED unit. A total of 25.0 = 0.08my of
the from the manufacturer obtained zirconium phosphate or aluminosilicate
sample is flushed with nitrcgen {flow rate = 30mIINTP)Vmin} at room temperature
far 30minutes, prier to heating at 1"Cimin to 550°C in nitrogen (flow rate =

30MINTPymin!. The standard or reference is reagent grade calcined w-AL0..

3.2.4 ACIDITY OF SOLIDS

3.2.4.1 AMMONIA TEMPERATURE PROGRANMMED DESORPTION (TPD)
METHOD

Ammonia TPD is carried out in a heme-built equipment (see Figure 3.1 cn Page
78) Weber 1888] A total of ca. 0.25g of the sclid is lcaded into a quariz cell.
After online calcination of the solid in air (BOMINTR)/min), the temperature is
stabilised at 150°C under a constant flow of He (60mNTPYmin). Subseguently,
a 1% MNHs/He mixture {flow rate = G0mI(NTP)/mir) is passed over the solid for
precisely 1hour. The physisorbed ammeonia is then flushed off the sample by
flowing pure He (G0mI(NTR)min) over the sample at 180°C for 12hours. The
temperature is subsequently raised at 10°Cimin to the final temperature. The
amount of ammeonia desorbed as a function of the temperature is monitored
using a thermal conductivity detector {TCD) with pure helium {flow rate =
BOMENTF)/min) as a reference, Ammeonia exiting is trapped in sulphuric acid of
known concentration. The total amount of ammaonia chemisorbed is determined

by back-titration of the sulphuric acid with caustic soda.
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{i' Aluminosilicates

A fresh aluminosilicate sample is oaded intg the quartz cell and calcined in air
(flow rate = BOMIINTP)min) at 450°C for 12hours. A very low ramping rate of
1°Cimin i= used to increase the caicination temperature from ambient
temperature fo 450°C to ensure that the online treated alumincsilicates roughly
resemble the kiln treated aluminesilicates (see Section 3.1). The NH-TPD s
carried cut as described above. For every aluminesilicate, the TPD-procedure is
repeated a further two times applying different ramping rates {2°C/min. 5°Cimin}.
This allows for the strength of the ammenia adserption on the aluminosilicates to
be determined using the methed outlined by Cvetanavic and Amenomiya 11967

and 1873} assuming a perfectly iinear heating schedule.

(i} Zirconium phosphates

Bue to the contraction of the interlayer distances of «-ZrP and +-ZrF with
increasing temperature, the samples are calcined in air by slowly ramping
(1°C/min) the temperature to 400°C. This allows the inter-crystalline water to be
removed thermally, The NHs-TFD is carried out under flow of helium as

described above, except that the samples are ramped to 400°C instead of 450°C.

(iti) Data evaluation

Since the concenfration inside the 19%NHa/He hottle varies throughout its use, the
ammenia cencentration exiting the gas botile is checked reqularly by flowing the
gaseous mixture {flow rate = SOMENTP/mind far 1hour through a saturator
containing agquecus sulphuric acid of known concentration, Thereby, the
ammania reacts with the acid while the remaining helium is vented. The resulting
agqueous solution is then back-titrated with G.1N NaCH to determine the total
amount of ammania absarbed by the sulphuric acid. From this infarmation, the

trite ammonia concentration exiting the gas bettle is determined.

During each run, the calibration of the TCD occurs during the adsorption stage of

ammonia ¢nto the test sample. Adsorption of ammonia onto the sample is
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considered to be complete after 60minutes. The difference n TCE counts
between the haseline spectra and the average TCE counts measured towards
the end of the adsospiion stage is used for the calibration. The Cafibration Factor
is given by the difference in the TCD counts divided by the ammonia

concentration exiting the 1% NH-/He bottle.

The desorbing ammenia concentration, with the concentration being tme-~ and
temperature-dependent, is calcula‘ed by first subtracting the baseline spectra
from the TFPD spectra before dividing it by the Calibration Factor. The total area
under the TPD concentration versus time curve divided by the fiow rate and the
sample mass yields the amount of acid sites available per gram of sample. The
integrated value {in terms of mmol/gl is then compared io the number of moles of

ammonia that reacts with the sulphuric acid solution inside the saturator.

The mathematical model of Cvetanovic and Amenomiya [1967]1 /s used to
determine the heat of desorption. This model is based on a matesqal balance
around the prescorbed sample, Desorption and re-adsorption rate constants are
taken as first order and by assuming a homogenous solid surface the rate
constants are coverage independent. Incarporating the Clausius-Clapeyron
equation intc the manipulated mass balance and delermining the maximum
concentration of the presorbed gas in the carmrier gas with respect to temperature

(dC/dT = 03, the heat of desorption is calculated using the following equation:

_ A, (-0 vram,)
T T R | Frexp(aS, JR)*R )

1, represents the temperature at which the ammonia concentration of the TRD
curve is ai its maximurm, which 18 obtained at a certain linear heating rate f, AF .,
and .S, arg the respeciive enthalpy and entropy change due to desorption; &, is
the coverage at 1., and Iy is the volume of the solid phase in the catalyst bed,

with £ equalling he flow rate of the carricr gas. Plotting (2 In 7,, — In [) versus

3.1
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1T, gives the slope of the straight line (A, f &), thus allowing the determination

cf the heat of adsorption of a gas onto a solid.

3.2.4.2 TEMPERATURE PROGRAMMED DESORPTION (TPD} OF 4-METHYL-
QUINOLINE

{i) TPD-MS of H-ZSM-5

The number of external acid sites on the H-ZSM-5 (Sifal = 13) and H-Z5M-5
(Sl = 22) are determined by temperaturs pregrammed desorption of previcusly
adscrbed 4-methyl-quinaline [Mieber, 1998]. Weber proved that 4-methyl-
guinaling {d. s = 7.34 [Rollmann, 1891]} could not enter the pores of H-ZSM-5
(largest kinetic pore diameter of H 250-5 = 5.4A x 5.3A [Haag and Chen, 1987]).

Calcination of the H-ZSk-5 is carried out in a kiln with the H-ZSM-5 being spread
out evenly on a flat crucible. The zeolites are kept at 180°C for Zheours before
being ramped to 450°C (8"C/min), where it is held for a further 12hours. After
allowing the kiln to coai down to 120°C. the H-ZSM-5 crucible is mmadiately
transferred inio a desiccaier present in an oven at 80°C, This is done to ensure
minimal contact of the zeolite with the surtounding water vapours. A small flask
containing ihe 4-methyl-guincling is inserted into the desiccator before the
desiccator is sealed and allcwed to cool ta ambient temperature. The desiccater
is kept in a dark storage space for 3days to allow for the adsorption of the 4-
methyl-quinoline. A tetal mass of 1g H-ZSM-5 presorbed with 4-methyl-quinoling
is then inserted intc a quartz cell that is heated to 150°C under flow of helium anc
kept there for 48hours to remaove the phys sorbed 4-methyl-quinecline, The scolid is
kept in place by means of a plug of guartz-wool, The adscrbed samples are
heated to 1100°C at 10°Cimin in 100mIENTPYmin He. Since 4-methyl-quincline is
found to decompese primarily into a benzene fraction on desorption from H-Z5M-
5. the ion monitored is mie = 78 since it is the most abundant mass fraction

abtained [Weber, 1893].
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Figure 3.1 Simplified schematic of the apparatus used for ammonia and 4-

methyl-quinoline temperature prograrmmed desorption studies.
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The mass fractions are guantified using a Hewlett Packard 597 1A Mass Selective
Detector, A small fraction of the total flow (split ~ 1/250) enters a 15m long,
g.22mm 1.D. polyimide coated deactivated fused silica capillary column. By
adjusting the column head pressure the flow to the MS through the capillary
column is regulated. A 1.5minutes lag time exists between the sample and the
mass spectrometer primarily due to the capillary column. This is corrected by

intiating the MS recording 1.5minutes after the ramping has commenced.

{it) Data evaluation

Chemisorbed 4-methyl-quinoline decomposes upon desorption from the zeolite.
The gquantification of 4-methyl-gquinciine by an lon-chromatography is quite
inaccurate. This method is chosen to compare relatively the external acid sites of
only the two H-ZSM-5 zeolite compounds. The wie = 78 area count obtained for
the two H-ZSM-5 samples, i.e., SIFAl = 13 and SiAl = 22, 15 presented as one

relative ratio.

3.2.4.3 ADSORPTION STRENGTH OF WATER ON ALUMINGCSILICATES

The adsorption strength of water onto the aluminasilicates is determined using
TGA/DTA of the re-hydrated zeolite by means of the Stanton Redcroft STA-780
unit. A total of 28mg of the solid is placed into the apparatus, flushed with
nitrogen {30mMINTP)/min) for 4 — 5hours before being heated up to 450°C. The
purpose of flushing the sample for an extended pericd is 1o ensure that
essentially only the muore strongly adsorbed (chemisorbed) water remains on the
surface of the aluminosilicate sampile. The temperature ramps {10°Cimin,
5°Ctmin and 2°C/min) are varied to determine the average strength of adsorption
by means of the method described by Cvetanovic and Amenomiva [1968] as
shown in Section 2.2.4.1. The maximum peak temperature 7, as illustrated in
Section 3.2.4.1 corresponds to the point of inflexion obtained from the TGA

curve.
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3.2.4.4 FT-IR ACIDITY DETERMINATION

Attempts are also made to characterise the zirconium phosphates using IR
analysis by noting shifts in the P-{OMH} bands. The infrared spectra are run on a
Nicolet 5ZDX FT-IR Spectrometer at a resolution of 4cm™ . Self-supporting wafers
{13mm:Z) are pressed (780MPa), which are then transferred into an IR cell
equipped with heating element and thermocouple. This allows for online IR
spectra being taken at ambient temperature, 180°C and 400°C. The samples are

kept at a certain temperature for 1Thour before taking a spectrum.

To obtain the full IR-spectrum from wavenumbers 4000cm' down to 400cm ™, the
previously fitted CaF: windows have been removed. A large N:-flowrate (ca.
200mI{NTP)/min} is applied to ensure the removal of any previcusly adsorbed

compounds such as H,O.

3.2.4.5 ADSCRPTION STUDY

(i) Experimental procedure

The adsorption of meta-phenylenediamine {(MPDA}. meta-aminophenc! {(MAP),
and resorcinol is investigated. Ca. 0.4g of the re-hydrated zeolite or zirconum
phosphate is suspended in with 15ml aqueous solutions of meta-
phenylenediamine (MPDA), meta-aminophencl (MAP), resorcinol, or ammonia.
The cencentration of these compounds in solution is varied Before sealing the
sample flask, the headspace is flushed with nitrogen to minimise the oxygen
content inside the flask. The slurry is stirred using teflon-coated magnets and
allowed to equilibrate for Bdays in darkness, The temperature is kept constant
hetween 30°C and 90°C in an oil bath controlled at —2°C. Syringe filters (0.2um)
are used to separate the llquid from the solid materials at the desired
temperature. The concentration of the adsorbent in the liguid is determined using

a HPLC. Phencl is used as the external standard that is added to a known
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valume of the sample taken from the syringe. The HPLC is calibrated daily in
order to keep the error as small as possible since the amount adsorbed is

calculated over a mass balance. Ammonta concentrations are determined by

titration against sulphuric acid.

{iij Data evaluation
A negligible change in the liguid wolume is assumed upen adsorption of a
relevant compaund onto a solid material. Consequently, the amount adsorbed

per unit of solid material ts given below:

mmol of relevantcompound Vi * (€ Gl

el of solid material umt el sulid material

Fio: 15 the volume of liguid added to the flask, whereas (... and €. are
respectively the initial and final concentration of the relevant compound per
volume of water. given in mmol/ml. For zeolites the unit of sofid materal shown in
Equation 3.2 represents the mass of the dehydrated zeolites {in grams). The
dehydrated mass of the zeolite per sample flask is calfculated by multiplying the
wzighed out mass {ca. (.4g) with the ratio of the total zeolite mass taken out of
the kiln at around 200°C over the total zeolite mass after re-hydration. The error
in the adsorbed concentrations determined at low bulk solution concentration is
greatost, unlike for high solute concentrations. For zirconium phosphates,
however. the wiif of solid material in Equation 3.2 is given in terms of tho number

of moles of zirconium atoms present in the solid sample.

The method used in deriving the HPLC response factors for each organic
compaund and subsequently calculating the concentration of the liguid solution
given thc arca counts is detailed in APPENDIX-C. A& worked example of
evaluating the adsorbed amount of an organic compound on a solid is given in

APPENDIX-D.

3.2
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3.2.5 SURFACE AREA AND PORE VOLUME OF SOLIDS

M-BET surface areas and micropore volumes of the aluminosilicates and
zirconium phosphates are determined using an ASAP 2000 apparatus, Pricr (o
nitregen adsorption, the samples are calcined at their respective temperatures.
samples are then degassed at 88K, The wvolumetric method is applied to

determine the amount of N> adsorbed and desorbed at a certain pressure.
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3.3 REACTOR CONFIGURATION AND EXPERIMENTAL
PROCEDURE

3.3.1 REACTION STUDIES

Reactions are carried out batch-wise, in a 620ml Parr autoclave as shown in
Figure 3.2 The impeller speed is kept constant at 1050 = 10rpm for all reactions
i order to minimise external mass transport limitations. Al an impeller speed of
1080rpm. the liguid flow is turbulent since no vortex is visible, thereby ensuring
that the power input is adequate. A sampling tube allowed for on-line sampling.
The frit {3 2pum] at the end of the sampling tube prevented any solid material from
entering the sampling tube, thus preventing pipe blockages. At recorded time
intervals figuid {tetal volume ca 10mly s wathdrawn from the reactor and
welghed. |n ensuring that the samples taken correspond to that of the reaction
mixture, ca. Bml liguid is drawn before the actual sample (pipe volume ca. 3ml).
Mo gas phase probes are taken since it will essentially conszist of water and
hitregen. Recording the total mass of liguid wvathdrawn from the reaclor altows for
the MPDA, MAFP and rescrcinol concentrations to be corrected sirce sampling
affects the overall reactant concentraton mixture inside the autoclave. Since
sampling results in the lowering of the liquid level inside the reactor. additional
water from the reaction mixture evaporates into the gas phase. Eszentially pure
water evaporates o the gas phase. since the boiling peint of water is well below
that of the organic compounds. By consulting steam tables. however, the effect ¢f
the removed ligquid on the cverall reaction system could be incorporated, as
explained in Section 3.3.1.3. For the warst case scenario. e.g., sampling 100m!
results i a 4.55% higher concentration as what would have been observed if

there is no sampling involved.

MNoting the mass removed from the reactor system upon sampling amds in

checking whether water is lost during the reaction due to 2 possisle leakage.
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Therefore, an overall reactor mass balance (reactor weight before compared to
reactor weight after reaction plus the sum over all the withdrawn sample weights)

is done over every reaction to evaluate the amount of liguid lost to the

surrounding. The mass of water lost is hardly evident.

Magnetic drive
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Sample cooling
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Gasket
Stirrer shaft
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. Thermasouple
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Figure 3.2 Schematic of high-pressure batch reactor.

The autoclave walls as well as any other tubing inside the reactor {construction
metal: Stainless Steel 316) was first poisoned by means of heating up 10g of
MPDA in water and some phosphoric acid. This was done in order to try and
minimise any polymer formation by the interaction of MPDA with the Cr, Ni and
Fe commonly used in Stainless Steel (see Section 2.1.1.6). The autoclave was
cleaned by means of ultrasound using water and acetone as solvent. No

mechanical scrubhbing has been applied.
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3.3.1.1 HOMOGENEOUS REACTIONS

Into the reactor cylinder, 350m| of water and 1g of MPDA is added. Thereafte-,
the mineral acid (H:S0,, H:PO4) or salt (NH.H.PO4) is weighed out and slowky
added to the reactor vessel. The mass of the acid included in the reaction midurs
is calculated by assigning an acid to meta-phenylenediamine (MPDA} mole ratiy
(3.4 or 6.8). Subseguently, the sealed reactor is flushad for 8minutes by injecting
nitrogen {1MPa) through the sampling tube. The frit produces fine dispersion of
nitrogen, displacing the dissolved oxygen. The nitrogen escapes the reactor via
another valve (not shown tn Figure 3.2). The sample tube valve is then closed
before the other valve, thereby reducing the nitrogen pressure over the liguid t
0.1MPa. The reactor is heated to either 225°C or 275°C. Depending on the acid
used, the sampling times are adjusted accordingly to allow for 5 to 6 samples
being taken during the course of the reaction. The temperature, pressure and
sample pH (taken at 25°C) is also recorded. After cooling the reactor to ambiert

temperatures, the reaction mixture is analysed.

3.3.1.2 HETEROGENECUS REACTIONS

(i} Aluminosilicates

For every reaction, a total of 10 grams of the original aluminosilicate is added to
the 1g MPDA in 350ml water. The mentioned 10 grams of aluminosilicates refers
to the mass before any calcination at 450°C, The dehydrated mass is either
noted or compared to the TG analyses because the concentrations of the
relevant compounds are expressed in terme of the dehydrated solid mass. The
sealed reactor 15 then flushed with nitrogen to displace all the oxygen presen:
inside the reactor. Reactor temperatures chosen are 225°C. 275"C and 300°C
Samples are typically taken after 1, 5, 9 and 25 hours. The exact reaction time
temperature, pressure and pH (taken at 25°C) for every sample is noted. The

aqueous soiution of the quickly cooled reactar is also anaiysed. The gpent solid i
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recovered via centrifugation and transferred into 1L of hot, distilled water, The
slurry is agitated to remove as many reaction-compounds as possible. After
centrifuging a second time, the solid is dried at 50°C and then recalcined at the

same temperature as usad prior to the solid's first reaction.

{ii) Zircanium phosphates

The mass of solid added to the 1g MFPDA in 350ml water is initially varied from 1g
to 10g. Thereafter, all the reactions performed at the different temperatures are
done using 10g of the original zirconium phosphate. The calcined zirconium
phosphates also weigh 10qg prior to their kiin caleination {see Section 3.1). For all
reactions regarding zirconium phosphates, the mentioned mass corrasponds 1o
that before any calcination treatment. The sealed reactor is flushed with nitrogen
to displace all the oxygen present inside the reactor Temperatures selacted
when using zirconium phosphates are 225°C, 250°C and 275°C. Samples are
generally taken after 1, 5, 9 and 25 hours, The exact reaction time, temperature,
pressure and pH {taken at 25°C) for every sample is noted. The aguecus solution
of the quickly cooled reactor is also analysed. The spent solid is recovered via
centrifugation and transferred into 1L of hot. distilled water. The slurry is agitated
to remove as many reaction-compounds as possible. After centrifuging a second
time, the solid is dried at B0°C and then recalcined at the same temperature as
used prior to the solids first reaction. The uncaleined zirconium phosphate |5 also

washed in 1L of water and dried.

The zirconium phosphates are reused in a second reaction with the reaction
temperature corresponding to the temperature used during the first reactions.
The zirconium phosphate to MPDA mole ratio (mol Zri/imol MFDA) for the
second set of reactions (regenerated samples) are roughly identical to those
used during the first set of reactions. For the reactions conducted on the 400°C
calcined zirgonium phosphates, this is achieved by setting the mass ratio of the
zirconium phosphate immediately after calcination (regenerated / original} egual

to the MDPA mass ratio (27" reaction { 1% reaction}, Similarly, the mass ratios of
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zirconium phosphates without any calcination step (reused / criginal) are kept
sgual to the MPDA meole ratio (2™ reaction / 1% reaction) by allowing the
washedfdried (30°C) zirconium phosphates to stand in air {ambient temperature)

for ca. 1day before recording its mass.

3.3.1.3 DATA EVALUATION

Conversicn is reported as mole-% conversion of MPDA to MAP and resorcinal.
Low guantities of by-products such as diphenylamines are also present in the
reaction mixture. The conversion of MPDA is estimated based on the assumption
that MPDA s converted to meta-aminophenol, resorcinol, 3,3-diaming-
diphenylamine and 3-hydroxy 3'-amino-diphenylamine. The formation of other

side products is neglected. This is confirmed using a total mole balance.

Attempts have been made to find response factors relative to phenol for 3,3-
diamino-diphenylamine and 3-hydroxy, 3'-aminc-diphenylamine. The peaks or the
retention time of the two diphenylamines are determined using HPLC-MS at
AEC| Lid. Since these compounds cannat be bought, their response factors are
determined using an array of data from homogenecus runs at higher MPDA and
H:PO, concentrations. Assuming a perfect mole balarce existing between the
mentioned compouhds, the response faciors are evaluated by least square
methads. The heterogensclus reactions cannot be used in determining the
response factors of the by-products since the amcunt adsorbed onto the solid
material's surface is unknown. A detalled description of this method is given in
APPENDIX-E.

The selectivity is generally given in terms of resorginel with respect to MAR. |1
may also be given as the ratic of resercingl to the sum of all the other products

produced.



83 Chapter 3 — Experimentaf

o CDHVEfSiGﬂ = -!‘DG*':JM’JAF'I-A{%J % 2*4'1“{{:'r5mp..4 g 2*-'WCﬂnp.B:]"Ill'i"j:lﬂ_’ﬂn‘..‘n."r-‘a.f

SElEEti"-}'iT_}’ = a"‘l’fﬁe_v'f{i“’ﬂd’zj.l" + 2*-'1’fff'nm_c.l.=! + 21‘41{{5:#:;1 B}

Yo Yield = 1GD*Jl’i-”r'nd.uur.:"f{-'JL{-'H‘."-".‘H,r',v;.'rl'a.r}

where  Musramne  i0EI moles of MPDA

M number of meoles of MAP

Moo, number aof males of Resoreing

Meompa moles of 3, 3'-diamino-diphenylamine
Meympn moles of 3-hydroxy, 2-amine-diphenyfamine
Ju""rr:-d.'m.: either a'll’f.'A'A ~ *ILIHE'.'H J'W"j'omp.-l oF -"L'Jr:',"-.'..-.-n_:.-ﬂ

A correction in the concentration of the organic compounds may be necessary,
depending on whether the removed samples are the true representative samples
of the whele reaction system and net purely that ef the liquid phase, Comparison
of the bailing points of the different compounds reveals that the vapour phase
cansists of essentially water and produced ammonia. Since the liquid level
decreases upon sampling, more water is abie to evaporate into the gas phase,
thus concentrating the organic compounds [Viljava and Krause, 1888). Given the
assumption that the gas phase consists entirely of water, the vapour and liguid
specific velumes obiained from steam tables could be applied in correcting the
chserved sample concentration, This is llustrated in APPEMDIX-F, It needs o be
mentioned, though. that the procedure only applies if the concentraticn is based
an water. For the case of mineral acids, the concentration may be based on the
moles of ‘hydralytic hydrogen' available at the beginning of the reaction, where
the term 'hydrolytic hydrogen' refers to the number hydrogen atoms able to form
hydranium iens and thus participate in the reaction. When using solids. the
concentration of the relevant compounds may also be written in terms of the
solid's mass or the fotal number of acid sites available. The difference comes in

with sampling since the mineral acid 18 removed with the reaction mixture

3.3

3.4

3.5
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whereas the saolid material remains with the reaction mixture. Correspandingly.
each casc needs to be treated slightly differentiy. & detailed calculation of mass
balances and concentrations of the reievant compounds for homogenoous and

heterogerneous reactions are shown in APPENDIX-F.

3.3.2 LIQUID SAMPLE ANALYSIS

3.3.2.1 HPLC SAMPLE PREPARATION

Phenot is chosen as the cxtermnal standarg, 1ml of a reactor sample is combinad

with 1ml of a known phenal selution {ca. 3gil) and subsequently diluted.

3.3.2.2 HPLC ANALY SIS

The reaction compounds are separated using a HPLC (colurnn: Spherisoro 80-3
QD5-2, 1=250mm. D=4 tmm) cmploying a mobile phase gradient. The imtiat
mokile phazse used during the first dminutes of the analysis consists of 0.05vai%:
H.PO. anrd & 1vol¥ triethylamine in de-ionised water. This mobile phase is then
gradually changed over a period of 2minutes to a mabile phase consisting of 20%
doionised water (G1vol% HiPO4, 0.1vol tricthylamingd and 20%: acetonitrile
(G Twol¥% tricthylaming). After a further 1Cminwtes, the mobile phase is reversed
back to the original mobile phase linearly over a pericd of 1minute. A liquid flow
rate of 1.0ml/min is used. The total run time for one sample analysis |asts
20minutes. The compounds are analyscd with an UV detector coperating at
280nm.

The method used to gorive the response factors and consequently calcuiating the
concentration of the liguid solutien given the area counts is detalled In
APPENDIX-C.
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3.4 ERROR ANALYSIS

Some of the error analyses (NHa-TPD take 2-3days) are based solely on a few
reproducibility experiments and thus true statistical analysis is not possible. The
HPLC response factors varied over the experimental pericd, so the response
factors are calculated prior sample analysis. Where possible the accuracy of

measurements is given according to the manufacturer's claims.

Table 3.1  Error analysis

Measurement Units Technique Error
Water Content wit% TGA-DTA 5%
Crystallinity Y%-ratio XED 5%
NH:-TPD peak temp g TPD 30
NH5-TPD total acidity mmolig TPD 5%
Lepidine-TPD total acidity  mmol/g MS-TPD 20%
R cm” FTIR 4cm’
Surface Area mg Nz-BET 10%

Caoncentration

mmolig HPLC 5%

Table 3.2  Error analysis of reaction work

Measursment LUnits Error
Praessure bar 54
Temperature o 18
Reaction time N <1min

HPLC mol/L 3%
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Results and Discussion

The great tragedy of Science - the slaying of
a beautiful hypothesis by an ugly fact
(Thomas Henry)
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4, RESULTS AND DISCUSSION

41 REACTOR RAMPING / HEATING PROFILES

The period required in bringing the charged reactor from ambient to reaction
temperature forms part of the reaction time illustrated in all reaction result figures
urdess stated otherwise. The heating profiles ta wvarigus fina! reaction
ternperatures, ie, 2258°C. 250°C, 275°C and 300°C, are shown in Figure 4.1, For
gach heating profile shown in Figure 4.1, the reactor is charged with 350m| water

and 10g solids.

300 -
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Figure 4.1 225°C, 250°C, 275°C and 200"C heating profiles of the Parr

autoclave charged with 350ml water and 10g solid acid.

A simplistic mathematical lingar reaction profile s obtained by assuming a finear
ramping rate (383 - 10.5 “Clhour) from ambient temperature to ca. 15°C below
the final reaction temperature. After reaching a temperature of ca. 15°C below
the intended reaction temperature, the ramping rate decreases. As llustrated in

Figure 4.1, the reaction mixture approaches the intended reaction temperature
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only very slowly, often requiring a further 1hour to heat the reaction mixiure by

3°C to 5°C before attaining the final temperature.

4.2 REACTIONS IN ABSENCE OF ACIDS

It Is worth mentioning again that the autoclave walls as well as any other {fubing
nside the reactor are poisoned by means of previous reactions with MPDA (see
section 3.3.1} prior to the start of the true analytical work. Charging the 600m|
FParr autoclave with 350m| of decxygenated water and 1g of MPDA results in no
detectable formation of resorcinol, even after 45hours {reaction temperature =
275°C). Hardly any observable change in the concentration of MPDA occurs
during the course of the reaction. Minor quantities of 2 3'-diamino-diphenylamine

and 3-hydroxy, 3’ -amino-diphenylamine (yields =< 1mole-%:) are detected.

This s in stark contrast to the thermodynamically predicted resorcinol yield at
275°C {see Figure 2.8) where the resorcinol yield is predicted as being ca. 7%
for an initial water to MPDA male ratio of 2100:1, A 2100:1 water to MPDA mole
ratio essentially corresponds to 19 MPDA in 350ml water, the canditions used for
the blank run. Considering these observations, it can be deduced that the
reaction rate in the absence of an acid is very small. The assumptions taken by
setting the activity coefficients equal o 1 during the thermodynamic analysis

would not lead to such a large deviation.



Roactions using Mineral Acide a3

4.3 REACTIONS USING MINERAL ACIDS

Mineral acids of different acid strengths, i.e. Ha50, (pK, = -2}, HaFPOy (pK; =
212y and (NHa H:PQy, {pK; = 7.4), are chosen o verify the conclusions of Greco
{1865 - 1972] that polymeric ethers are formed in the presence of sulphuric acid
for all reaction conditicns, resercinel of high vields and purity 1s obtained in the
presence of phosphoric acid, (NH4)H:P Oy inhibits the formation of polymers, and
no conversion of MPDA ccocurs in the presence of {NHsIHPO,. The use of
mineral acids also allows for establishing the influence of the acid strength on the
product distribution, establishing the reaction crder and kingtic model in the
absence of diffusion and adsorption / desorption constraints, and providing a
basis for comparison with hetercgeneous acids. A detailed reacticn pathway for

the hydrolysis reacticn can then be proposed.

4.3.1 REACTIONS WITH SULPHURIC ACID

Figure 4.2 shows the MPDA, MAP and rescrcinel concentration as a functicn of
time when MPDA is treated with H.50,; at various temperatures. The
cencentrations of the relevant compounds are expressed as mele-%, obtained by
dividing the measured concentrations with the initial MPDA concentration, i.e.,
28 4mmol/lL. The oH of the reaction soluticn {pH reading taken at amkient
temperatures) remains constant throughout the reactions camed out at 225°C
measuring 1.35 £ 0.06 in the nresence of 3.3% mcle H.504 per male MPDA and
1.17 £ C.C4 in the presence of 2 6.77 H.30, to MPDA mole ratio.
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The reaction pathway for the conversion of MPDA in the presence of sulphuric
acid {see Figure 4.2) follows that of a typical consecutive reaction. MPDA reacts
to form MAF that is subseqguently converted to resorcinol. The MAF
concentration profile goes through a maximum and the rescorcinol concentration
profile follows that of an S-shaped curve with the initial siope of the time-
concentration curve equalling zere. The time-concentration profiles in Figure 4.2
further suggest that the reactions MPDA > MAP as well as MAP — resorcino!
are essentially irreversible since the MPDA concentration and MAP concentration
approach zero after prolonged reaction periods. The resorcinel vields measured
after 24 hours of reaction time (heating period included) wher using a H2504 to
MFDA mole ratio of 3.39 (T = 225°C) is 93mole-% and in the presence of a 6.77
H:S504 to MPDA mole ratio {T = 225°C) the resorcinol yield is 98mole-%.
Increasing the reaction temperature to 275°C while maintaining a constant H,S0,
to MFPDA molar ratio of 3.38 leads to a resorcingl vield of 95mole-% (Figure 4.2C)

after 24hours.

The maximum observed yield of MAP (21mole-% after 2 hours) when using a
H, 504 MPDA molar ratio of 338 (at 225°C) is less than that at a higher initiai
H.30, to MPDA molar ratis {31mole-% after 2 hours). This suggests that the

reaction rate is dependent on the initial acid concentration.

Also, the rate of formation of resorcinol increases with an increase in the
H.50,MPDA ratio. An increase in the reaction temperature to 275°C (Figure
4 20C) from 225°C (Figure 4.2A) has a marked effect on the observed reaction

rate further suggesting that the reaction is virtually irreversible.

Mole balances (see APPENDIX-G) conducted over all sample points reveal that
between 95% and 100% of the initial MPDA can be accounted for {only one
samgle point returns a 86% accountabiiity, which is quite likely due 1o analytical
errors since this phenomenon is not repeated). The erratic variations in the mole

balances between 95% and 100% suggests that these are due to experimental
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errors and not to the formation of insoluble phenyl-ethers since the formation of

phenyl-ethers is typically regarded as being irreversible (see Section 2.1).

Figure 4.3 shows the yield-time profiles of minor intermediates 3,3-diamino-
diphenylamine and 3-hydroxy. 3'-amino-diphenylamine. The yield profiles of 3-
hydroxy, 3-amino-diphenylamine traverse through a maximum of between 0.7
and 1.2mole-% {correspending to ca, 1.5% - 2.3% of initial MPDA) and approach
zero after prolonged reaction periods. The initial rate of formation of 3-hydroxy . 3'-
amino-diphenylamine tends towards zero, suggesting a consecutive reaction that
is likely to originate from 2 MAP molecules, or from 1 MPDA and 1 MAP
molecule. Rather for the monemer-dimer reaction to be reversible as illustrated in
Figuwre 210 in Chapter 2, the low 3-hydroxy.3-amino-diphenylamine
concentration after prolonged reaction time points towards the direct conversion
of the dimer to resorcinol and MAP by acid hydrelysis rather than the reversibility
of the reaction leading to its formation from MPDA, The formation of 3,3 -amino-

diphenylamine is clearly a minor reaction pathway
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Figure 4.3 Yield versus time (init. MPDA conc. = 26 4mmol/L) profiles for 3,3-
diamino-diphenylamine {x} and 3-hydroxy 3-amino-diphenylamine
(@) for reactions at {&) 2258°C (init HS50.MPDA molar ratio =
3.39) (B) 225°C {init. H.S04;MPDA = 877}, and (C) 275°C (init.
H504: MPDA = 3,38},
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4.3.2 REACTIONS WITH PHOSPHORIC ACID

Figure 4 4 shows the MPDA, MAF and rescrcinel concentration as a functicn of
time in the presence of phosphoric acid. Mok balances conducted over all
sample points reveal that all the initial MPDA {within experimental errors) can be
accounted for throughout the reactions (see APPENDIXK-G). At 225"C the mole
bafance averages 98.9 + 2.4%. At 275°C the mole balance amounts to 994 1

0.9%, The pH for the reaction at 225°C (pH taken at ambiant temperature)

= 100 <

o =

o 80

% Resorcingc

s 60

2

& 40

=

2 20

=

<]

O gFr
a 10 20 30

Reaction time, hours

== 100 T =

o =t —— Resorcinal

<]

£ (B)

£ 60 F MEDA

“

e 40} MAP

c

2 20

5 :

¥ 0 '} - ,-’_-. — me= —— i | S —
0 10 2L 30

Reaction time, hours

Figure 4.4 Congentration varsus time (init. MPDA conc. = 26 4mmal/L} with an
initial HF O, to MPDA mole ratie of 677 and reaction temperature

set at (&) 225°C and (B) 275°C respectively.
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remained constant at 1.72 £ 0.02, whereas the pH measured during the reaction
at 275°C {pH taken at ambient temperature) remained at 2.06 + .06

The yield versus time curves of 3 3'-diamino-diphenylamine and 3-hydroxy, 3'-
amino-diphenylamine are shown in Figure 4 5. The yield-profiles of both dimers
traverse through a maximum and approach zero concentration after prolonged
reaction periods (after 25hours). The low congentrations measured for 3 3-
diamino-diphenylamine makes it difficult to interpret the initial slope. A slope
greater than zero is, however, expected for a primary product. The slope of the
initial concentration-time curve of 3-hydroxy,3'-amino-diphenylamine equals zero
(see Section 4.3.1). For the reaction at 225°C and 6.77 H:PO,MPDA mole ratio
(Figure 4.3A), 3 3'-diamino-diphenylamine reaches a maximum after ca. 7.5
hours (yield = 0d4mole-3%), while the maximum for 3-hydroxy 3-amino-
diphenylamine occurs after ca. 7.5 hours (yield = 1. 7mole-%). During the reaction
at 275°C and a HaPC4.MPDA mole ratio of 6.77, 3,3'-diamino-diphenylamine and
3-hydroxy.3'-amino-diphenylamine go through a maximum between reaction
times 1.0 hour and 5.1 hours, howevet, due to the absence of sampling points
within this time frame, more accurate maxima for these dimers cannot be
established. As already mentioned in Section 431, the shape of the dimer
curves in Figure 4.3 tend to suggest that all reactions pathways to resorcinol are

consecutive and all reactions can be regarded as irreversible.
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Figure 4.5 Yield versus time plots (init. MPDA conc, = 28 4mmpoliL) for 3,3%-
diamino-diphenylamine (x) and 3-hydroxy, 3-amino-diphenylamine
(@) for reactions with an initial HaPC4 to MPDA molar ratio of 6,77
and temperatures: {A) 225°C and (B) 275°C.
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4.3.3 REACTIONS WITH AMMONIUM-DIHYDROGEN PHOSPHATE

Figure 4.6 shows the MPDA, MAP and resorcinel concentration-time profiles in

the presence of ammonium dihydrogen phosphate, e (NH.H:PO, which is a

considerably weaker mineral acid than phosphoric acid. The initial (NH )H.PO, to

MPDA molar ratios are chosen in conformity with the molar ratios used for the

reactions in the presence of sulphuric acid and phosphoric acid.
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Mole balances conducted over all the sample points again show that most of the
initial MPDA can be accounted for in terms of reactant MPDA and products MAP,
resorcinal, 3.3-diamino-diphenylamine and 3-hydroxy 3'-amino-diphenylamine.
For the reaction carried out at 225°C the mole balances averaged over all 6
sampie points is 99.3% + 4 0%. The average moie balance for the reaction at
275°C is 9B.6% + 1.2%. The pH for the reaction at 225°C (pH taken at ambient
temperature) remains constant at 5.26 + 0.05, which is considerably higher than
the pH measured for reactions with phasphoric or sulphuric acid. At 275°C, a
reasonable conversion of MPDA to resorcinel is observed, and the pH changes
from 5.81 to ca 642 (pH reading taken at ambient temperature) during the
course of the 48 hours of reaction. During this time the resarcinol yield increases

from 0.5% (after 1 hour) to 78% {after 48 hours).

Trhe concentration-time profiles in Figure 4.6 are similar {o those in the presence
of sulphuric and phosphoric acid, albeit at a considerably lower reaction rates.
After 24 hours of reaction time, the resorcinol vield at 225°C is ca. 6% while at
275°C the resorcinol yield is ca. 57%. The maximum MAP concentration at
225°C ancurs beyond the measured 24 hours reaction period, while at 275°C the
maximum MAP-concentration is likely to occur between the reaction periods of
24 hours and 48 hours. The zero slope resorcinol concentration profile during the
first hour of reaction is clearly identifiable with the rescrcinel concentration being
very close to zero after 1 hour of reaction time. At that stage, the reaction

temperature is within 5°C of the final temperature.

The vield-time profiles of 3,3'-diamino-diphenylamine and 3-hydroxy-3'-amino-
diphenylamine are illustrated in Figure 4.7, The very low yields measured for 3,3-
diamino-diphenylamine coupled with the associated errors in analysis result in
irregularities and make it very difficult to interpret the overall yield-time curve for
this  compound. The wmaximum concenfration of  3-hydroxy-3-amino-
diphenylamine at a reaction temperature of 225°C cannot be established since its

maximum s likely to occur far beyond the sampled 26.5 Fours reaction period.
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However, at 275°C a clear-cut maximum vield for 3-hydroxy-3-amino-
diphenylamine (yield = 2.0mole-%) is observed after ca. 24 hours, the total
reaction time equalled 48hours. After 48 hours the vield of 3-hydroxy-3-amino-
diphenylaming is 0.8mole-% (see APPENDIX-G).
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Figure 4.7 Yield-time plots (init. MPDA conc. = 26.4mmol/L) for 3,3 -diamino-
diphenylamine {x) and 3-hydroxy 3'-amino-diphenylamine (@) for
reactions at (A) 225°C (init. H;304MPDA molar ratio = 3.39); (B)
225°C  {init. H:S04MPDA = 6773 and (C) 275°C (init.
H:50,MPDA = 3.38).

4.3.4 OBSERVATIONS REGARDING USE OF MINERAL ACIDS

Under the dilute reaction conditions (initial MPDA concentration equals
26.4mmol/L and mineral acid concentrations < 200mmol/L), resorcinel is
obtainable in high yields (resorcinol yvield »85% for H.S04 and HiPQy4) at reaction
temperatures between 225°C and 275°C. Mole-balances over all sample points
reveal that, essentially, no polymer ethers are formed. From these results and
those of Greco [1968 - 1872], it can be concluded that the acid strength and the
acid concentration affect the production of pelymeric ethers. Furthermore,
contrary to the reports of Greco [1968 - 1872], as shown in Figure 4.6, resorcinol

can be produced in the presence of (NH4)H-PO,, albeit at a considerably lower
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reaction rate. Therefore, the reaction rate at a particular temperature is strongly

dependent on the acid strength of the minerai acid.

The converston of MPDA to resorcinol in the presence of mineral acids 1s a
consecutive reaction with the intermediate product being MAP. The reaction
MPDA — MAP — resorcinol can be regarded as being irreversible. The initial
zero slope observed for the concentration-time curve of 3-hydroxy-3-amino-
dipheneylenediamine reveals that it is produced consecutively, either from 2 MAF
muolecule or from 1 MAP and 1 MPDA molecule. After prolonged reaction periods
the concentration of 3-hydroxy-3'-amino-diphenylenediamine ténds to zero. The
cleavage of the dimer s likely to occur via an acid hydrolysis of the
diphenylamine leading to the formation of resorcinol and MAP. Alternatively, it is
also feasible that the formed 3-hydroxy-3'-amino-diphenylenediamine first breaks
up into its individual components. e, assuming a reversible monomer-dimer
reaction. after which the meonomers are further hydrolysed towards resorcinol as

depicted in Figure 2 .10 in Chapter 2.
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4.4 REACTIONS WITH ALUMINOSILICATES

4.41 CHARACTERISATION OF UNCALCINED ALUMINO-
SILICATES

Typically, 10grams of an aluminosilicate is first calcined at 450°C and then
rehydrated before being used for reaction studies. All results are based on the
caleined, dehydrated form. Consequently, the weight lost dunng the calcination of
an aluminosilicates (H-USY {SitAl = 5.6). H-Beta (SifAl = 14,41 H-Z5M-5 (SilAl =
12.00, silica-alumina (SIFAl = 6.9} and H-ZSM-5 (SifAl = 224 needs to be
determined. Two methods are applied, viz. TGA 1 N» and weight loss
determination upon shallow bed calcination in air at 400°C. It is observed using
TGA that during the initial 30minutes of No-flusking at 20°C. zeolite H-ZSM-5
(SYAl = 13) experiences a considerable weight loss which is unusual for ZSM-5
zeolites. The inttial weight loss is likely due o the evaporation of some volatile
compounds. Conseguently, high standard deviations are measured for H-Z8M-5
(SifAl = 13) in Table 4.1, Only slight weight losses are observed for the remaining
aluminosilicate during the initial flushing period. Table 4.1 compares the TGA
results with the aluminosilicate weight losses experienced during calcination,
where the samples are weighed cut before calcination and then immediately

afterwards.

Weight losses during shallow bed calcination in air for silica-alumina, H-USY ang
H-ZSM-5 {Si/Al = 13) differ from the TGA results. The weight loss upen shailow
bed calcination shows a greater welght loss than by TG analysis. The
discrepancies between the two methods can vary considerably, e.q., the weight
loss of the kiin treated silica-alumina is ca. §.4%w/w while the weight loss
determined by TG analysis is only 8.2%w/w. A similar trend is observed for H-
USY {20 4%whw vs, 17.6%ww) and H-ZEM-5 (SI/Al = 13) (18 .3%wiw vs.

16.5%whw). The different calcination atmospheres can explain this phenomenon.
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in the preserce of air, the orgaric materials adsorbed on aluminosilicates will be

removed by oxidation.

Table 4.1 Observed weight loss at 450°C of relevant alumincsilicates

Aluminosilicate Farcent VWeight Loss
_ TGA" Kiln'*! (no. of measurements)
silica-alumina 6.2 94+14 (5
M-USY 178 20407 ()
H-Beta : 7.0 65086 (@
H-ZSM-5 (SifAl = 13} 18.5 18,3+ 3. 335t
)

H-ZSM-5 (Sl = 22) 56 S o A

U N-flowrate: 30mI(NTPymin h
! zaleined in air: shallow zeclite bed

Feasans for the percent weight loss of H-Beta being slightly larger for the TG
aralysis (7.0%wiw) than for the kiln treated H-Beta (8 53%w/w} car be ascribed to
handling errors. The standard deviation calculated for the kilm treated H-Beta
(0.6%wiw) would, however, still cover the 7.0%wiw weight loss measured during
the TG aralysis. Bath methods used for determining the percent weight foss for
H-Z8M-5 (SifAl = 22) are essentially identical at 5 8%wfw. This indicates the

absence of adsorbed erganic species on this matenal.

4.4.2 CHARACTERISATION OF CALCINED ALUMINOSILICATES

4.4.2.1 STRUCTURE AND MORPHOLOGY

(i} X-ray diffraction
Powder X-ray diffraction patterns of calcined H-USY, H-Beta, H-ZSM-5 (GifAl =
13} ard H-ZSM-5 (SilAl = 22) are shown in Figure 4.8. Gererally, the powdar

patterns caompare weil with those found in literature. Howeaver, the samples
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show diffraction patterns with broader lines than the simulated patterns due to
disorder and small crystallite size. Also, the relatively large step size of 2.1° limits

the pesak detatls.

The powder patterns of H-USY compare well with the simulated powder patterns
of the Faujasite family [Treacy ot al, 1986, pg. 643] Significant FAUWEMT
intergrowths are not detected although a 10% intergrowth of the EMT-structure
into the FAU-structure could be feasible. The powder pattern of H-Beta shows
significant overlapping of closely spaced reflections in the 2-Theta regions of 5°
and 10% as well as 20" to 25°. The very broad peaks noticed for H-Beta implies
that the H-Beta sample is likely to consist of very smali crystallites. However, the
broad peaks could also imply that the H-Beta crystallites consist of polymorph-A
and polymorph-B stacking faults, The simulated X-ray powder pattern of 50%
stacking fault probability [Treacy et af/, 1996, pg. 641] compares well with the
spectra given in Figure 4 8. The powder patterns of Z5M-5 show similarities to

the simulated patterns with some overlapping of closely spaced reflections.
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Figure 48 XRD patterns of USY, H-Beta, ZSM-5 (SitAl = 13) and Z5M-5 (Si/Al

= 22} using Cu-K radiation and step size = 0.1°,
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{il} Crystallite particle size, particle size distribution and morpholegy

The crystallite particle sizes of the zeoltes are determined from electron
micrographs. The crystallite particle size of USY ranges from 0.4u:m to 0.6um.
Figure 4.9 shows no deposit of amorphous materials, only some agglomeration

of erystallites. The shape of the crystallites is of a cubic nalure.

Uk s MIERIZIAD AR 350 o Lar 1
[LREE Frakn LY )

Figure 4.9 Electron micrographs of USY,

The crystallite parlicle sizes for Beta are genarally smaller than 0.3um {Figure
410y, Mo accurate estimation of the average crystallite particle size could be
made because of strong agglomeration of the cryslallites. No distinct shape can

be observed for the cryslallites of H-Beta.

Figure 4.10 Electron micrographs of Beta,
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Hlustrated in Figure 4.11 are the crystallites of ZSM-5 (SKAl = 13), The shape of
the crystaliites can be described as being long and rectangular (coffin-like; derystal

= 1-5um) with some crystallites having pointed (tetrahedral) ends, showing

monoclinic symmetries The crystallites agglomerate into paricies.

Figure 4.11 Electron micrographs of ZSM-5 (SifAl = 13)

The average crystallite particle sizes for ZSM-5 (SWAI =22} is ca 0 S5um (Figure
4 12). The shape of the ZSM-5 (SHAI = 22) crystallites is similar 1o that of ZSM-5
(SifAl = 13). The Z5M-5 (SitAl = 22) crystallites do agglomerate into particles.

Figure 4.12 Electron micrographs of ZSM-5 (Si/Al = 22).
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4.4.2.2 ADSORPTION STRENGTH OF WATER ON REHYDRATED ALUMINO-
SILICATES

since MPDA and water react on the aluminosilicates, the interaction of water with
the surface is of importance. The affinities of the respective alumino-silicates for
water are determined using DTA-TGA of the rehydrated solids. The heat of
adsorption is determined using the method developed by Cventanowvic and
Amenomiya [1967 and 1973). The heat of adsorption is assumed to be
independent of coverage. The maximum peak temperature 7, required for the

application of the Cventanovic and Amenomiya method corresponds to the point
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_Figure 4.13 TGA and DTA curves of relevant aluminosilicates with ramping rate

set at 10°C/min {Nx-flowrate equals 30mI{NTP¥min).




Feactions with Afuminositicates 109

of inflection obtained from the TG-curve, Figure 4.13 illustrates aluminosilicate
TGA-DTA results with ramping rate = 10°C/min. The water uptake decreases in
the order H-USY = H-Beta » H-ZSM-5, showing the expected decrease in the

hydrophilic properties of the zeolites with increasing SiFAl ratio

The DTA curves show a minimum between 100°C and 150°C which corresponds
only to a cerain extent with the point of inflection on the TGA curves, This is
especially true for the lower ramping rates, ie, 5°C/min and 2°C/min. Table 4.2

gives the heat of desorption of water onto the aluminosilicates.

Table 4.2 Heat of desorption of water onto the aluminostlicates by the
method of Cventanovic and Amenomiya

Aluminosilicate i H:0 remaining adsorbed — AH,., of water {RH™
after 4-5h Na-flushing {kd / mol)
{mmal H.0 / g}

silica-aluming ca. 274 45 1 BR5
H-USY ca 6.32 45 0.972
H-Beta ca, 4.27 a7t 0.944
H-ZSM-5 (SitAl = 13) ca. 3,35 27 0 932

H-Z5M-5 (SifAl = 22) = . .

(@) Souare of the Pearson Product Moment Correlation of a straight ine fitted through 1474
versus 2°In{T.) - Inframping rate) according to equation 3.1
(B) Includes a ramping rate at 20°C/min in addition {o 2. 5 and 10"Cimin

It is of interest to compare the heat of vaporsation, AH,.,,, of water with that of the
heat of desorption, AH,.., —values determined for the 4 different aluminosilicates
Between temperatures 100°C and 150°C, the heat of vaporisation of water lies
between 40.6kJ/mel {at 100°C) and 38.1kJ/mol (at 150°C) [Sandler, 1888] The
temperature range s cheosen since it includes most of the data points (points of
inflection} used to calculate the Aff,.,-values, The AH, -values of water adsorhed
an silica-alumina and H-USY is clearly greater than the AfL . -values, whereas fo-

H-Beta /.. is comparable to Alf,, of water, while 47f,, of water for H-Z5M-&



110 Chapter 4 — Results and Discussion

{SIFAl = 13) is considerably less than AH,.. of water, It can thus be concluded that
a favourable interaction exists between water and silica-alumina or between
water and H-USY, possibly due to the strong ionic framework charges existing
within these aluminosilicates. The strength of interaction of water onto the walls
of H-Beta is less than that of H-USY or silica-alumina, however. since the
difference between AH,., and All,, 15 relatively small the overall interaction may
be regarded as being ideal. Although H-ZSM-5 (SitAl = 13) has a very low SifAl
ratio, strong repulsion forces are likely to exist between the water molecules and

H-Z5M-5 {SifAl = 13) resulting in a low Aff:,.

4.4.2.3 STRENGTH OF ADSORPTION OF NH:; OGN ALUMINOSILICATES

The heat of adsorption / desorption of gaseous NH- is determined by means of
temperature programmed desorption (TPD) using the method described by
Cventanovic and Amenomiya [1967 and 1973] A strong interaction of the
product NHs with the Brensted acid site is required to drive the reaction MPDA to
resorcinol forward {see Section 2.1.2 1). The NH=TPD spectra (see Figure 4.14)
shows the rate of NH. desorption versus temperature and time for silica-alumina
(SIPAl = 6.9), H-USY {GifAl = 5.6), H-Beta (SIfAl = 14 .4) and H-ZSM-5 (Si/Al = 13).
Although the temperature ramping rate chosen in Figure 4.14 is 10°C/min, the
NH2-TPD for every one of the aluminosilicates is repeated applying ramping rates
of 5°C/min and 2°C/min, with all other conditions remaining constant, i.e., mass

solid = 0.25¢ and He.-flow rate = 82mI(NTF)min.

Only a single high temperature desorption {HTD) peak is observed for NH.
desorption from H-USY, H-Beta and H-ZSM-5 (Si/Al =13) under the experimental
conditions used. The absence of low temperature desorption (LTD) peaks would
indicate that the zeolite samples shown in Figure 4,14 contain no physisorbed
ammaonia. The NHa desorption spectrum from the silica-alumina sample has a

shoulder at a temperature above that of the peak maximum temperature (7.} at



Reactions with Aluminosticates 111

309°C. Blank run TPD spectra show no HzO loss due to dehydroxylation of
previously calcined silica-alumina {at 450°C) while ramping from 150°C 1o 450°C.

Thus, the high temperature shoulder cannot be attributed to dehydroxylation.
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Figure 4.14 NHs-TPD spectra of silica-alumina, £5M-5 (SifAl = 13), Beta and
USY (ca. 0.25g {hydrated), 83mI(NTP}min helium, 10°C/min).

The dashed line in Figure 4.14 indicates the time perncd after which the
temperature remains constant at 450°C. At that time (dashed line) the NHa
desorption rate from silica-alumina, H-Beta and H-USY show a distinct bend due
to the change in the temperature ramping rate. When using a ramping rate of
10°Cimin, the peak maximum temperature, 7, of H-USY {285°C) is lowest,
followed by silica-alumina (309°C), H-ZSM-5 (SifAl = 13) (312°C) and H-Beta
(338°C). It is, however, interesting that 7, observed for H-ZSM-5 (SHAl = 13)
{312°C} is below that of H-Beta {338°C) since typically the acid site strength, the
pore diffusional constraints as well as the ammonium descrplion / re-adsorption
effects in the channels are usually greater for ZSM-5 (crystallite sizes 1um -5um)
than for Beta zeolites (crystallite sizes < 0.3um). Similar to the discrepancies
observed for the maximum peak temperature of H-ZSM-5 (SifAl = 13) the shape
of the NH:-TPD desarption curve from H-ZSM-5 (SifAl = 13) should consist of a
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mare leading edge. especially since the H-Z5M-5 {SifAl = 13} sample consists of
large crystallites ranging between 1pum and 5um [Gorte, 1882, Jones and Griffin,
1833; Rieck and Bell, 1884]. In addition to the pore diffusion, desorption f
readsorption effect and particle size, both the position and shape of the spectra
are also sensitive functions of the catalyst bed depth, the carrier flow rate and the

temperature ramping rate [Jones and Griffin, 1883; Rieck and Bell, 1584].

Table 4.3  The heat of desorption of NH; onto the alumino-silicates by the
method of Cventanovic and Amenomiya [1967 and 1973]

Aluminosilicates | Al content No. of acid sites 4, of NHs  (R%™
{mmol / g) {mmol / g (kd / mol)
silica-alumina 211 170+014 62 0.974
H-USY 2.52 216 +0.07 44 0.865
H-Beta 1.08 0.83+0.09 Fifiz, 0.9598
H-ZSM-5 (Sifal = 13) 1.18 1.04 £ 013 89 0.9599
H-ZSM-5 (Si/Al = 22) 0.72 = = =

{a} Square of the Pearson Product Moment Correlation of a straight lines fitted through 1/,
versus 2°In{Ty} - Inframping rate) according to equation 3.1
] Based relative to the respective dehydrated aluminosilicate mass,

Table 4.3 presents the heat of adsarption of NHs calculated by fitting a straight
line through VT, versus 2*In{T,} - In(ramping rate). The slope equals AH /R as
described by the method Cventanovic and Amencmiya [1987 and 1973). The
square of Pearson Product Moment are all greater than 0.95 implying a good
straight line fit through all points. The NH; heat of desorption is calculated as
being greatest for H-ZSM-5 (SifAl = 13) (89kJ/mol), followed by H-Beta
(7okJimol), silica-alumina (62kJ/mol) and H-USY (44kJ/maol).

The number of acid sites obtained by NHs;-TPD of the silica-alumina, H-USY, H-
Beta and H-ZSM-5 (Si/Al = 13) samples, which are repeated 3 times at different
ramping rates (10°C/min, 5°C/min and 2°C/min), are 1.70 + 0.14, 2.16 + 0.07,
.83 L 009 and 1.04 £ 013 respectively. The number of acid sites predicted
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from the SifAl ratio of the aluminesilicates (assuming enly framework Al-species)
are, however, greater than the equivalent experimentally determined number of
acid sites, Nevertheless, Figure 4.14 shows that the NH;-TPD spectrum of alf
aluminosilicate samples do return to the baseline before reaching 450°C. The
underestimation of the experimentally determined number of acid sites on the
aluminosilicates can be explained on the basis that not all the NH: was able o
desorb during the given time period of 80 minutes whilst keeping the temperature
at 450°C. Another possible explanation includes the removal of chemisorbed NH-
while flushing the freshly adsorbed NH; at 150°C {instead of 100°C used by
Hidalgo et af., 1384) for 12 hours before commencing with the TPD spectrum

4.4.2.4 QUANTIFICATION CF EXTERNAL ACID SITES OF Z5M-5 SAMPLES

The number of external acid sites en H-ZSM-5 (SIFfAl = 12, daryeta = 1-5pum) and H-
Z35M-5 (SIHAl = 22, darpera = ca. 0.5um) are determined by means of temperature
programmed descrption (TPD) of 4-methyl-guineline o check whether the
reaction rate of MPDA to resercingl depends on the crystal diameter, Weber
[19898] showed that 4-methyl-guinoline adsorbs enly on the external surface of H-
ZSM-5,

Since the thermal removal of 4-methylguinoline on H-ZSM-5 causes the 4-
methyl-guinole 1o react upon desorption, the mass fractions obtained via TPD are
not the same as those obtained by direct injection of 4-methyl-quinoline intc the
injector port of the detector [Weber, 1988]. Consequently, the determination of
the external acid sites on the H-ZSM-§5 zeolites Is only relative. The most
abundant ion in the spectrum of 4-methylguincline-TFD is mie = 78, which [s
ascribed to benzene being formed from the decomposition of the quinoling (mfe =
128) radical Weber, 1998]. The 4-methyl-quincline TPD spectra (based on the
response signal of the most abundant fraction, viz. benzene is mie = 78) for H-
ZSM-5 (SiFAl = 13) and H-ZSM-5 (SifAl = 22) are presented in Figure 4.15.
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Figure 415 4-Methyl-quinaline TPD spectra of ZEM-5 (SifAl = 22) (top curves)
and ZSM-& (SifAl = 13} (bottom curves), (1.0g, 100mI(NTP)/min He,
10°C/min, mfe = 78) The experment is repeated to check its

reproducibility, compare dashed boxes (A) and (B}

The 4-methyi-guinoling TPD for both H-Z5M-5 zeolites are repeated to check for
their reproducibility, All 4-methyl-quinoline TPD spectra tend to show two peaks,
l.e., one low temperature desarption peak (LTD peak) and ane high temperature
desorption peak (HTD peak), respectively. For zeolite H-ZSM-5 (SifAl = 22}, both
TPD-gpectra reveai distingt LTD peaks and HTD peaks. The LTD peak maximum
temperatures of the two spectra are 434°C and 440°C. and the respective HTD
peak maximum temperatures are 903°C and B867°C. The HTD peaks are

comparable to those obtained by Weber [1988], viz. 803 - B20°C.

The LTD peak of the H-ZSM-5 (Si/Al = 13} zeolite of the two spectra ocour at
610°C and 655°C. Due to the low amount of 4-methyl-quinoline desorbing from
H-Z5M-5 (SifAl = 13). the high temperature desorption peak tends to be non-

repraoducible.
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The areas under both the LTD peak and HTD peak for H-ZSM-5 (SifAl = 223,
however, are consideracly larger than tre equivalent areas for H-Z8M-5 (SifAl =
13). From the aregas given by the HTD peaks in Figure 4 184 and Figure 4.15B,
the ratio of the number of external acid sites on H-Z8M-5 (SifAl = 221 (HTD peak
from 70G°C - 1100°C) relative to H-Z3M-5 (Sif4] = 13) 18 determined. The area
under the HTF peak for H-Z8M-8 (SifAl = 13) is al=o arbitrarily taken from 700°C
-1100°C to remain consistent with the HTP peak for H-ZSM-5 (Silal = 22).
Subsequently. the relative nurnter of external acid sites (H-ZSK-5 {Si/Al = 227/
H-ZSM-5 (Sifal = 131 calculated for Figure 4,154 and Figure 4.158 equals 16,4
and 15.2. respectively. Although determining the relative external acid sites via 4-
rmethylguincline does not prove teelf as being very reproducible, the
rneasurements do show very large differences in the number of external acid

sites for the two Z5M-5 zeolites,

4.4.2.5 PORE VOLUME ANALYSIS

The pore velume of silica-alumina, H-USY, H-Beta. H-ZSK-5 {SifAl = 13] and H-
Z5M-5 (SitAl = 22) are analysed using nirrogen adsorption {N--BET as described
in Section 3.2.5. Microporous and mesoporous surface areas are also obtained
(Takble 4.4). Because N-BET cannot measure pore sizes below - 17A, the
micropore surface areas and pore volumes are taken as being cbtained from
pores less than 17A and the mesopore surface areas and pore volurmes as
being obtained from pores larger than 17A. The mesapore volumes given in
Table 4.4 are further subdivided into 174 < dyoe <+ 1154 and dpee = 115A. The
combined mesaopore surface area (dpen. > 1741 gives an indication of the external
surface area of the sample. The nitrogen adsorption (coupled with desorption)
isotherms for samples silica-alumina, H-USY, H-Beta, H-ZSM-5 {SifAl = 13) and
H-ZSM-5 {Si/Al = 22) show a hysteresis for all five samples. This is especially

true for silica-alumina and H-Beta, indicating that mesopores are present.
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H-USY is found to have the largest total surface area (607m%qg) and H-ZSM-5
(Si/A1=13) the smallest (303m%g) (Table 4.4). Apart for the amorphous silica-
alumina, the mesopore surface area for H-Beta is found to be by far the largest
(199m%/g) of all the zeclites analysed. The smallest mesopore surface areas are
that of ZSM-5(Si/AI=13} {26m?g) and ZSM-5{Si¥AI=22) (28m*/g).

Table 4.4 Surface area and pore volume data for Silica-Alumina, H-USY,
H-Beta, H-ZSM-5 (SifAl=13), H-ZSM-5 (Si/Al=22)

tosifica- H-U3Y H-Beta H-25M-5  YH-Z3M-5
I
almina SifAl=13  SiPAl = 22

BET surface area {mzlfg} A7 £ 17 e07+5  553+15 N3+ M2 =5
Micropore surface area  {m™/g) - 559 3559 278 284
Mesopore surface area (g} 380 48 199 26 28
Fore volurme foafy) = 0.260 0166 0.129 G132
(pen < 174)
Fore volume [cefg) 0.4684 0.030 G180 0.018 Q.017
(174 < docvs < = 1154}
Pore volume (ecig) . 0.018 0.054 {.242 0.003 0.013
[Share = 115A) |

Reasons for subdividing the mesopaore volume into 17A < dyge <+ 1154 and dpare
> 115A can be explained on the basis of Figure 4.18, which illustrates the pore
size distributions for all the considered aluminosilicates. H-Beta shows a wide
pore size distribution. 1n contrast, the Z5M-5 zeolites show hardly a distribution in
the mesopore range. Although few data points are taken in the mesopore region,
reproducibility of Nz-adsorption on H-Beta and H-ZSM-5 (SifAl = 13) is consistent
with the manufacturers error {=10%]) specifications {cumulative surface area). A
distinct peak in the incremental pore volume versus pore diameter can be made
out for silica-alumina and H-Beta, with the peak starting at 17A and ending at
115A. For dyge > 115A, the incremental pore volume remains constant with
respect to the pore diameter. Similar trends are observed for H-USY, H-Z5M-5
(SifAl = 13} and H-ZSM-5 (SifAl = 22) where the downward sloping curve (17A <
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dpere < 115A) tends to be a carry-over from the micropore volumes before
levelling out to a constant incremental pore volume for doee > 115A. Only the
spectrum obtained for H-USY shows a second peak between dp.e = 115A and
dpore = 398A before levelling out. H-Beta is the only aluminosilicate that shows

large {ca. 0.02ccig) incremental pore volumes for duare > 1154,
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Figure 4.16 Pore size distribution of silica-alumina {X}, H-USY { } H-Beta (¢),
H-ZSM-5(SifAl=13) (A) and Z5M-5(SifAI=22) (»).

4.4.2.6 ADSORPTION STUDIES OF SOLUTES ON ZEOLITES

Figures 4.17 through to 4.22 show the adsorption of dissolved MPDA, MAP,
resorcinol and ammonia onto the zeolites H-USY, H-Beta and H-ZSM-5 (SifAl =
13). The adscrbed amount is plotted against the mole fraction of the solute in
solution at various adsorption temperatures. The method used for predicting the

adsorption isctherms at reaction temperature is by means of batch adsorption
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gxpermeants at fow temperatures. As cutlined in Section 3.2.4 5 the amount of
zeolites (ca. 0.4q) used per 15ml of agueocus solution corresponds roughly o the
amount of zeolite used during the reaction {10q zeolites per 350ml of sclution}.

The numerical adsorption data are given in APPENDIX-H.

{1) Adsorption of MPDA on zeolites
Figure 4.17 illustrates the adsorption data of MPDA on zeolites H-USY. H-Beta
and H-ZSM-5 {SifAl = 13) at temperatures 30°C, 50°C, 70°C and 90°C. The

adsorbed amount is plotted against the mole fraction of the solute in solution.
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Figure 4.17 Adsorption-equilibrivm data ‘or agueous MPDA on USY, Eeta and
ZSM-5 (SifAl = 13) at 30°C (), BO°C (L), 707 (A) and 30°C (%),

Irrespective of the adsorption temperature, the amount of MPDA adscrbed (see
Figure 4.17) is |larger for H-Beta than for H-USY which in turn is larger than for H-
Z5M-5 (SifAl = 13). In fact. for each zeclite considered. the MPDA adsorption
isotherms at temperatures 30°C, 50°C. 70°C and 80°C tend to overlap and thus
the adsorption 15 seemingly lemperature independent. From the initial slope of

the adsorption curves and taking into consideration the differences in the total
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MPDA uptake, it can be deduced that the strength of adsarmption follows the order
H-Beta = H-USY = H-ZSM-5. The difference in the MPDA adsarmtion strength
between H-Beta and H-USY can be expected based an the NH:-TPD resuks
(Section 442.3). The heat of desorption of ammonia is higher for H-Beta
{78kJimol) than for H-USY {44kdimol). The observed adsorption strength of
MDA on H-ZSM-5 (SIFAl = 13) contradicts the NH3;-TPD study since a strong
interaction between the case MPDA and H-Z3M-5 (SiAl = 13) would have heen
expected given that A4/f.{NHs:) on M-Z&M-5 (SiFal = 13) equals 8%kJ/mol. The
solution pH measurad during the adsorption of MPDA onto the zeolites is ca. 6.0
for H-Beta, 7.0 for H-USY and 85 for H-Z&M-5 {Si/Al = 13) with the pH
increasing only slightly with increasing MPDA bulk concentrations, Extracting any
direct correlation between the different adsorption systems may not ce entirely
carrect since the pH of the bBulk solution affects the equilibnurm H.O + CeHalMHz)2
= [CaHa(NH2)(NH3)]" + OH {pK, of MPDA™ = 8 88 [Adrien and Serjeant, 1883]) in

the hulk solution.

Table 4.5 Comparison of MPDA adsorption capacity observed during
liquid phase adsorption with the number of acid sites and BET

pore velume

Zeoiite | MPDAads capacity Al content Curmnuiative BET pore Yolume™
- (el - jeguiy. mmai MPDA per gram zeolte)
1 .ll_., i n. — )

dpire A Bee 21758 dog = 3T0CA

H-USY 1.0 3 52 25 2.5 3.5
H-Beta : 1.5 108 1.7 36 6.1
H-7Z5M-5 0.3 119 1.3 15 15
(Sifal = 13)

A1 Cuamulabve poe wslurne (as celenec oy BST analys s mutipied oy e densay of qud MECA at 70T =

1217 malined

In Table 4.5 a comparison is made between the experimentally observec
adsorption capacity during liguid phase adscrption and the numeer of Bronstec
acid sites found within each type of zeclite. The number of Bresnated acid sites is

taken as being directly related to the aluminium content since the NH:-TFD study
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showed a good relationship between the number of Brensted acid sites and the
zeaolitic aluminium content. The BET-study aillows for a crude estimation of the
maximum amount of MPDA able to fit into the zeglite pores. Three different
boundary conditions are chosen for establishing the volume that the MPDA
molecules occupy, i.e., dose < 17TA, does < 1154 and daqe = 3000A. The density
chosen for MPOA s that at 70°C (10.17mmel/ml [Daubert and Danner, 1983]).

The average maximum observed amount of MFDA adsorbed during the liguid
rhase adsarption study onto H-USY for isctherms 30°C. 50°C, 70°C and 80°C is
ca. 0.95mmol MPDA per gram debydrated H-USY zeclite. Thig is cansiderably
less than the total amount of Brensted acid sites (2.52mmel/g) available en H-
USY aor the predicted amount of MPDA able to reside within the d... < 174
region (2. 6mmol MPDA/), assuming that a strong interaction is likely to exist
between the basic MPDA molecules and the Bransted acid sites. It can, however,
be argued that the hydrophtilic nature of H-USY allews for a strong water-faujasite
interaction (as shown in Section 4.4.2.2) and the relatively weak Brensted acid
strength relative to the other zealites (see Section 4.4.2.3) could lead to a water-

ME DA phase within the zeclite structure.

Unlike for H-U3Y, the maximum adscrption capacity of MPDA on H-Beta {ca.
1.50mmelig) is considerably larger than the number of Brensted acid sites
{1.08mmolfg) available for H-Beta and approximately identical to the thecretical
amount MPDA able to reside within the dpee < 174 region (1. 7Tmmael MPDA/G).
Easy penstration of MPDA molecules into the three dimensicnal channel system
of H-Beta is expected since H-Beta is a large pore zeolte (aperture = 7.6A x
6.44) consisting of very small crystallites (<0.3um). Neverheless, an MPDA
adscrption capacity greater than the number of acid sites available on H-Beta
implies that the H-Beta must act as some form of concentrating vessel with the
}MPDA-water concentration in the region (17A < Orare < 115A) being greater than
the concentration in the region (115A < dp.e < 30004} which in tumn is greater

than the Lbutk solution concentration. 1t is improbable that physisorbed MPDA
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malecules reside directly on top of the chemisorbed MPDA monolayer given that
steric hindrance does exist within the mizrepore region. Thus, the nofion that the
MPDA concentration in the capillary region (174 < Upoe < 30004 is grealer than
i the bulk sclution must be correct The TGA and the NH:-TPD study
complement the cheerved phenomeona since the water-Beta interaction is weaker
than that belween water and H-USY. while the interaction of base NH: on H-Beta
i considerably stronger than on H-USY, and thus a greater atfraction is ohserved
for MPDA onto zeclite H-Beta than onto H-USY.

Comparisan of the observed MPDA adsorption capacity on H-ZSM-5 (SifAl = 13)
{ca. 0.30mmeol MPDAM) with the number of Brensted acid sites (1.19mmaolig)
and/or the theoretical amount of MPDA able to fill in the micropore region
(1.2mmol MFDAS), it secms that MFDA molocoules do nedl eniler the pore
structure as readily as originally thought. The hydrophobic characteristics of the
H-ZSM-5 {SifAl = 13) zeolite as shown by 1 GA (sec Scction 4.4.2.2) and the vory
strong adsorption of NH, onto H-ZSM-5 (SifAl = 13) (see Section 4.4.2.3) would
furthcr suggest that tho MPDA adsorption capacity shouid bo larger than
0.30mmal MPDAG if the agueeous MPDA molecules are able to ponctrate the
ZSM-5 pore structure {aperure = 5 34 x 5 84A), Although gascous MPDA (68.64 x
4 84 can enter the pare stricture of ZSM-5, the hydrated MPDA (at least at
30°C duc to little lattice vibration) is restricted with the difference bebween the
usually stronger acid sites located between the channel intersections and the
acid strength of the previously MPDA adsorbed exiernal surface acid sitos being
too small to strip the MPDA of its hydration water, Alternatively, the initial strong
driving force existing between the MPDA moiecules and H-ZSM-5 |leads to the
external surface acid sites interacting very strongly with the MFDA. which resulls
in pore mouth narrowing / blocking [Parton ef af. 19858] with only a limited
amount of MDA being able to diffuse into the pore channels. Considering the
relatively smali external surface area observed for H-ZSM-0 (SIFAl = 13) by 4-
methyl-quingline adsorption (Section 4.4.2 4) and the large H-ZSK-b cryslallite

sizes {1.m - Sum) shown Figure 4.10. some of the MPDA must, however,
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penetrate the pore channels of H-ZSM-5 (SifAl = 13) since the mesopore volume
(174 < dpore < 30004) for H-ZSM-5 (SifAl = 13) can only take on & maximum of
0.2mmol MPDA/G (see Table 4.5), Since the activity coefficient of water in MPDA
is close to unity it is however unlikely that pure MPDA will surround the H-ZEM-5
(SifAl = 13) and therefore, approximately half of the observed MPDA molecules

adsorbed onto H-ZSM-5 (S5iAl = 13) must reside within the zealite pore structure.
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Figure 4.18 Adsorption-equilibrium data with the focus primarily on the initial
slopes of the adsorption iscotherms of aqueous MPDA on (A} H-
USY, (B) H-Beta and (C) H-ZSM-5 (SitAl = 13} at 30°C (#), 50°C
(m), 70° (A) and 80°C (X).

Unlike in Figure 4. 17 where the focus was more on the adsorption capacity, the
emphasis in Figure 4.18 is on the initial slopes of the adsorption isotherms. The
overall trend is for the initial slopes of the adsarption isotherms to increase with
temperature, i.e, to be endothermic. This is especially true for MPDA adsorbed
onto H-USY (Figure 4.18A). However, since MPDA is more basic than water and
the zeolite surfaces consist of Brgnsted acids, it would be reasonable to assume
that the exchange of the previously water adsorbed zeolite with MPDA would
result in a decrease in the surface free energy, (.. The extent that certain
degrees of freedom are either lost or gained after the confinement of the MPDA
molecules to an alumincsilicate surface layer is debatable, since one MPDA

molecule would result in the displacement of several water molecules and
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therefore the entropy term, A5, could be either positive or negative. Making use
of Equation 4.1 then shows that the heat of competitive adsorption, 4, could be
exothermic as is usually the case for gas phase adsorption or endothermic as is
the case for agueous MPDA onto H-USY (Figure 4. 18A).

AGL = Ah, TAS

Considering the favourabile interaction of water with H-USY and its the relatively
weak acid strength, 4, will be less negative for H-USY after the water-MPDA
exchange process than for example H-Beta. The acid strength of the latter zeolite
is considerably greater and the surface-water interaction is less favourable.
Consequently, assuming A4S, to be of the same magnitude for both zedlites
presently considered, 4h., for H-USY will be greater than for H-Beta. This
corresponds exactly to the observations in Figure 4.18A and Figure 4.18B, where

An for MPDA on H-USY iz = Okd/mol, while A%, of H-Beta tends to LOkJ/mal.

Extending the above-mentioned thought to the case of H-Z&M-5 (Si/Al = 13), an
exothermic 4h,, is expected since the associated very strong Bronsted acid sites
and the water repelling characteristic of H-ZSM-5 {Si¥Al = 13} should return the
lowest A, -value relative to all zeolites considered. However, the conclusion of a
negative k., only holds for the 50°C to the 70°C isotherm if the 30°C and 90°C
isotherms are excluded. This would imply that other factors must be responsible
for the great variations in the adsorption isotherms with changing temperatures.
Contrary to the Langmuir-type shape of the 50°C, 70°C and 30°C isotherms, the
30°C isotherm (Figure 4 18C) follows an S-shaped curve. Considering the strong
interaction forces that exist between the basic MPDA molecules and that the
relatively water repelling H-ZSM-5 (SitAl = 13) surface, the S-shaped isotherm at
30°C can only be explained on the basis that MPDA {dmaecuie €QUals ca. 6.6A x
4_8A) cannot enter the pore channel system of the medium pore zeolite (dagerture =
5.34 % 5.6A). This is in contradiction to the observations made by Dessau [1980]

stating that only molecules having a minimum elliptical cross-section greater than

4.1
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6.4A x 6.9A would be excluded from the interior of the ZSM-5 zeolites. Since
MPDA is in solution, the kinetic diameter should be greater than 6 8A x 4. 8A. The
formation of the S-shaped curve is thus justified by noting that H-ZSM-5 {SifAl =
13) must act as a concentrating agant and the low salubility of MPDA in water at
30°C leads to an increase in the MPDA concentration around the zeolite, The
MPDA-water solubility at 30°C (solubility at 25°C = 0.055 mole fraction [Perry,
1888]) may to a certain degree have an influence on the adsarption isotherm. At
50°C, however, it seems that lattice vibration is large enough to accommodate
the solvated MPDA molecule. Contrary to the adsorption isotherms at 70°C and
90°C, the 50°C isotherm reaches a plateau at low Xurpa. The varying shapes in
adsorptton 1sotherms as well as the existence of a negative Ak, between the
50°C and 70°C isotherms and a positive Ah,, between isotherms 70°C to 90°C
must be due to a number of factors. The anomalous temperature dependence
can be atinbuted to chemical transformations that the adsorbed MPDA species
undergo on tne Zeolite surface. This finding 15 expected te be more prevalent on
the surface of H-ZSM-5 {SifAl = 13} due to its the hydrophobic nature and its
strong Brensted acid sites. It remains unknown whether the chemical
transformation is due to the presence of dissolved oxygen that may lead to
endothermic polymerisation reactions via oxidation or whether the concentration
of MPDA molecules around the zeolite may iead to the formation of poly-
phenyleneamines. No experimental proof is, however, available for the
hypothesis. The reason is simply that in order to examine whether side reactions
did occur on the hetercgeneous acid, the adsorbents need to be gesorbed into
water to make comments on the reversibilly of the adsorption-desorption
process. Since aming compounds interact strongly with the surface acid sites, a
substantial amount of water is required to desorb most of the previously
adsorbed amine compounds. The concentration of the original adsarbent and the
possibly transformed compounds required for their roughly complete desorption

would be too low to be accurately detected by an HPLC.
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{ii} Adsorption of MAP on zeolites
The amount of MAP adsorbed as a function of the mole fraction of MAP in the
bulk aqueous phase is shown in Figure 4.19. The chosen adsorption

temperatures are 30°C and 70°C.
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Figure 4.19 Adsorption-equilibrium data for aguecus MAP on USY, Beta and
Z5M-5 (SifAl = 13) at 30°C {e) and 70° (A).

The adsorption isotherms at the two different temperatures are grouped together
for the sake of presenting an overall adserption picture. As observed in Figure
4 .19, the initial slopes of the 30°C and 70°C adsorption isotherm tend to overlap,
again giving the perception of temperature independent isctherms. However, the
adsorption isotherm obtained at 30°C show a marked increase in the adsarption
concentration after reaching a bulk MAP mole-fraction of ca. 0.0035. Beyond an
equilibrium bulk solution mole fraction of ca. 0.0036 there tends to be a
preferential adsorption anly for MAP, and water which is co-adsorbed is ejected
out thereby increasing the adsorption of MAP. This sudden increase in uptake of
MAP suggests a phase change in the pores of adsorbed MAP from MAP in water
solution to water in MAP sclution. According to Sidgwick and Callow [1924], the
solubility of MAP in water at 32 6°C is 3.69wt%, which converts to & mole fraction
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of 0.006285, Since the melting point of MAP is between 122°C and 123°C, MAP
within the pores may exist as a solid. Consequently, only the data below the
equilibrium bulk solution mele-fraction of 0.0035 is relevant for the adsorption

study.

From the initial slopes of the MAFP adsorption isotherms, the strength of
adsorption of MAF on H-Beta is greatest followed by H-USY and H-Z3M-5 {SitAl
= 13). Also the adsorption capacity (plateau) follows the same trend. Thus, the
overall trend regarding the adsorption of MAP on zeolites is identical to that of
MPDA on zeolites, although the adsorption strength of MAP on zeolites s
weaker. This can be attributed to the difference in basicity of the two compenents
{pK. of MAP" = 9.83 versus pK; of MPDA™ = 8.88 [Adrien and Serjeant, 1983]).
The lower average solution pH of ca. 8.0 for MAP on H-Beta, 8.7 for MAP on H-
USY and 7.5 for MAP on H-ZSM-5 (SifAl = 13) relative to the pHs measured
during the adsorption of MPDA is another confimation of the MAP-zeolite

interaction being weaker than that of MPDA.

Table 4.6 Comparison of the adsorption capacity during liquid phase
adsorption of MAP and MPDA on relevant zeolites

Zenlite Al Content Adsorption Capacity (mmolg) Ratio MAP: MPDA

(mmalig) MAF MPDA Ads. Capaciy
H-USY 282 045 3.95 &5
H-Beta _ 1.08 1.10 1.50 a7y

H-Z5M-5 {SifAl = 13) 1.1% 030 0.30 1.0

Since the dimensions of the MPDA and MAP molecule are identical with MAP
being theoretically the slightly smaller of the two, the adsorption capacity of the
molecules is thought to be at least equal. However, this is not the case since the
amount of MAP on H-USY is ca 0.45mmol MAP/g, H-Beta ca. 1.10mmol MAF/g
and H-ZSM-5 (SifAl = 13} ca, 0.30mmeol MAP/g compared to 0.95mmol MPDA/qg,
1.50mmol MPDA/ and 0.30mmol MPDAfSg for the respective zeolites. The
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comparison 15 tabulated in Table 4.8, The biggest difference between the
adsorption capacity of MAP and MFDA on a paricular zeolite is that of H-USY
with twice the amount of MFUA adsorbing per gram of zeclite than MAP. On H-
Beta, the amount of MAF adsorbing is ca. 70% of that of MPDA on H-Beta, while
the adsorption capacity of MAP on H-Z5M-5 {SifAl = 13) is equal 1o that chserved
for MPDA. These trends can again be explained on the basis of the competitive
behaviour between MAF and water melecules interacting with the zeolite walls.
Since MAP is less basic than MPDA. the MAP molecules chemisorb less stronoly
onto the surface of the zeclites than MPDA melecules. Thus. the decrease in the
surface free energy, -, after replacing the previously sorbed water with MAP is
less proncunzed than is case with MPDA. The lower bulk solution pH measured
for the MAP-water-zealite system combined with a lesser change i .4/, allows
for greater adsorption of water. Conseguently, the ratio of the adscorption capacity
of MAP relative to that of MPDA on the individual zeolites must show the lowest
fraction for zeolites possessing the strongest mteractions with water. This is
precisely what is cbserved with the adsorption capacity ratio of MAP:MPDA being
05 on H-USY (aff. of H:O = 45kd/mal), .7 on H-Beta (aAfl,. of H:0 =
3BkJimoly and 1.0 on H-ZSM-5 (SIfAl = 13) (M. of H,O = 27kdimal] (see
Section 4.4.2.2). A very strong hydrophilic interaction exist between water and H-
USY followed by an almaost ideal (actvity coefficient ~ 1) water-surface interaction
on H-BEeta. The interaction of water with B Z5M-5 (SFAl = 13} is hydrophaobic. As
a result, the change in the adsorplion capacity of MAP and MPDA an H-Z5M-5
(SIAl = 13) 15 =imilar. This could have two implications. Ether the weaker MAP-
zeolite surfacs interaction allows for easier penetration of the MAP molecules into
the zeolite pore structure {see Table 4.5 for roughly estimated amount of MFDA
melecules able to reside in the micropores of H-25M-5) due to easier adsorption-
desorption of MAP while migrating toward the intersecting channels. The other
implication is that if the same amaount of MAP enlers lhe pore structure of MPDA
the amount of water present in the nearest proximity of H-Z5M-5 (SIFAl = 13) for
both adsorption systems Is minimal. For the case of MAP adsorbing on H-Beta. it

iz interesting that the adsorption capacity of MAP on H-Beta (Table 4.6) equals
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the amount of aluminium atoms per gram of solid. Although this would point
towards one MAPFP molecule being bonded 1o one Brensted acid site (assuming all
aluminium being framework aluminium), this may not necessarily be the case
even though theoretically all molecules (if ideally packed) should be able to
reside in the micropore region {(see Table 4.5). The molecules within the rigid
channel system are, however, exerted to steric constraints and in admixture with
water molecules it may be unlikely that each Bronsted zcid is occupied by the
amine functional group of one MAP molecule. |t must be remembered, that
adsormption of the non-ionic MAP can also occur by the adsorption of the hydroxy-
group onto the hydrophobic oxygen anions of the zeclite surface [Narita ef af,
1985, Niwa of al, 1837]. As already discussed during the adsorption study of
MPDA, endothermic coupling reactions may also occur with MAP maolecules

being linked wvia the oxygen or nitrogen atom.

o4 1.0 L

o = o
3 | (A 3 o5t (B 3 | {C)
Easl E D& E
EY E E g5l
: d 08 -
b b = g g
o 04 -

z ; %o
CRUREY = 5]
o #02 2]
o < o

C.0 t oo : .0 g

QAE+00 qE-04 1E-03 GE+DD SE-04 1E-03 AE+00 SE-4 1E-03

MAF [ag), male-fractian MAF [ag), mole-fraction MAF [ag), male-fragtian

Figure 4.20 Adsorplion-equilibrium data with the focus primarily on the initial
slopes of the adsorption isotherms of aqueous MAP on (A) H-USY,
(B) H-Beta and {C) H-Z8M-5 (SitAl = 13) at 30°C () and 707 (A)

Figure 4 20 focuses on the initial slopes of the MAF adsorption isotherms. The
MAP adsorption isotherms show identically the same temperature dependence
for H-LUUSY and H-Beta as= discussed previously during the MPDA adsorption
study. The favourable interaction of water with the H-USY surface in combination

with its relatively weak Bronsted acid site strength gives rise to a positive Ak,
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since the Brénsted acid site strength of H-Eeta is greater than that for H-USY
and surface-water interaction on H-Beta i1s fess strongly influenced, Ak, for MAP
on H-Beta should return a less positive value than for the case of MAF adsorbing
oto H-USY. This s observed in Figures 4 20A and 4 20B. Since MAP is less
basiz than MPDA Ak, for MAP adsosbing on a particular zeolite should
thearetically be greater than that for MPDA adsorbing. Stated differentiy, the
adsorption of MPDA onto a zeolite 15 more exathermic than the respective
adsorption of MAP. Although, the gualitative analysis of the adsorption isomers
nrevents any value deing ascribed to the relevant b ~terms, it is of interest to
note that as was the case for MEDA adsorizing on H-Beta, the Jdb, for MAP an H-
Beta is £0kJ/mal {(similar to that obtained for MPDA adsorption). Therefore, the
adsorption of a weaker base onto H-Beta has a lesser impact on the Ahvalue
than initially estimated. Having similar 4, -value for the adscrption of MPDA anc
MAP would imply that the MAP-surface adsorption strength is affected less
strongly by the weaker base and thus the MAF molecules must primarily adsork
onto Brensted acid sites wvia the -NH: functional group. The change in the
adsorbent from MPDA o MAP seems to affect the adsomption capacity mare
strongly than the surface-acid rase intaraction. This implies that althcugh the rate
of adsorption of MPDA {initial slope} is greater than that of MAF, the adsorption
strength betwean the amine functional group and the Bransied acid site remains

essentially the same.

The adsorption isotherm of MAF on H-ZSM-5 (SiAl = 13) is illustrated in Figure
4 200, Although the isothemms of MAP on H-USY and H-Beta is that of a
Langmuir isotherm, the adsorption isotherm for MAP on H-ZSK-& [Si/Al = 13)
has a tendency to be slightly S-shaped. Since not enough data points are
availabrle for the true identification of the shape of the MAP on R-ZSR-5 [(SFAl =
13}, the interpretation is only speculative. The initial slope of the adsorption
isotherm at 70°C of MAP on H-Z8M. 8 (Si/Al = 13} is considerably flatter than that
of MPDA on H-ZSM-5 (SifAl = 13). Consequently, the strength of adsorption of
MAP is less than that of MPDA.
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(iii) Adsorption of resorcinel on zeolites

The adsorption data of resorcinol onto H-USY, H-Beta and H-Z5M-5 {SitAl = 13)
at 70°C is shown in Figure 4 21. The absence of functional amine groups on the
benzene ring and the larger solubility of resorcinol in water causes resorcino| to
have a much lower adsorption affinity then MFPDA or MAP. The overall pattern of
H-Beta adsorbing more solutes than H-USY and H-ZSM-5 {Si/Al = 13) is also
observed for the adsorption of resorcinol, The solution pH of the bulk solution is
ca. 5.0 for H-Beta, 6.2 for H-USY and 7.0 for H-ZSM-5 {SifAl = 13).
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Figure 4.21 Adsorption-equilibrium data for agueous resorcinol on USY (W),
Beta (+) and ZSM-5 {SitAl = 13) (O} at 707,

The flatter slopes of the resorcinel adsorption isotherms point towards
considerably weaker adsorption strength of resorcinol if compared to those of
MAP and MPDA. This indicates that the adsorption driving force created by the
resorcinol zeolite-surface interaction strength is less. Since resorcinol is a weak
acid (pK; = 9.32 [Adrten and Serjeant, 1981]} with only -OH functional groups
being honded to its benzene ring, the adsorption strength is significantly reduced.

This would further imply that the A#.terms return much more positive
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{endothermic) values than those obtained during the adsorption of MPDA and
MAR.

{iv] Adsorption of aquecus NH: on zeolites

Figure 4.22 presents the adsorption isotherms of ammonia onte H-USY, H-Beta
and H-ZSM-5 (SifAly at 70°C. The error in those measurements is expeacted to be
greater for the velatile ammonia due to ammonia escaping from sclution. The
amount of ammenia lost i the headspace of the sampling flask is estimated by

use of a phase equilibrium program [Sandler. 1989].
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Figure 4.22 Adsorption-equilibrium dala for agueous ammonia on USY (),
Beta (+) and ZSM-5 (SifAl = 131 (O) at 707

Conltrary to previous adsorption studies where H-Beta is shown 1o have the
greatest uptake of MPEA, MAP and resorcincl, the amount of ammonia adsorbed
is greatest for H-USY followed by H-Beta and H-Z5M-5 (SYAl = 13). The latter
trend is meore in line with the obtained NH3-TPD results with regards to the

amount of Bransted acid sites available.
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Tahle 4.7 Comparison of the adsorption capacity during liquid phase
adsorption of MAP and MPDA on relevant zeolites

Faalite AH e Akdimal} Al Content Vol (dlmﬂ?ﬁj Max. NHaaq Adsorbed
WH.-TPD fmmalicg fmlin) in Figure 4.22 (mmolig)

H-USY 44 252 0.26 4.3

H-Heta ' it 1.08 Q.17 28

H-Z5M-5 {Sial = 13 a4 1.19 0.13 1.7

Comparison of the amount of NHz. adsorbed on the zeolites with the zeolites'
respective aluminium content {assuming framewocrk Al} shows that considerably
more NHi; is adsorbed than predicted by the aluminium content of these
substances. H-USY adsorbs 1.8mmol/g more NHs.ag than that predicted by its
aluminium content, followed by H-Beta (1. 7mmolfg) and H-ZSKM-5 (SifAl = 13}
with 0.5mmolfg. Comparison of the excess amounts of aqueous NH; adsorbed
with the N2-BET determined pore volumes (d... < 17A) suggests a linear trend.
The greater the zeolite surface area the more ammoenia tends to adsorb. This
would imply that NHy.q must adsorb onto other weaker acid sites that are, to a
large extent, a function of the zeglite surface area. The acid sites of considerably
weaker Bransted acid site strength can be ascribed to silanol (Si-OH) groups that
generally correspend to an LR band at 3720-3740 cm’' [Topsoe et af., 1981).
Adsorption of ammonia on the silanol groups is favoured over water because of
the basic nature of ammonia and its molecular diameter being of similar
dimensicns to that of watler, Since the interaction of ammonia with water is guite
favourable, a large presence of physisorbed ammonia on the walls of the zeolite

is less likely to occur,
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4.4.3 HETEROGENEOUS REACTIONS USING ALUMINO-
SILICATES

The results for the reaction studies performed on the aluminosilicates including
an alumina sample are presented in Figures 4.23 through 4.27. These findings
are illustrated by means of concentration-time reaction profiles with the
concentration given in terms of mole-%, derived by dividing the corrected mole
concentration by the initia! number of moles of MPDA used (see APPENDIX-F).
It addition, each figure (Figures 423 to 4.27) includes a mole balance versus
reaction time (dashed line} that displays the fotal number of moles in the bulk
solution relative to the initial amount of MPDA, as analysed by HPLC. Reaction
results for H-USY, H-Beta and H-Z5M-5 (51/Al = 13} are reported at reaction
temperatures 225°C, 275°C and 300°C, whereas reactions with H-ZSM-5 {(SifAl =
22} and silica-alumina are conducted solely at 300°C. A test reaction with
alumina is performed at 225°C. As explained in Section 4.1, the 1-hour heating
period required to bring the reaction temperature from ambient to reaction

temperature forms part of the reaction time.

The numerical concentration-time data is given in APPENDIX-H with the
corrected mole concentration of the bulk solution being expressed in terms of the
number of moles of a component in solution per unit volume, ie., in terms of
mmol/L. In addition to the reported bulk liquid phase concentrations of MPDA
MAP and resorcinol, the concentration of 3 3-diamino-diphenylamine and 3-
hydroxy-3'-amino-diphenylamine as well as the sample pH and mole-balance are

alsa included in the appendix.

4.4.3.1 REACTIONS WITH H-USY

The concentration-time profiles for reactions with zeolite H-USY, which prier to

calcination amounts to 10g of zeclites, are shown in Figure 4 23. According to
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Table 4.1, 10g of uncalcined H-USY convers to 7.96g after calcination. Since 1g
of the dehydrated H-USY contains 2.52mmal of Bronsted acid sites (Table 4.3),
this means that a total of 20.1mmaols of fixed Brensted acid sites centres are
added to the reaction mixture. The concentrations of the relevant compounds
MFDA, MAP and resorcinol are expressed as mole-%, obtained by dividing the
measured concentrations by the initial MPDA concentration, i.e., 26.4mmoi/L.
Consequently, at the start of every reaction, the ratio of Bronsted acid sites
refative to the initial amount of MPDA is ca. 2.2 The ameount of acid site centre
available outweighs the amount required for the complete conversion of MPDA

(2moles acid sites per mole of MPDA) if the zeolite is solely used as a

regenerable reagent.

The concentration-time profiles for reactions with zeolite H-USY at 225°C, 275°C
and 300°C are shown in Figure 4.23. Because the amount of Bronsted acid sites
situated on the H-USY surface are in excess, the overall reaction mechanism
should follow a similar trend to that obtained for the mineral acids in Section 4.3,
even if the reaction mechanism is strongly influenced by adsorption [ desorption
limitations. All three reactions show a strong initlal decrease in the concentration
of MPEA, but thereafter (after Shours at 225°C, Shours at 275°C, Thour at 300°C)

remain relatively constant at ca. 60male-%.

The MAP concentration profiles move through a maximum, which is not well
defined. Once reaching the maximum, the MAP concentration onty decreases
slowly. According to Figure 4.23A, the maximum MAP concentration is ca,
25mole-%. The maximum in the MAP concentration is more distinct at higher
reaction temperatures. At a reaction temperature of 275°C, the maximum of the
MAP reaction-time profile occurs after ca. 3.5hours with the MAP concentration
egualling ca. 23mole-%. The MAP concentration {at 275°C) reduces to ca.
15mal-% after a reaction time of 40hours (not shown in Figure 4.23B). At 300°C
{Figure 4 23C), the maximum MAP concentration (25moie-%) occurs between

reaction times Thour and Bhours. Observing the MAP
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concentration profites at reaction temperatures 225°C, 275°C and 300°C, there is
a tendency for the maximum to shift to shorter reaction times with increasing
temperatures, even though the maximum detected MAP concentration is arcund

25mol-% at all measured temperatures.

Similarky to the reaction with mineral acid, the resorcingl concentration-time
profile is that of an S-shaped curve. This indicates that resorcinol is formed by
means of a consecutive reaction with MAP being the intermediate product. The

yield of resorcinol after 25hours increases with increasing temperature.

The mole balances (dashed lines in Figure 4.23) move through a definide
minimum after 1hour (82mole-%, 84mole-% and S0mole-%: for reactions carried
out at 225°C, 275°C and 300°C, respectively). Towards the end of the reaction,
the mole-balances for H-USY at 275°C tends to stabilise at 98mole-%. Mole
balances for reaction at 225°C and 300°C decline fowards the end of the reaction
to 88mole-% and 8%mole-%, respectively. Judging from the mole balance, most
of the organic components can be accounted for, The initial modest decrease in
the mole-balance-time curves can be atiributed to MPDA adsorbing onto the H-
USY surface resufting in a decrease in the bulk sofution. During the course of the
reaction, the amount of organic compounds adsorbed seems to be greatest for
the reaction at 225°C, followed by 275°C. At 300°C, acceptable mole-balances
are observed helween reaction times Shours and Shours (> 98mole-%). although
a poor mole-batance i1s returmned after 25hours (87mole-%). The formation of

polyethers may account for this.

Judging from the reaction profiles of MPDA, MAF and rescrcinol a number of
possible reaction pathways is feasible. Firstly, for the case of a consecutive
conversion of MPDA to MAP to rescrcingl the reaction must be considered as
being reversible since the concentration of the relevant components tend fo
equilibrate without the reaction going to completion (see Figure 4.23). Assuming

a simple first grder reaction and in the absence of diffusional constraints, the final
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concentration of the different reactants tend to suggest that the eguilibrium
constants, i.e., for the conversion of MPDA to MAP and of MAF to resorcinel. are
quite close to unity. The equilibrium constant of MPDA to MAF is, however, less
than unity {max. one order of magnitude) since the final concentration of MPDA is
greater than that of MAP. The equilibrium constant of MAP ¢ resorcinel should
be greater than unity {max. one order of magnitude) since the resorcino
concentration after reaction is greater than that of MAP. Regardless, the
observed equitibrium constants deviate considerably from the large equilibrium
constants obtained durng the thermodynamic analysis when assuming that
ammonia reacts with the mineral acid. Therefore, this would imply that some of
the ammonia iz likely to desorly from H-USY into salution, which s plausible since
the solution pH changes from 8.3 to 7.6 (at 225°C), B.8 (at 2758"C) and 8.6 (at
300°C) during the course of the reaction. No aguecgus alumina could be detected
by means of AA measurements, even after the additicn of concentrated HCI (see

Section 32.12)

A second possible reascn for explaining the observed MPDA, MAP and
resorcingl cancentration in Figure 4.23, while still maintaining the reaction
irreversibility aspect as characterised during the reactions with mineral acids, is
that the rate constants of the consecutive reactions are seemingly time
dependent, ie., the cafalyst deactivates. I'he fact that the initial MPDA
concenfration at all three reaction temperatures decreases quite rapidly and then
remains constant at 40% conversion suggests that the reaction rate constant for
MPDA -» MAF decreases with reaction time. The same must be true for the
reaction rate constant for MAP — resorcinol The MAP concentration hardly
decreases after affaining its maximum. The fact that the reaction rate constants
change with reaction time then implies that other facters are involved. Since for a
irreversible reaction, the product ammonia must be chemisorbed parmanently on
the H-USY surface (see Section 2.1.2.1), a low MPDA conversion points towards
a regducticn in the number of Bronsted acid sites, e, the amount of NH-

produced relative to the initial number of Bronsted acid sites is quite low,
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Figure 4.24 Yield profiles of 3 3-diaminc-diphenylamine {x) and 3-hydroxy 3'-
aming-diphenylamine (®) versus reaction time over zeolite H-USY
at temperatures (A) 225°C. (B) 275°C and (C) 300°C.

Curing the conversion of MPDA to resorcinol, minor amounts of 3,.3'diaming-
diphenylamine and 3-hydroxy-3'amino-diphenylamine are produced. Although the
measured amounts of diphenylamines are minor, an interesting phencmenen s
observed. At 225°C, more of 3-hydraxy-3-amino-diphenylamine than 3,3'-
diamino-diphenylamine s produced with the maximum observed concentration
being 0.15mmol/L and 0.02mmoliL, respectively {see Figure 4.24) However, at
higher temperatures the concentration of 3,3'-diaminc-diphenylamine is greater
than that of 3-hydroxy-3'amino-diphenylamine, which was not cobserved for
reactions invelving mineral acids. For reactions with H-USY, the maximum 3,3
diamino-diphenylamine concentration at 275°C equals 0.23mmol/L, while the
maximum concentration at 300°C is 0.16mmelil.. The respective maxima
observed for 2-hydroxy-3'-amino-diphenylamine are only 0.08mmol/l. and
0.03mmol/L. Thus, it seems that at higher reaction temperatures the formation of
3, 3-diamino-diphenylamine is preferred over the formation of 3-hydroxy-3'amine-
diphenylamine, which is not the case in the presence of mineral acids. Although
the mole-balance for the last reaction point at 300°C is relatively low (Figure
4.23C) and the di- or poly-phenylamine concetrations could be higher, the
maximum amount of HPL.C detectable diphenylamines at any given time during
the reaction makes up less than 1.2% of the initial amount of MPDA molecules.

The concentration-time profiles, however, do not seem to follow the same smooth
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trend as described for the mineral acids. This cbservation can possibly be
ascrnbed to diffusional effects in the 11-USY pore structure, Nevertheless, the
maximum amount of MPDA being converted 1o diphenylamines in the presence
of H-USY (=< 1.2%) is considerably less than that cbserved when using mineral
acids (< 4.5%). This would imply enhanced shaped selectivity occurring in the
presence of H-USY relative to the mineral acids. The interaction of MDA with
the ‘inert’ wall of the stainless steel reactor combined with the presence of only

fixed acid sites on H-USY could also influence the findings.

4.4.5.2 REACTIONS WITH H-BETA

The conecentraticn-time profiles for the conversion of 1g MPDA to resorcinol in
the presence of zeolite H-Beta (mass H-Beta equals 109 prior to calcination) and
350ml water are illustrated in Figure 4.25 According to Tablie 4.1, 10g of
uncalcined H-Beta amounts to 9.35¢ immediately after calcination. Since the
number of Brensted acid sites on the H-Beta sample is 1.08mmol/g {Table 4.3),
the amount of fixed Brensted acid sites added to the autociave totals 10, Tmmols.
In contrast to the reactions with H-USY, at the start of every reaction with H-Beta
the ratic of Brensted acid site centres relative to the initial number of moles of
MDA is ca. 1.1 Since each MPDA molecule contains two amine functional
groups that need tc be replaced by hydroxyl groups, the total number of Bransted
acid sites is slightly more than half that required for the full conversion ot MPDA
te resorcingl If H-Beta is to act purely as a regenerable reagent. Thus. # is
expected that hydroxyl groups replace enly half the number of amine functional

groups.



140 Chapter 4 — Resufts and Discussion

=

& 100 {A)

)

£ 30

S 80

*E 40

§ 20 b4

8 o —
0 10 20 30

Reaction time, hours

==

@ 100

=)

g 80

5 60

]

£ 40

o

o 20

=]

& 0
0 10 20 30

Reaction time, hours

=2

4 T P QU e et e s (C)

o T —

£ a0 |* /A///_'

Pt ;

o 3

S

e

[

Q

c

8 i 1 3 ’:I'—

0 10 20 30

Reaction time, hours

Figure 4.25 Concentration profiles of MPDA {4}, MAP (l) and resorcinol (4)
(given as mole percent of organic compounds relative to the initial
moles of MPDA) wersus reaction time over zeoiite H-Beta at
temperatures (A) 225°C, (B) 275°C and (C) 300°C,



Feactions with Aluminosificates 14~

The concentration-time profiles for reactions with zeohte H-Beta at 225°C, 275°C
and 300°C are shown in Figures 425 At lower reaction temperatures (ie.,
225°C), the most striking difference between the reaction profiles for the
conversion of MPDA to resorcingl in the presence of H-Beta relative 1o that of H-
USY is given by the mole-balance and the MPDA concertration-tima profiles. Fo-
the reaction carried out at 225°C. a strong initial decrease in the MPDA
concentration combined with poor mole-balances shows that an initial strong
uptake of MPDA by H-Beta must occur during the 1-hour ramping period. The
largest amount of MPDA is adsorbed during the initial reaction period, which afte-
0.5hours (according to Figure 4.1, temperature = 150°C) accounts for only 21%
of the initial amount of MPDA, However, even after a reaction period of 4 8hours
and reaching the final temperature of 225°C. the mole-balance still indicates tha-
only 40.3% of the initial amount of MPDA can be accounted for. Towards the enc
of the reaction (225°C), the mole-baiance shows a value of 48 3% At reactior
temperatures of 275°C and 300°C, the mole-balance versus the reaction time
curves also show a strong inthial decrease in the number of accountable organic
compounds relative to the original quantity of MPDA. After a reaction time o
1hour, the moie-balances for reactions at 275°C and 300°C are 77mole-% anc
90mole-%, respectively. However, in contrast to the reaction at 225°C, the
percentage of organic components relative to the initial quantity of MPDA usec

for reactions at 275°C and 300°C after 25hours reaction periods are botr

7 muole-%.

Taking into consideration the excessively low male-balance calculated during the
225°C reaction, a further sample is taken during the 275°C reaction during the
ramping period {(after 0.7hours) with the corresponding autoclave temperature
equalling 200°C for which the mole-batance reveals a value of only 22-mole¥.
This implies that the strong adsorption of MPDA on H-Beta around 200°C is likely
to be respensible for the undershoot in the MPDA concentration observed at
225"C . The explanation is atso in agreement with the strong adserption of MPDA

on H-Beta observed during the adsorption studies given in Section 4.4.2.6.
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Al three reactions carried out at different temperatures show a very strong initial
decrease in the concenfration of MPDA in the bulk solution. The reason is
principally due to the strong uptake of MPDA by H-Beta, which further suggests
that adsorption-equilibrivm is attained quite quickly. This in effect distorts the
MPDA concentration-time profile. Consequently, Figure 4 254 shows a decrease
in the MPDA bulk concentration from the initfal 100mole-% to 20mole-% after
0.8hours. The MPDA concentration in the bulk solution stabilises at 28mole-%
after a reaction period of Shours. Although strong adsorption during the ramping
period also occurs at reaction temperatures 275°C and 300°C. the MPDA
coencentration-time  profile is comparable to the usual exponential decrease
observed for reactant concentration-time curves. After 25hours the concentration

of MPDA in salution is 3mele-% and 1mole-% for reactions at 275°C and 300°C,

respectively,

The maxirnum MAP concentration at 225°C is ca. Tmole-% and is attained after
Shours. However, within the 25hours reaction time span, there is no evidence for
the MAP concentration decreasing after reaching a concentration of Trmole-%. A
completely different MAP concentration profile is obtained for reactions at 275°C
and 300°C. The MAP concentration-time curves follow those of a consecutive
reaction with MAF being the intermediate compound. The excessively large
maximum MAP concentration of ca. 45mole-% occurring immediately after the 1-
hour ramping period is unexpected. The very high concentration of MAP in the
bulk soiution during the start of the reactions at 275°C and 300°C suggests that
after the inittal strong adsorption during the ramping period (T < 200°C), MPDA
desorbs immediately from the zeoliie as MAP. Consequently the first hydrolysis
step of MPDA and desorption of MAF over H-Beta cccurs at temperatures
slightly above 225°C since small amounts of MAP and resorcinel are formed at
that temperature {Figure 4.25A) Below 200°C, MPDA on H-Beta can be
regarded as being solely adserbed without any reactions taking place. The large

amount of MAP desorbing is in line with the suggestion in Secticn 4.4 2 € that
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typicatly only one amine group of the two amine functional groups on each MPDA

molecule chemisorbs with @ Brensted acid site on H-Beta,

The resorcincl congentration-time profile follows that of an S-shaped curve. A
amall amaunt of resorcinol s produced at 225°C with the concentration of
resorcinol in the bulk solution towards the end of the reaction (25hours) being ca.
Bmole-3z. It is of interest to note that during the reaction at 225°C the number of
males of companents that can be accounted for improves in proporticn te the
amount of resorainol prodused. Therefore. at 225°C the overall reaction does
seems to proceed towards the formation of resorcinol, albeit at a slow rate.
Increasing the reaction temperature to 275°C and 300°C leads to a pronounced
increase in the resarcinol yieid. The resarcingl yvield measured at the end of the
reaction (25hours) is 83% at 275°C and B87% at 300°C. The initial part of the S-
shaped resorcinol-time curves for reactions at 275°C and especially at 300°C
does not have a zere slope. Considering that 1 hour is required for heating the
autoclave to reaction temperature. a possible explanation regarding the reaction
pattern in Figures 4.25B and 4 .25C is that sume of the MPDA is likely to react
twice while residing in the pore structure of H-Beta only to emerge into the bulk
soluticn as resorcinol. Stated differently. some MPDA s hydrolysed te MAP
which remains in the pores to be hydialysed further to resorcinol. which then

emerges into the bulk solution.

According to Section 4.4.28, the MPDA on H-Beta adsorption study would have
rather predicted that the MPDA molecules chemiserbs only wa ohe amine
functivnal group. Considering the findings of the adsomtion study. a secend
axplanation for the rather sharp initial increase in the resorcinol concentration is
that because the MAP concentration i1s so large at the start of the reaction {ca.
45mole-%0). some MPDA molacules inside the pore of H-Beta can react further 1o
form resorcingl betore difusing into the bulk sclution. Thus. the MPDA molecule
adscrbs via ene aming group. converts to MAP and desorbs from the surface,

then readsorbs onto another Brgnsted acid site via the second amine group until
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resarcinel is formed, which desarbs into the bulk solution, Therefore, while the
resorcinol concentration profile alone suggests some direct conversion of MPDA
to resorcinol. consideration of the other product profiles suggests a consecutive
reaction pathway to resorcinol. As suggested by the adsorption study (Section
4.426), the Ak, upen adsorption of MPDA or MAP via its amine group is
assentially the same. Thus the chance for the two components adsorbing once in
the pore structure is dictated mainly by their respective concentrations inside the
pore structure and their respective orientations with the probability of MPDA
adsorbing being greater than that of MAP since it possesses two amine

functional groups compared ta only one for MAP.
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Figure 4.26 Yield profiles of 3.3'-diamino-diphenylamineg {x} and 3-hydroxy,3'-
amino-diphenytamine {®} versus reaction time over zeolite H-Beta
at temperatures (A) 225°C, (B) 275°C and (C}) 300°C.

The conversion of MPDA over zeolite H-Beta leads to the additional formation of
3. 3-diamino-diphenylamine and 3-hydroxy-3'-amino-diphenyl-amine, Unlike the
reaction of MPDA over H-USY, the amount of 3-hydroxy-3'-amino-diphenyl-
amine produced in the presence of H-Beta at the temperatures studied 15 always
greater than that of 3,3'-diamino-diphenylamine. At the low reaction temperature
of 225°C, where a considerable amount of MPDA tends to be permanently
adsorbed to the surface of H-Beta, a relatively large amount of 3-hydroxy-3'-
aming-diphenylamine (1.05mmaol/L) is produced with only 0.17mmolll of 3,3'-
diamino-diphenylamine being formed over a reaction period of 25hours. Thus 8%

of the original 1g of MPDA is converted to 3-hydroxy-3'-amino-diphenyl-amine,
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while ca. 1% is converted to 3,3-diamino-diphenylamine during the duration of
the reaction at 225°C. The shapes of the diphenylamine (3 3-diaminc-
diphenylamine and 3-hydroxy-3-aminc-diphenyl-amine; concentration-time
curves follow that of an S-shaped curve, signifying that these compounds are
produced via a consecutive reaction. As discussed in Section 4.3 regarding the
canversion of MPDA in the presence of mineral acids, 3-hydroxy-3'-amino-
diphenyl-amine is likely to be produced from MPDA and MAP, with MAP being
produced first. However, the formation of 3 3-diamino-diphenylamine, as
observed in the presence of mineral acids (Section 4.3}, is not a consecutive
reaction. Since the amount of 3-hydroxy-3'-amino-diphenyl-amine is considerably
greater than that of 3 3-diamino-diphenylamine, it is |ikely that the large
concentration of MPDA in the pore structure, which is not necessarily
chemisorbed to the H-Beta surface (see Table 4.8), leads to the formation of
diphenylamines. At reaction temperatures 275°C and 300°C the diphenylamine
concentration-ime curves of 3, 3-diamino-diphenylamine are fluctuating with the
maximum concentration at 275°C and 300°C being 0.19mmol/L and §.21mmol/L,
respectively, The concentration-time proftles of 3-hydroxy-3'-aminc-diphenyl-
amine clearly proceed through a maximum, 0.21mmoliL at 275°C (between
5hours and 25hours) and 0.27mmol/L (after 4hours) at 300°C. The maximum
conversion of MPDA to diphenylamines during the course of the reactions carried
out at 275°C and 300°C is ca. 3%.

During the course of the reaction at 225°C, the solution pH changes from 7.7
{measured after 0.5hours) to 8.0 at the end of the reaction. Likewise for the
reaction at 275°C, the sample pH changes from 7.3 (after 1hour} to 9.8 (after
26hours). For the reaction at 300°C, only one sample pH reading (9.7 after
24hours) is taken. The distinct smell of ammaonia could not be detected.
However, considering that a total of only 10.1mmols of Brensted acid sites are
present in the reaction mixture at any given time {see above) and that the amount
of acid sites required for the observed yields in MAP, 3-amino-3-hydroxy-

diphenylamine and resorcinol require 2.0mmol (at 225°C), 16.5mmol (at 275°C)



1465 Chapler 4 — Results and Discussion

and 16.8mmol (at 300°C). clearly shows that more hydrolysis type reactions take
place than is allowed by the total number of Brensted acid sites if H-Beta is to act
solely as a regenerable reagent. Therefore, some form of 'catalysis' does seem
to take place since some of the ammonia formed on the Bransted acid sites need
to give way to allow for the chemisorption of another molecule consisting of an
amine functional group. The fact that the solution pH increases during the
reaction must, by rule of deduction, be due to the formation of ammonia.
Alternatively, some of the formed ammeonia can also be sorbed onto the silanoi
groups. However, the sorption of ammonia onto silanot groups cannot explain the

high pH measured in the sampie solutions.

4.4.3.3 REACTIONS WITH H-ZSM-5 (SifAl = 13)

Reactions of 1g MPDA (9.25mmol) and 350m| water in the presence of H-Z5M-5
(SifAl = 13). which amounts to 10g of zeolite prior to calcination, have been
carried out at temperatures 225°C, 275°C and 300°C (Figure 4.27). A total of 10g
of uncalcined H-ZSM-5 (Si/Al = 13} on average |eads to 8.17g after calcination
(see Table 4.1). The number of localised Bransted acid sites added to the
autoclave amounts to 9.25mmol (see Table 4.3). Thus. the ratic of MPDA versus
the number of Brensted acid sites added to the autoclave equals 1, aithough for
an irreversible reaction the ratio should egual 2. Although all three reactions at
different temperatures reveal very good mass balances with more than 90% of
the original MPDA being accounted for throughout the reactions, conversion of

MFPDA remains poor, increasing slightly with increasing temperature.
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Figure 4,27 Concentration profiles of MPDA (4), MAP (l) and resorcinol {A)
versus reaction time over ZSM-5 (SiI¥Al = 13) at (A) 225°C, (B)
275°C and (C) 300°C.
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The resorcinol yields after 25hours are very low (1% at 225°C, 1% at 275°C. and
2% at 300°C). The difference between the observed MPDA conversion and the
MPDA being converted to MAP and resorcinal {8mole% at 225°C; 3mole-% at
275°C; 3mole-% at 300°C) is likely to be purely due to adsorption phenomena
since at 225°C only minor traces of 3-hydroxy, 3-aming-diphenylamine (yield <
0.5mole-%) is observed. At higher temperatures of 275°C and 300°C, no dimer

formation is observed,

The absence of an initiaf dip in the shape of the maole-balance and MPDA
concentration-time curves during the 1-hour heating period suggest that
diffusional constraints due to the medium pores channels (5.3A x 5.64) lowers
the rate at which equilibrium is reached. However, the adsorption study predicts
that at low temperatures a total of ca. 1.5mmol (168%) of the initial MPDA added
to the reactor adsorbs on H-ZSM-5 (SiAl = 13). Since, after 0.Ghours the
chserved MPDA uptake on H-ZSM-5 is low, it can be concluded that MPDA does

not enter the pore structure very quickly.

During the course of the reaction at 225°C, the pH changes from 7.5 (after
0.6hours) to 7.9 (after 25hours), Likewise at 275°C and 300°C, the pH changes
from 8.6 (after 1.1hours) to 8.7 (after 24hours) and 8.5 (after 1hour) to 8.9 (after
24hours), respectively, As shown by the pH readings, the pH does not change by
as much as observed in the presence of H-Beta. This is most likely to be due to
the fact that less ammonia is formed. It is, however, interesting to note that the
initial pH for reactions in the presence of H-Z5M-5 (SifAI = 13) Is generally ca.
1unit greater than that measured when using other aluminosilicates. A similar

observation was made during the adsorption study {Section 4.4.6.2).
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4.4.3.4 REACTIONS WITH H-ZSM-5 {SifAl = 22)

To confirm that the poor reaction performance cbhserved during the conversior of
MPDA to resorcingl in the presance of zeolite H-Z3M-5 (SifAl = 13) is endemic to
the whole ZSM-5 group. a reaction is conducted over zealite H-ZSWM-5 (Si/Al =
22) at 300°C. The eharacterisation on H-ZSM-5 (SifAl = 22) is not as ir-depth as
the characterisation of H-Z8M-3 (SiI/Al = 13). Assuming that the zzolite H-Z5M-5
(SIFAl = 22) consists entirely of framework aluminium species and taking Table
4 1 into consideration, a total of ca. 6.8mmol Brensted acid sites {(10g zeolite
before calcination) are added to the auteclave prior to reactton. The amount of
MPDA (9.25mmol) and water {350ml) added to the reacter remain identical 1o

that of previous reactions with aluminosilicates,

According to Figure 4.28, a vast difference in the reaction performance is noticed
when the reaction at 300°C is carried out in the presence of H-ZSM-5 (SifAl =
22), a zzolite consisting of a lower aluminium content than tha previously used H-
Z5M-5 {8ifAl = 13). The moie-balance as a function of time shows, as expected,
an initial decrease (after 1hour) towards 80% before recovering slightly to 85%
(after Shours). Interestingly, towards the end of the reaction, the mole-batance
decreases to only 71%, implying that after a reaction pericd of 28hours only 71%
of the origiral MPDA can be accourted for in the bulk solution. However, since
the formed resorcinol is a weak acid and is more weakly sorbed to a zzolite
surface than the base MPDA, ar ircrease in the mole-balance was expeacted
towards the end of the reaction. No 3,3-diaming-diptenylamine s observed in
the bulk solution phase. However. the concentration of 3-hydroxy-3'-amino-
diphenylamine increases towards the end of the reaction (constituting 2% of the
ariginal MPDA) while being still vitually undetected after a reaction period of
Qhours. The increase in the production of 3-hydroxy-3'-amino-diphenylamine
together with the decreasing mole-balance towards the end of the reaction points

to a possible formation of polyainers after a prelonged reaction peried.
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Figure 4.28 Concentration profiles of MPDA (4) MAP (W) and resarcinol (A)
versus reaction time over H-ZSM-5 (SiAl = 22} at 300°C.

The MPDA. MAP and resorcinol concentration-time curves follow that of a
consecutive reaction with MAP being the intermediate and resorcinol the final
product. As already discussed previcusly with H-USY (3ectiocn 4.4.3.1), the
shape aof the concentration-time curves of MPDA, MAP and resorcingl tend to
suggest that either the zeclite deactivates or the reactions are reverssible since
the concentration of MFDA and MAP do not approach zere after a prolonged
reaction period. Likewise, the concentration of resorcinol does not approach
100%. Instead, the resorcinel concentration tends to a constant 49mele-%. The
maximum MAP concentration occurs after ca, 3hours (31meole-%) and the final
concentration is ca. 13mole-%. The concentration of MPDA in the bulk solution
towards the end of the reaction {after 25hours) s ca. Ymole-%. The amount of
Brensted acid sites that i1s required for attaining the observed MAP and resorcinol
vields is 10 2mmol when assuming that the reaction is irreversible. This amount
iz considerably more than the 6. 8mmol present an 10g of zeolite H-ZSM-5 {SifAl
= 22). It may be safely concluded that the tendency towards ar incomplete
conversion of MPDA to resorcinol is due to a lack of available Brgnsted acid
sites, since the reaction MPDA  » MAP » resorcinol returns very low resorcingl
vields in the absence of mineral or sc¢lid acid co-reagents. A certain amount of

the produced ammonia needs to descrb into agueous solution to allow for the
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conversion of other amino-benzene until an equilibrivm s attained between the
ammonia-adsorbed-on-zeolite system s in equilibrium with the ammonia-in
agueous-solution system, Once the ammonia concentration in the bulk solution
reached a concentration of 3.4mmeol {13.2 minus 8. 8mmoal) per 350ml, the rate of
ammonia desorption bacomes very low and the reaction comes to a standstill
The product spectrum of the reaction MPDA to resorcinol in the presence of H-
Z3M-5 (SifAl = 22) suggests that all the Brensted acid sites of a Z5M-5 zeaolite
are utilised and accessible, at least at 300°C. to agueous molecule having the
dimensions of a meta-substituted benzene molecule. This is unlike the

conclusion arrived at in the presence of H-Z5M-5 (SitAl = 13),

During the course of the reaction the solution pH steadily changes from 7.7 to 8.9
after 20hours, As in reactions over H-Beta, this points towards the presence of
ammmonia in the agueous phase, As is the case for the reactions over H-Beta,
there is no other compound formed during the reaction that leads to an increase
in the solution pH. This is consistent with the thermodynamic investigation in
Section 2.1.2.1 (Figure 2.9} predicting an equilibrium resorcinol yield of ca. 60%
{mole ratio of water to MPDA = 2100) in the absence of a mineral or solid co-
reagent (assumption of all activity coefficients = 1), and the conseguent presence
of ammania in the agueous phase, Considering that in the absence of a chemical
promoter no MAP or resorcinol is formad at 275°C after a reaction period of
25hours (Section 4.2}, it can further be concluded that zeolites act as a catalyst,

even though its cataiytic function is very limited.



{Eg Chapler 4 — Results and Discussion

4.43.5 REACTIONS WITH SILICA-ALUMINA

lhe abscnce of micropores in the amaorohous hydrogen exchanged silica-
alumina enhances the accessibility of reactant MPDA and the intermediatc MAP
anto the Brensted acid sites of the alum nosilicate. Taking Table 4.7 and 4.3 into
account, the total amount of acid sikes oresent an 10g of prevaausly uncalcined
silica-alumina amounts to 19.7mmol. nterestingly. however, the maole-balance
versus time curve during the reaction at 300°C reveals that most of the relevant
compencnts 10 the agqueous phase can be accounled for throughout the reaction
(=4C%). This 15 despie the fact thet the aresence of 9. 7mmol of Brensted acid
sites wauld ead to a large uplake of MPDA on the mesoparous sdica alumina
during the ramping period. Hardly any MPDA s adsorbed onto the surface of

silica-alumina during the 1-hour ramaing penod.
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Figure 4.29 Concentration-time arofiles of MPDA (@), MAP (ll) and resarcino

(4] versus reaction time over H-exchanged silica-alumina at 3007C.

According to Figure 4,25 MPDA at a reaction temoerature of 300"C s converted
relatively quickly during the initial reaction serinod. However, after ca. dhours the
rate of MPDA conversion slows down consiclerably. Between 9 and 25hours
reaction time. an additiona 2% of the odginal MPDA is converted. thus signalling

the ond of the reaction The concantration-time profiles of MAP and resorcinol
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flatten towards the end of the reaction. After a reaction period of 9hours, the
concentration of MPDA, MAP and resorcinol seem to stabilise at 38mole-%,
10mole-% and 40mole-%, respectively with the maximum MAP concentration
amounting to ca. 23mole-% (after 3hours). After a reaction pericd of 25hours, the
concentration of 3 3-diamino-diphenylamine equals 0.11mmol/L and that of 3-
hydroxy-3'-amino-diphenyl amine is 0.27vmmoliL. The identified dimer products

are made up of ca. 3% of the original amount of MPDA.

The most striking cbservation made with the reaction in the presence of silica-
alumina 15 that only 8.43mmol Bransted acid sites are reguired for the product
spectrum obtained in Figure 4.28 after a 25hour reaction period at 300°C. The
total amount of fixed Brensted acid sites added to the autoclave is 19 7mmol.
Consequently, a near complete conversion of MPDA to resorcingl would have
been expected. especially since silica-alumina consists solely of mesopores (d,.-

> 174} that would eliminate any significant diffusional restrictions.

4.4.3,6 REACTIONS WITH -ALUMINA

The reaction with v-alumina at 225°C (see APPENDIX-H) shows that no MAP (<
0.2mole-%) nor resoreinol (< 0.3mole-%) is produced in the presence of 10g of -
alumina. The formation of dimers could not be detected («<0.0Z2mole-%). The
concentration of MPDA in the bulk solution is only 88mole-%, which implies that
some MPDA (<2%) is adsorbed cnto the alumina. The solution pH during the
course of the reaction changes from 8.2 {after 0.7hours) to 9.0 {(after 25hours),
thus implying that the presence of alumina tends to lower the solution pH since
the change in the sample pH cannot be due to the formation of NH;. The zero
yields in MAP and resorcinoi during the reaction at 225°C suggest that the
reaction MPDA > MAFP > resorcinol over an aluminosilicate can only proceed in

the presence of very strong Bransted acid sites.
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4.4.4 CHARACTERISATION OF SPENT ALUMINOSILICATES

The observations regarding the varying activities of the different aluminosilicates
used In Section 4.2.3 cannot be solely expiained on the basis of the reaction
results. If the aluminositicates are regarded as being solely heterogeneous
reagents with the meta-substituted benzene ring able to access all the pores
equal to or greater than those of a ZSM-5 zeolite (5.3A x 5.68A) at 300°C as
ilustrated by H-ZSM-5 {SifAl = 22) (Section 4.4.3 4), further questions still arise
regarding the poor utilisation of the total number of Bransted acid sites on H-USY
{Section 4431), H-ZSM-5 (Si¥Al = 13) (Section 44.3.3) and silica-alumina
(Section 4435} One simplistic method of characterisation of the spent
aluminosilicates is to compare their respective colours. After reaction, the
aluminosificates H-USY, H-Beta and hydrogen-exchanged silica-alumina are dark
auburn in colour whereas zeolite H-ZSM-5 (SIfAl = 22) has a light auburn colour
and H-ZSM-5 (SifAl = 13} is even paler. This suggests that ZSM-5 is less
poiscned by arganic components than the other aluminosilicates. Interestingly.

the colour of w-alumina after reaction iz grey and not brown as for the

aluminosilicates,

The aluminosilicates recavered from reactions at 300°C are calcined under the
same canditions used for the calcination of the aluminosilicates pricr to the
reactions. They are subsequently charactersed by X--ay diffraction, SEM and
BET. The number of Bronsted acid sites present on the aluminosiiicates after

reaction could nat be guantified using NH;-TPD.

4.4.4.1 STRUCTURE AND MORPHOLOGY

{i) X-ray diffraction
The X-ray diffraction patterns of spent {reaction temperature = 300°C), recaicined
USY, Beta, Z8M-5 (Si/Al = 13) and ZSM-5 (SitAl = 22) are shown in Figure 4.30.
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Comparison with the X-ray diffraction patterns prior to reaction given in Figure 4.8
{Section 4.4.2.1) provides evidence that previously crystaliine USY becomes
totally amorphous during the course of the reaction at 300°C. The erystallinity of
Beta also decreases appreciabiy during the course of the reaction, aithough
some of the characteristic Beta diffraction peaks are still visible, which indicates
only a partial collapse of the framework. The ZSM-5 {(both, for SifAl = 13 and
Sifal = 22) zeolites retain their characteristic X-ray fingerprint (peak position and

intensity) after the reaction.

O3
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I
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Figure 4.30 XRD patterns of spent and recalcined USY, Beta, Z5M-5 (Si/Al =
13) and Z5M-5 {SitAl = 22) applying Cu-Kz radiation with step size

equal to 0.1°.

Zeolite crystallinities after the reactions at 300°C relative to that before the
reaction are determined by the ratio of the integrated peak areas after the
reaction relative to the respective peak areas before the reaction. The peak in the
range 21-24° is chosen for Betfa [{(2-Theta = 22 4%) Camblor and Pérez-Pariente,
1991], and the three largest peaks in the range 22-25° are selected for Z&M-5
[Hardenberg ef al., 1892]. After reactions at 300°C, the XRD spectrum of spent

USY shows no peaks. Table 4 8 confirms the above interpretation with total loss
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in the crystallinity of USY, ca. 60% loss in crystallinity for Beta and wvirtualty no

loss in the crystal structure of Z5M-5.

Table 4.8 XRD determined change in crystallinity after reaction at 300°C
retative to that before reaction.

%o zeolte crystallinity

a'ter reaction

USsY 0

Beta 37 - 44
Z5M-5 (SifAl = 13) | 95 - 100
ZEW-5 (SiAl = 22) Q95 - 100

{ii) Crystallite morphology

The electron micrograph of the spent zeolite USY visually confirms its tolal loss in
crystallinity after the reaction at 300°C. The shape of the cubic crystallites
{(particle sizes between 0.4um and €.6um) cbserved for USY prior to reaction
(Figire 4.9 in Section 4.4.2.1) 15 tedally absent upen examination of the spent

USY, Figure 431 {lefl). The compound shown on the left-hand side of Figure

4. 31 is amorphous,

Figure 4.31 Eleciron micrographs of USY {left} and Beta (right; after reactions at
G
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A change in the morphology of Beta after the reaction at 300°C (see Figure 4.31)
from that before the reaction (see Figure 4.10) is not clear, The particle
agglomerates tend to be more spherical after reaction. The Z5M-5 samples after
the reaction at 300°C (Figure 4.32) are identical fo the respective scanning
electron micregraphs in Figure 4.8 (ZSM-5 (SifAl = 13)) and Figure 4.12 (Z5M-5
(SIAL= 221).

Figure 4.32 Electron micrographs of Z8M-5 (SIFAl = 13) (left) and ZSM-5 (SifAl =
224 (right} after reaction at 300°C.

4.4.4.2 PORE VOLUME ANALYSIS

The pore volume analysis of the spent silica-alumina, USY, Beta, ZSM-5 (SI/Al =
13) and ZSM-5 (SIFAl = 22) after reactions at 300°C are analysed using nitrogen
adsorption (N--BET). Table 4.9 tabulates the Sger as well as the microporous and
mesoporous surface areas. Because NL-BET cannot measure pore sizes below +
174, the micropore surface areas and pore volumes are taken as being obtained
from pores less than 17A, and the mescpore surface areas and pore volumes as
being obtained from pores larger than 17A. The mesopore pore volumes given
are further subdivided into 17A = dp.. = 1154 and dyo. > 1154, The combined
mesopore surface area (d... = 174) gives an indication of the external surface

arga of the sample.
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Table 4.9  Surface area and pore volume data for spent silica-alumina,
USY, Beta, ZSM-5 (Si/Al=13) and ZSM-5 (Si{Al=22)

Silica- H-LISY H-Beta H-Z5M-5 H-Z5M-&

Alurnina SiAl=13  SifAl=22
BET surface area [mzfg] 3372 B1+7 151 £ 10 235 - 11 208+ 7

I

Micropore surface area  (mg) 2 2 10 2459 268
Mescpore surface area (m°igl BN 35 41 368 a0
Fore volume {cey) 0.007 o010 3,057 g1 0121
fdrule = 1?-"!"3
Fore volume {coig) £.020 {036 0025 {.020 0.020
PITA % D = L1154
Pore volume iccig) 0.154 0114 0,054 0.032 0.025

(= = 113A)

Of the spent heterogeneaous acids, the aluminosilicates with the largest total BET
surface area are H-ZSM-5 (SilAl = 13) {Eaﬁmzfg} and H-ZSM-5 (SiHAl = 22)
(EBBmEIQ}. The smallest BET surface area is that of spent silica-alumina
(33m2f‘g], followed by H-USY {61m2fgj and H-Beta {151m2;’gj|_ The micropore
surface area of the spent H-USY {22m2fgj I8 very small in comparison to that of
the spent zeolite with the largest micropore surface area, i.e., H-ZSM-& (SilAl =
22) {266m7/g). The mesopore surface area of all the spent aluminosilicates range
between 30 and 42m®/g. According to Table 4.9, the spent silica-alumina and H-
USY contain hardly any pores having a pore diameter less than 115A. Only
above dgge = 115A, do the spent aluminosilicates show a pore volume of
0.15cc/g and 0.11cc/g, respectively. The spent H-Beta, however, containg some
micropares (pore volume = 0.05cc/g), while the mesopore volume (dy,. > 17A)
onily amounts to a total of 0.08cc/g. Nevertheless, it is unusual for zeolites such
as H-USY and H-Beta to have a micropore volume less than the mesopore
volume. Only the spent ZSM-5 zeolites consist of a micropore wolume (ca.
0.12cc/g) greater than the mescpore wolume (ca. 0.05cc/g). A pore size

distribution of the spent aluminosilcates is presented in Figure 4. 33,
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Figure 4.33 Pore size distribution of spent USY { '}, Beta (#), ZSM-5 (SitAl=13)
(A}, silica-aluminag (X ) and Z5M-5 [SifAI=22) (»)

Comparisons of the N;-BET analyses of the respective aluminosilicates before
the reaction at 300°C {Table 4.4 in Section 4.4.2.5) with those after the reaction
(Table 4.9) clearly shows that all the aluminosilicates used expetience a
decrease in the BET surface areas as well as a decrease in the micropore
volumes during the course of the reaction, Table 4.10 allows for a more detailed
interpretation regarding the change in the framework structure of the
aluminosilicates during the course of the reaction by calculating ratios of the BET
surface area (Spet), microporous and mesoporous volumes of the respective
aluminosilicates after the reaction relative to that before the 300°C reaction. As
mentionad above, the mesoporous volume is subdivided into @ 17A < doge <
1154 and a dyor= > 1154 region.
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Table 410 Comparison of Sger surface area, and selective pore volume
data of spent silica-alumina, USY, Beta, ZSM-5 (SifAl = 13) and
Z3M-5 {SifAl = 22)

Fealite Ratio of aluminosilicates after reaction relative to before reaction at 300°C
i Apee = 1TA 174 = dge = 11548 oo = 1184

Silica-Aluming 0.0% - .04 g 55"

Usy 0.10 0.04 1.20% 211

Beta 0.27 0.31 0.13 0.22

ZSM-5 (Sifal = 13} 0 94 0.85 1.91% 3.56"

ZSM-5 [Sial = 22) .96 092 1.18% 1.92'

= The pore volume of the ariging! aluminoslicate betveen the given ranges {dpora) 15 1285 than
£.03cc/g.

Silica-alumina, H-USY and H-Beta endure considerable structural changes
during the course of the reaction with the Sper surface area for the respective
spent aluminosilicate being only 9%, 10°% and 27% of their original surface area.
Only the ZSM-5's retain their surface area. The destruction of the micropore pore
volume (dp.o < 17A) follows a similar pattern to that in Table 4.8, which shows
the XRD determined change in the zeolite crystallinity after reaction at 300°C
relative to that before reaction This is to be expected since the crystallinity can
be correlated with the micropore volume, Therefore, the zeolite USY, Beta, Z5M-
5 {SiAl = 13) and Z5M-5 [SiFAl = 22) respectively are only 4%, 31%. 85% and
92% as crystalline as prior to the reaction at 300°C. Conversely, the micropores
of USY experience a near total collapse, followed by Beta, Z8M-5 (SilAl = 13)
and ZSM-5 (SifAl = 22). Simifarly, the mesopore region 17A < doare < 1154 which
is predominantly present in the original silica-alumina disappears fully, resulting
in mesopores of diameters greater than 115A. Interestingly, H-USY shows hardiy
any change in the pore volume between diameters 17A and 115A and above
11684 the pore volume changes only by a factor of 2 which if compared to the
amount of micropore volume lost during the 300°C reaction points towards a total
disintegration of the zeolite pore structure. The 17A < doae < 115A and dpge >

115A regions of H-Beta both tend to decrease by a factor of & and 5 respectively,
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thus also suggesting a disintegration of some of the zeolite pore structure. Since,
however, a large amount of micropores are still available it tends to suggest that
the disintegration is likely to start from the outside and works itself to the centre of
the H-Beta crystallite. The least affected by the reaction at 300°C are the ZSM-5
zeolites with only the 115A < duge tending to increase by factor of ca. 3, thereby

confirming the hypothesis made previously for H-Beta,
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4.5 REACTIONS WITH ZIRCONIUM PHOSPHATES

The use of layered compounds such as a-zirconium phosphate (-ZrP) and -
zirconium phosphate 2P} as heterogeneous regenerable reagents for the acid
hydrolysis of MPDA can enhance the accessibility of raactant MPDA to surface
acid sites. The great advaniage of using layered compounds as cpposed to the
rigid 3 dimensional aluminosilicates 's the fact that the interlaver distances of the
zirconium phosphates increase to accommodate larger melecules, therehy
ensuring greater access of the reactant WPDA onic active P-{OH) sites.
Furthermore, the macromalecular zirconium phosphate planes consist of fixed
onogenic phosphate groups similar to mineral ortho-phosphoric acid. Therefore,
it is likely that, as with phosphoric acid, a high yield of rescrcinel can be produced
in the presence of zirconium phosphates. The stability of crystalline c-zirconium
phosphate towards the hydrolysis of phosphate groups nfo agqueous solutions
[Clearfield and Stynes, 1964] further supports the investigation into their use for

the synthesis of resarcinol from MPDA,

4.5.1 CHARACTERISATION OF ZIRCONIUM PHOSPHATES

Typically, 10grams of ‘he obtained «-zirconium phesphate (1-ZrP) or w-zirconiusm
phesphate (v-ZrP) was used for each rcaction. The use of the 400°C pre-caleined
zirconium  phosphates alse amount to 10grams prior to their respective
calcination, and allewed for manitering the stability of the thermally treated o-ZrP
and +-ZrP and their reuse in subseguent reactions. Calcined forms of the original
w-ZrP and v-ZrP are termed «-ZP400 and -ZrP400 respeactively to denote their
calcination at 400°C, Since zirconium phesphates consist of ionogenic phosphate
groups and resemble the regular structure of an inorganic salt quite closely.
certain properties of the zirconium phosphates, e.g.. number of Bransted acid

sites, are known prior to characterisation {see Section 2 .3).
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4.5.1.1 THERMOGRAVIMETRIC DIFFERENTIAL ANALYSIS

Thermogravimetric {TG) and differential temperature analysis (DTA) curves of «-
ZFHHPO4)o-H:O (7.55A) and +-Zr{PO,H:PO4)-2H,O (12 20A) are illustrated in
Figure 4.34. A low ramping rate (1°C/min) is chosen for the TG-DTA curves to
allow for a reasonable comparison being made between the weight loss of the

zirconium phosphates during the TG-DTA and the 400°C kiln calcined zirconium

phosphate equivalents.
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Figure 4.34 TGA and DTA curves of relevant zirconium phosphates with
ramping rate set at 1°C/min (Nx-flowrate = 30mI{NTP}/min).

As observed in Figure 4.34, o-ZrP experiences a weight loss of 0.2% whilst
flushing the sample for 30minutes at constant temperature under flow of nitrogen

(Section 3.2.3). The TG curve of +-ZrP shows a strong initial weight loss of 3.1%
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after flushing the sample for ca. Thour under the flow of nitrogen. The prolonged
flushing period for v-ZrP prior to the temperature ramping is due to the continued
loss of weight throughout the flushing period with seemingly no pseudo-

equilibrium sfate of constant weight being attainable.

After the flushing period, the TG curve of o-ZrP shows a minor weight loss
between ambient temperature and 100°C (0.4%). This is followed by a large
weight loss {5.7%) between temperatures 100°C and 150°C. Between 150°C and
ca, 430°C, the TG curve for «-ZrP remains wvirtually flat with the weight loss
equalling less than 0.1%. Beyond 430°C, «-ZP experiences a second substantial
weight foss that lasts beyond the temperature of 550°C. The DTA curve of u-ZrP
shows a farge endothermic peak at 128°C that coincides with the TG weight loss.
A second endothermic peak for a-ZrP is observed at 252°C, which does not
coincide with a weight loss. The TG-DTA curves on «-ZrP are, however,
thoroughly researched with the most recent detailed study being given by
Costantino st af. [1997]. The endothermic peak at 129°C is only partly due to the
loss of 1mole of crystal water per mole of a-Zr{HPO,);-H;O (7.554), which in
theory (molecular weight) accounts for a weight loss of 6.0%. This is in good
agreement with the fotal weight loss (6.3%) between ambient temperature and
150°C, implying that 0.3% of the sample weight loss remains unaccountable.
According to Costantine ef al. [1987], at around the same temperature (128°C),
a-ZI{HPO4)-H:0 (7.55A) undergoes a phase change to w-Zr(HPO4): (7.41A) in
which the interlayer distance of «-ZrP becomes altered (see Section 2.3.3.1). Itis
proven that the loss of crystal water and the phase change to a-Zr{HPO,)»
(7.41A) are kinetically and thermodynamically distinct process [Clearfield and
Pack, 1975]. The second endothermic peak (252°C) is due to another reversible
phase transition to o-Zr{HPO4): (8.8A). The weight loss experienced by a-ZrP
upen further heating beyond 430°C is due to the slow formation of a layered
zirconium pyrophosphate «-ZrP.07 (8.1A) with the loss of an additional mole of

water per mole of -ZrP [Costantine and La Ginestra, 1982].
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The TG curve for +-ZrP shows a total weight loss of 11.3% even before the
thermoanalytical study has reached a temperature of 100°C. Between the
termperatures 100°C and 300°C, the weight loss is minimal (0.6%). Ar additional
weight loss of 3.2% occurs between 300°C and 400°C, followed by a gradual
decrease in the TG curve beyond 400°C, The initial decrease of 11.3% observed
for -Zr(PC.){HPO)2H,0 (12 204A) is due to the loss of two moles of crystal
water per formula weight to form +-Zr(P3.)H.PO,) (9.4A). This is supported by
the presence of an endothermic peak at 55°C (DTA curve). The endothermic
peak at 351°C is due to the condensation of P-(OH) hydroxyl groups [Alberti gt
al. 1989]. A layered +-ZrP,0- (8.28A) (or +L-ZrP20;) structure should result that
Is stable till ca. 800°C [Costantine and La Ginestra, 1982: Alberti ef af, 1989].

Observed weight loss at 180°C and 400°C of - and ~-zirconium
phosphates

Tahle 4.11

Zircenium Phosphate

Fercent Weight Loss

TGA Kiln (no. of measurements)
a-ZrP at 180°C | 5.3 6.2+£03 (3)
wZrP at 180°C ' 14 11.5£04 (3)
u-ZrP at 400°C 6.4 72405 (5)
2P at 400°C 15.0 126+05 {4)

T N,-flowrate: 30mIINTP)/min
‘¢ calcination at 180°C last for 12hours; calcination at 400°C involves 12hours at
180°C followed by 12hcurs at 400°C; calcination in air and shallow ZrP bed,

Table 4 11 comparaes the thermcanalytical results with the zirconium phosphate
weight losses expericnced during calcination, where the samples are weighed
out before calcination and then immediately afterwards. As shown in Takle 4,11,
the chserved weight loss for the 1Zhcur Kiln treated zirconium phosphates at
180°C compare quite well with the TGA data. This implies that the weight losses
incurred by a-ZrP (6.3%) and +-ZrP {11.435) after prolonged heating at 180°C are

in reascnable alignment with those determined by TG analysis. The weight
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losses are in agreement with the theoreticaily predicted weight losses of w-ZrP

(8.0%) and v-ZrP (11.3%) upon removal of the hydration water.

Weight losses determined manually ty means of a kiln at 400°C for o-ZrP and -
ZrP differ from the TGA results with the kin treated zirconium phosphates
showing greater percent weight losses than by TG anaiyses. The discrepancies
are due to the condensation of the P-{OH) hydroxyl groups and the formation of
P-C-P bonds. This also tends to be a common cbhservation for «-ZrP if kept at
400°C for a prolonged peried of time [Clearfield and Thakur, 1980], thus resulting
in the partial transformation of w-ZrHPOL: (B.804) to «-ZrP:0: (B.104)
Conseqguently, only the 400°C kiln treated n-ZrF shows a loss of 0.16 moles of
water per mole of w-ZrP as a resuit of P-(OH) hydroxyl condensation. For +-ZrP,
the prolonged heating at 400°C resuits in 4.4% of the weight lost being due to the
partial transformation of y-Zr{PO4)(HzPO.) (9.44) to +ZrP,0; (B.26A) as opposed
to the 3.6% observed during the TG analysis. Considering the TGA results, the
amount of water lost as a result of the condensation of P-{OH} hydroxyl groups
are 0.3 moles per mo'e of +-ZrF whereas the kiln treated +-ZrP shows a loss of

0.71 moles of water per mole of +-ZrP.

From examination of the 400°C kiln treated zirconium phosphates, it is caloulated
that w-ZriHPO4)>-H0 and +-Zr(POLHPOL 2H0 lose ca. 0.32meles and
1.42maoles of Brensted acid sites per mole of zirconium phosphate, respectively.
Consequently, the amount of Brensted acid sites on «-ZrP400 and --ZrP400 |
1.88mecles and 0.5Bmoles per mole Zr. Since the unit mass of zirconium
phosphate changes consistently with temperature as water is lost, any
concentration term regarding the involvement of zirconium phosphates s

expressed relative to the numper of moies of zirconium atoms.
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4.5.1.2 STRUCTURE AND MORPHOLOGY

{i} X-ray diffraction

The d-spacing of a-ZrP and y-ZrP, as well as the rehydrated «-ZrP400 and y-
ZrP400 as determined from XRD are summarised in Table 4.12, The d-spacing
and relative intensities of «-ZrP and +ZrP are in agreement with those found in
literature [Clearfield and Pack. 1975, Alberti ot al., 1989]. Furthermore, the very
high peak intensities observed during the XRD-powder patterns of o.-ZrP and -
ZrP {Figure 4 35) reveal that these compounds are highly crystalline. The extent

of broadening of the peak width due to the XRD-apparatus was not detemined.

Table 412 d-Spacing and relative intensities of the X-ray powder patterns
of «-ZrP and y-ZrP as well as the 400°C calcined equivalents «-
ZrP400 and y-ZrP400

o-ZrP 2P - ZrPA00 1-ZrP400

d A} T aA) I, d (&) it d{A) I,
7.55 77 12.21 100 7.45 100 5.28 40
4.43 27 5.81 23 4.56 21 5.18 61
4.43 17 4.63 7 443 18 3.86 100
3.56 100 4.47 3 3.68 22 3.31 59
3.52 54 4.34 10 2.64 13 2,69 11
3.30 3 374 15 2,58 15
3.21 6 350 14 2.50 14
3.08 3 3.31 13
2,64 18 3.20 5
262 22 3.10 4
2.40 10 3.07 3

2.69 17

The «-ZrP400 has a similar XRD powder pattern to that of w-Zr{HPQa); (7 41A)
[Clearfield and Pack, 1475). Comparison of the d-spacing and relative intensities
of «-ZrP400 with those of «Zr{HPOL, (7 41A) reported in the literature
[Clearfield and Pack, 1975] suggests that the layers of «-ZrP400 are slightly
distorted. This phenomenon may be due to the fact that not all of the w-Zr(HPO,).
(6.804) has been transformed back to u-Zr{HPOy)» (7 41A) within the given 3day

refiydration period. Although the thermoanalytical investigation predicts some
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P-O-P bond formation, the XRD-spectrum of «-ZrP400 shows no traces of the
pyrophosphate phase, ie, o-ZrP;0; (8.1A) The lower peak intensities of «-
ZrP400 when compared to o-ZrP (Figure 4.35) suggest a slightly more

discrdered unit cell arrangement within the «-ZrE400 crystallite.

The structure of +-ZrP400 perfectly maiches that of layered 1-ZrP;07 (8.264)
[Costantino and La Ginestra, 1882]. This is despite the fact that not all the P-{OH)
hydroxyl groups on -ZrP400 condense to P-O-P bonds during the 400°C kiln
treatment {Section 4.5.1.1). The retention of some stable hydroxyl groups
(0.58maol / {mol Zr)) has also been observed by other authors [Costantine and La
Ginestra, 1982 Alberti et al., 1989]. At higher diffraction angles the peaks are
generally broader than those of the original v-ZrP. This implies that during the
calcination the crystallites of v-ZrP in the direction nermal to the diffracting plane
break up into smaller crystals [Reynolds Jr., 1988]. The lower peak intensities

further suggests that v-ZrP400 is less crystalline than the original v-ZrP.

a-ZrP400 ]L
- it ; M
m-ZrP n;

JI.L___)' i RS Mo
-ZrP400,
SR | S ,Jrlk - th_,_.wuu\_

il
—,—J ; _.__4"__:1-,“«_.1"L/'u_|'wkﬂ_;u_._,_ﬁn_._.

5 10 15 20 25 30 35 40
Degrees 2-Theta

28

fuJ
—

Intensity {A.U.)
(Thousands)
=

]

y=£F

L]

Figure 4.35 XRD-spectra of o-ZrP400, «-ZrP, +ZrP400 and v-ZrP using Cu-Ka

radiation and step size = 0.1°,
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(ii) FT-IR analysis

FT-IR of «-ZrP recorded at 25°C, 180°C and 400°C are similar to those reported
by Horsley et ai. [1974] Due to the method used in obtaining the FT-IR spectra,
the band at ca. 2300cm’ is attributed to varying concentration of CO. present in
the air and is not part of the +-ZrP FT-IR spectra. The peaks at 3590cm™,
3510em™, 3150cm™” and 1618cm™’ are attributed to the lattice water molecule
{see -ZrP at 25°C) and disappear upon dehydration (see u-ZrP at 180°C and
400°C). The band at 3280cm is attributed to a (P)-O-H streching mode that
disappears during the formation of pyrophosphate groups at =400°C. Since the
absorbance at 3280cm’ for o-ZrP at 400°C does not diminish, it can be
conciuded that no P-O-P bonds are produced while keeping «-ZrP at 400°C for
1hour. This is further confirmed by the absence of any band at 970cm™, which is
characteristic of pyrophosphate groups. Associated with the bands at 2280cm’™
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Figure 4.36 FT-IR spectra of the original «-zirconium phosphate recorded at
ambignt temperature, 180°C and 400°C
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are the weak bands at 2300cm’’ (atmaspherc CO: intederence with this band)
and 2100cm . which correspond fo weak (P-0-H streching vibrations. Not to be
confused with the 970cm” band {pyrophosphate) are the bands at 980cm
(attributed to vibrations of the orihophosphate group) and 935cm (observed for
a-ZrP in the absence of crystalline water, i.e. «-Zr(HPO, i, (7.44A%. The v(OH)
stretch bands assigned to the Brensted acidty of the FOH groups (3670 —
3660cm™ ) with the acd strength increasing slightly by caleination [La Ginestra

ana Patrono. 1987] can only be made out with difficulty.

FT-IR of +-ZrP are also recorded at 25°C, 180°C and 400°C. No FT-IR spectra on
~ZTF could be found in literature and thus the spectra given in Figure 4.37
cannol be compared. Therefore. the interpretation of the peaks are solely based

on the pand identifications given by Horsley et al [1974] on o-ZrP. Similar to
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Figure 4.37 FT-IR spectra of the osginal ¢-zirconium phosphate recorded at

ambient temperature, 180°C and 400°C
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«-ZrP. the band at ca. 2300cm ' is attributed to CO; present in the air and cauld
interfere with an absorption band originating from +-ZrP. The band at 1630cm™
abserved for o-ZrP at 25°C may be ascribed to lattice water molecules since no
significant condensation of P{OH):; would ococur at 1B80°C. The narrowing of
bands befween 3600cm™ and 2800cm™ could also partially be ascribed to lattice
water molecules. In conformity to the FT-IR of «-ZrP, the bands between
3500cm and 3250crm’ may be attributed to (P)-O-H stretching modes. The
v(OH) stretch bands assigned fo the Brensted acidity of the P-(OH): groups
(3600cm™) [La Ginestra and Patrono. 1987] are not observed. Since the band at
1400cm™” does not change when heating +~ZrF from ambient temperature
through to 400°C. the associated absorption band could be due to the vibrations
of the POs groups, The strong bands between 1250cm ' and 950cm ' are
possibly due ta the phosphate (PO, and O:P{OHIz: groups present on 2P For
+ZIP recorded at 400°C. the characteristic band (asymmetric) attributed to the
formation of pyrophosphates ($70cm ') cannat be found. The likely reason is that
the pressed +-ZrP wafer 15 tao thick: thinner wafers proved difficult to handle.
Nevertheless, the +-ZrP spectrum at 400°C shows a band at 760em™’, which s

ascribed to the symmetric vibration of the P-O-P bridge [Ramis et af,, 1988],

{iii) N.-BET surface area

The BET surface area of «-Z1P and +ZiP is 7.70.1m?%qg (repeated once) and ca.
16.7m%g, respectively. The large rat'o obtained when dividing the theoretically
predicted (exfoliated) surface areas (Equation 2.31) of «-ZP (960m%fg) and =L P
(674m?ig} by the respective BET surface area indicates that the zirconium
phosphates are reasonably crystalline. For example, for -ZrP a BET sudace
area of 2.4m7ig is due to a highly crystalline campound whereas the surface area
of a low crystalline o-ZrF is Z’TEmEa‘g {Section 2.3.1). The surface area of the
400°C calcined equivalents «-ZrP400 (ca. 8.8m’fg) and +-ZrP400 {1?’.Dm2a‘g} 15

greater than the onginal zircenium phosphates, probably dug to an increase in
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the number of disordered zirconium phosphate layers after calcination. The true
change in the BET surface area from the original to the 400°C zirconium
phosphates would be slightly greater than the cnes given in this section since the
malecular weight of the eriginal «-ZrP (301g/mol) and +-ZrP (319g/mol) is larger
than the respective molecular weights of «-ZrP400 (280g/mol) and y-ZrP400
{270g/mel). The change in the molecular weight is due fo the absence of
crystalline water in the latter compounds. The new molecular weights are

estimated by means of Table 4. 11.

(iv) Crystallite particle size and morphology

The crystallite particle sizes of the zirconium phosphates are determined from
scanning electron micrographs. The crystallites of w-ZrP (Figure 4,28 left) are flat
platelets that are ca. 0. 1um in thickness. The platelets are oval in shape with an
average dimension of ca. 0.Y x 0.5um. According to the manufacturer
specification the particle agglomerates (grain size) are less than or egual to

200mesh. This would correspond to «-ZrP agglomerates smaller than 74um.

After calcination of «-ZrP at 400°C (x-ZrP400), the crystallite dimensions remain
unaffected (Figure 4,38 right).

e — ELCCTROM WP IWIT T Temas,
Fap A EY O kY Frids L T R L

Figure 4.38 Scanning electron micrographs of a-ZrP {left) and «-ZrP400 (right),
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The «~ZrP agglomerates consist of slate-like crystallites of different dimensions.
According to the manufacturer specification, the agglomerates are also amaller
than 74um (200mesh}. The 400°C kiln-calcined ~-ZrP (-ZrP400} is similar in
appearance to the original -ZrP. Nevertheless. the slates of ~-Zr2400 may on

average be emaller than those of 2P

Figure 4.39 Scanning electron micrographs of =+-ZrP {left) and +ZrP400 (right).

4.5.1.3 ADSORPTION OF SOLUTES ON ZIRCONIUM PHOSPHATES

Figures 4 40 *hrough to 4 43 show the adsorption of dissolved MPDA, MAP and
resorcinol onto the zirconium phosphates at 70°C as a function of the respective
male fractions of the organic compounds in solution. This gives an indication of
the accessikility of the acid sites. The adsorption sotherms are determined by
means of batch adsorption experniments. As outlined in Section 3.24.5, the
amount of zirconium phosphates (ca. 0.4g) used per 15ml of agueous solution
roughly corresponds to the amount of zirconium phosphate used during the
reaction {10g zirconium phosphate per 350ml of solution]. Due to loss of water of
crystallisation and loss of water through condensation of F-IOH; groups in -
ZrP400 and -ZrP400. the adsorbed concenfration is expressed as per mole

zicconium instead of per unit mass.
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{i} Adsarption of MPDA ¢n zirconium phosphates

While the adscrption isotherms at 30°C and 70°C tend to overlap. the adsorption
isotherms at 50°C are generally below the isotherms at 30°C and 70°C. This
phenomenon is observed guite often during the adsorption of organic compounds
from agueous solutions on activated carbon [Chiou and Manes, 1974] In the
presence of activated carbon. the usually expected cons stenl decrease with
ncreasing temperature is disrupted at temperatures in close proximity to the
solute meling paint (MPDA melting paint occurs at 61°C [Daubert and Danner,
1585];. This phenomenon has been explaned in fenms of the relatively more
efficient packing of organic molecules in carbon pores when present in liquid
state at temperatures abowve the meiting pont [Chiou and Manes., 1974]
However, the explanation given by Chiou and Manes [1974] is disputed by Rawv
et al [1998] by proving that these adsorption effects are noticed during the

adsorption of oenly some organic compounds from agueous selution.

Only the adserption data of MPDA on «-2rP, w-ZrP400. +-ZrP and +ZrP400 at
70°C will be presented in this chapter. The raw adsorption data for the remaining
izotherms (mole-fraction of the solule MPDA in aquecus solution) are given in
APPENDIX-J.

The amount of MPDA adsorbed from agueocus solution onto the zirconium
phosphates is largest for «-ZrP, which is followed by «-ZrP400 and +-ZrP. The
uptake of MFDA on -ZrP400 and +Zrf? is in turn larger than that observed for --
ZrP400. From the initial slope of the curves (see Figure 4.40), il can be deduced
that MPDA has a high affinity for adsorption onto -2ZrP, «-ZrP480 and +ZrP. The
maximum initial uptake of MPDA onto «-ZrP (0.60 - 0568 molmol{Zr}) is greater
than that of «-ZrP400 (0.42 - §.48 mol/imol Zr))y and +-ZrP {ca. 0.48 mol/{mol Zr)).
For «-ZrP and «-ZrP400, a plateau is reached relatively quickly after the initial
strong uptake of MFDA. -~ ZrP shows a rapid initial uptake of 8.48 mol MPDA per
male zircanium phosphate, followed by a much slower continuing adsorption,

which is indicative of anolher +-ZrP mode of adsorption. in contrast to the
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adsorption isotherms cf the aforementioned, y-ZrP400 possessas a low tendengy

to adsare MPDA,
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Figure 4.40 Adsorption-equilibrium data for aguecus MPDA on a-Z:FP (@), -
ZePADT (A), v-ZrP (m) and ~ZrP400 (x) at 70°C.

Both amine groups present an MPDA are capable of interacting with an acid site
present on the zirconium phesphates, as shown previously by Clearfisld et al
[1979] during the adsorpticn of ethylenediaming. The MPDA molecule should not
destabilise upon adsorpticn / eo-ordinaticn of both amine groups. ccnsidering
that the resonanca thecry predicts ne destabilisation of the second amine group
(in meta-pesiticn) by an attack cnto the first ortho-, para-directing NH.—group.
Censeqguently, the maximum amount of MPDA able to adsork is aquivalent tc half
the number of available sites on 2P, 2P, o-ZrP400 and +Z2:P400 if the acid
sites are cicse enough. The five units difference in the pK,—values of the twc
protons on the dinydrogenphosphate [Clearfield, 1893] present in v-ZrP implies
that the maximum amcunt of MPDA adsorked onto +-ZrP iz essentialty halved
once more, Accordingly. the maximum cf MPDA expecied to intercalate onto -
ZrP is 1.0 meli{mol Zry and onto »-ZrP is 0.5 moli{mol 273, The condensation cf

Bransted acid sifes upen prolonged heating of o-ZrP at 400°C, results in a 16%
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reduction of acid sites on «-ZrP400 relative to ¢-ZrP. Thus, the amount of MPDA
adsarhing onto the layers of -ZrP400 ‘s roughly 0.84 moliimol Zr). Likewise for
v-ZrP40% it is calculated that a total of 71%: of Bransted acid sites are lost per
male of +-ZrP due to condensation of the hydroxyl groups at 400°C. Thus -
ZrP400 has 27(1-0.7") = 0.58 molimal Zr) acid s.es. Based on the assumption
thal all the first hydroxyl groups are lost per dihydrogenphosphate group before
the removal of the seccnd set of hydroxyl groups, 1t car be determined that 0.29

moles of MPDA interacts with 1 mole of wZrP400.

The area covered by one POs(OH) group in a-ZrP 1s ca. 2447 with the closest
acid to acid distance on a particular layer being 5.3A [Alberti and Costartino,
1974 and 1984]. Therefore, considaring the dimensicns of MPDA ard assuming
flat penetration of MFDA molecules intc the lavers of ¢-ZrP, a possible reason for
observing ca. 0.68 mole of MFDA adsorhing instead of the theoretical 1.0 miole
MPDA per mole of zirconiur phosphate could be that steric hindrarce is created
by the already adsorbed MPDA. Caleining «-ZrP at 400°C results in an increase
in the ratio of strong fo weak acid sites [Hattari of &/, 1577, Clearfield and
Thakur. 7980]. Therefore, it is expected that the amount of MPDA adscrbing onto
o-ZrP400 18 equal to 0.84 mole MPDA per maole of Zr. The initial MPDA uptake
on o-ZrP400 is only 0.45 mal/{imol Zry. This observaticn coutd be ascribed to the
added steric hindrances created by the preserce of P-O-F bords in w-ZrP400.
The initial uptaxe of MPDA by +-ZrP is essentially the same as predicted in
theory, with the number of MPDA molecule adsorbed heing equal to 0.5 moliimol
Zry. This suggests that steric hinderance is not significant for case of +2rP. A
slight positive inclinaticr in the slope of the adsorptior isotherm after the initial
uptake is noticed. This is possibly due to some interaction with the second much
weaker acid sites after all the strong sites are occupied. In contrast, y-ZrF408
hardly shows any uptake of MPDA. The very low adsorption of MPDA onto -
ZrP400 confirms that the formation of P-O-P bords hirders the MPDA molecules

frem gaining access to the Brgnstad acid sites.
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Figure 4.41 Correlaiion of the measured solution pH versus the MFPDA
concentration {T = 70°C) affer remaval of adsarbents w-ZrP (), «-

ZrP400 (&), -ZrP {m) and +-ZrP400 {(x) from the bulk soluiion.

Compared to the solution pH measured for the liquid phase after the adsorption
of MPDA on the aluminosilicates (see Section 4.4.2.8), the pH obtained for the
adsorpiion of MPDA anto the zirconium phosphates vary considerably, After
adsorpiion of MPDA an the zirconium phosphates there is an identical carrelation
between ithe soltdion pH and the MPDA concentration for each zrconium
phosphate sample. This correlaiion holds true for all the zirconium phosphate
phases that have been considered. At very low MPDA concentration the sample
pH is ca. 2 and at high concenirations {MPDA mole-fraciion of 0.003) the pH is
ca. 5.0 Since the solition pH measured for very low MPDA concentrations
clearly lies within the acid region, phosphate-ions in the form of HaPQu (pK, =
212 [Shriver ef af, 189843 must go ino solution. The low pH cannot be ascribed
to leaching and subseguent dissociation of H.PQ, (pK, = 7.4 [Shriver &f al,
19043 from *he ~-zirconium phosphates nor to the leaching of HPO:™ (pK, = 12.2

[Shriver et al., 1994]) from the w-Zircanium phosphaies.

In a separate experiment, suspensian of 0.42g of pure +-ZrP in 15m| of water at

30°C for Bdays resulted in ca. 0.13mg/ml of phosphate ions detectable in
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sclution Atomic Adsorption measurements confirmed the absence of any
Zirconium icns in sclutien (<0.06ppm). This suggesis that [.0Smmaol of extra-
framewcrk pnosphate ions are present par 1g of +-Z:P. Since the measured pH
cf the finat solution is below 2. i i likely that the extra-framewerk pnosphate ions

are simply present ags HaPO4.

{ii} Adsorption of MAP on zirconium phosphates

The slopes of the MAP adsorption isctherms are less asteep than those observed
for MPDA. Apart for +-ZrP, nane of fhe otiher zirconium phesphate phases follow
the Langmuir isotherm. u-ZrP, «-ZrP40C and +ZrP400 initially show a concave-
up adscrption isotherm, assuming a Langmuir type isotherm cnly after reaching a
certain aqueous MAP mcle fracticn. The monolayer adsorption equilibrium
ccneentration is greatest for +-ZrP (0.83 molfimal Zr)) and «-ZrP400 (072 - 0.81
meliimal Zr) followed by o-Z:FP (G560 mel/imcl Zr) and +-ZrP (=0.13 mol{mal
Zr1. Similarly to the adscrption of MPDA on the zirccnium phosphates, the pH
measured for the liguid phase after removal of the adsorbent is ca. 2 at low MAP
concentrations, At nigher concentraticns of MAF (mcle-fraction of MAP = G 008}
the pH measures ca. 4 instead of ca. 8 for the case of MPDA. This is explained
on the basis of MAF being a weaker base (pK; of MAP® = 437 [Adrien and
Serjeant, 1981]) than MPDA (pK, of MPDA" = 5 11 [Adrien and Serjeant, 1981},

The monolayer adserpticn of MPDA an the zirconium phosphates (a-ZrF = +ZrP
= - TPAA0 = - ZrP400) differs from the observations made with MAP (-ZrP = a-
ZrPALD = wu-ZrP = - Z:PACL). Mevertneless. justifiable explanations are availablo
when considering a cembination of influences such as the acid site availahility,
steric hindrance and tne activation enargy required in separating the Zirconium

phogphnate layers.
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Figure 4.42 Adsorpticn-eguilbrium data for aqueous MAP on w-ZrP {#), u-
ZrP400 (A). -ZrP (M) and +-ZrP400 (k) at 70°C.

Following the same legic of reascning as for the uptake of MPDA on the
zirconium phosphates, the maximurn udtake of MAP is expected to be o-ZrF =
2.0 molfimol Zr), «-ZrP400 = 1.68 molf{mol Zr), «ZrF = 1.0 molfimal Zr) and -
ZrP400 = 0.58 moliimol Zr). The noticn that only the amine group interacts with
the Bronsted acid is given by the greater basicity of the amine group, which

generally always disnlaces a phenolic hydroxy| group attached te an acid site.

Since the inital slope of the ad=sorption izotherm of MAF on o-ZrF follows an S-
shaped curve. the driving force for MAP to split the interlayer distance of w-ZrP is
lower than that for MPDA, Nevertheless, at higher MAF concentrations the
monclayer adsortion attained for MAP is ca. 0.6 mol/{mol Zr), whizh is in goed
agreement with the initial (see Figure 4.40) amount of MPDA strongly adsorbed
on w-ZiP, In contrast to the cbservations made with MPDA, the monolayer
adsorption of MAP on »-ZrP400 is greater than that of MAP on «-ZrP. This could
nartly he ascribed to the fact that calcining «-ZrP at 400°C results in an increase

in the ratio of strong to weak acid sites since the initial slope of the MAF on -
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ZriP400 adsorption isotherm is steeper than for the uncalcined «-ZrP. Due to the
areater chemical potential difference between the stronger acid sites of -ZrP4G0
(Clzarfield and Thakur, 1920], MAF is adsorbed more strongly from solution.
MAP has only cne amine treup available for adso-ption, and a monoiayer
adsorption of 0.75 mole MAP per mole «-ZrP400 is acceptable sincs it occupias

fewer acid sites than MPDA.

cxamining tha initial slopes of the MAF on +ZrP adsorption isotherms may lead
to the false conclusion that the acid strenath present on +-ZrP is greater than that
found for the other zirconium phosphates. The 12204 interlayer distance of -
ZrP, which are hydregen Bonded via water melecules connecting the POa{0OH};
qroeups of the adjacent layers [Clearfield and Troup, 1977], sugoests that the
potential energy difference for the relevant compounds to access the acid sites is
reduced considerably. The rmonolayer adsorption of MAP on +ZrP ca. (.85
molf{{mal Zri, This & iess than the predictcd maximum amount of MAP
chemizoreed on -ZrP, e, 1.0 moli{mol Zr). This is likely to be due to steric
hindrance existing between the flat-adscrbed MAFP moiecules. In contrast, «+-

ZrP400 hardly shows any uptake of MAP,

{iii} Adsorption of resorcing! on zirconium phosphates

The uptake of rescrcinol on w-ZrF and +ZrF is very low {ses Figue 4.43),
Interestingly, +-ZrF adsoros more rescrcingl than w-ZrP. No rescrocnol uptake is
chsarvad on the 400°C calcined zirconium phosphazes, e, «-ZrP400 and -
ZiP40C. The pH of the liquid phase remains between ca, 2 and 3 for all sample

soncentrations considerad,

The adsorption isotherms of resorcinol confirm the fact that only weak
interactions exist betwean the phenclic hydroxyl groups and the zirconium

phosphate Bronsted acid sites. The potential difference existing batween the
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rhenclic hydroxy| groups and *he proton rich interlayer regions tends to be tco

weak to spread the layer of w-ZrP400 and »-ZrP400.
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Figure 4.43 Adsorption-equilibrivm data for agueous resarcincl on ¢-ZrP (#), o-

ZrBA00 (A). v-ZrP (W) and -Z:P400 (x] at 70°C.

4.5.2 HETEROGENEOUS REACTIONS USING ZIRCONIUM
PHOSPHATES

The resuits for the reaction studies performed on the zirconium phosphates are
presented in Figures 4. 44 through 4.47. These findings are illustrated by means
of concentration-time reaction profies with the concentration given in terms of
mole-%. derived by dividing the correcled mole concentration by the initial
number of moles of MPDA used (see APPENDIX-FI. In addition. each figure
{Figures 4 44) includes a plot of the mole balance versus the reaction t'me
(dashed) tha’ displays the total number of males in the bulk solution relative to

the initial amcunt of MDA as analysed by HFLC. Reaction results for o-ZrP, o-

Zre420, +-ZrP and +-ZrP40d are reported solely for reaction temperatures at
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225°C. The respective spent zirconium phosphates after the first set of reactions
at 225°C are recovered by centrifugation anc regenerated using the same
procedure as prior to their first use (see Section 3.3.1.2). Briefly, the previously
calcined zirconium pheosphates are recalcined at 400°C while the formerly
uncalcined zirconium phosphates are simply washed in warm wafer and dried.
The information {concentration data given in terms of mmolll) regarding
reactions conducted at 225°C and 275°C are given in APPENDIX-K. As
explained in Section 4.1, the 1-hour heating period required in bringing the
reaction temperature from ambient to reaction temperature forms part of the

reaction time.

4.5.2.1 REACTICNS WiTH PREVIOUSLY UNUSEDR ZIRCONIUM
PHOSPHATES

At the start of each reaction, the ratics of Brensted acid sites to the initial amount
of MPDA uging «-ZrP, -ZrP400, v-ZrP and v-ZrP400 are 7.2, 6.0, 3.4 {taking
only the primary Brensted acid site per P{OH):—group) and 2.0, respectively. As
a rezult, the available Bransted acid sites during all four reactions is greater than
or equal to (for +-ZrP400) the arrount required for the complete conversion of
MPDA (i.e., 2moles acid sites per mole of MPDA) if the zirconium phosphate is

purely used as a regenerabile reagent.

Figure 4. 44 itlustrates the MPDA, MAP and rescrcinel concentrations as a
function of reaction time for the reactions performed at 225°C. Included in each
diagram is an overall mole balance versus the reaction time, which is depicted by
the dashed lines. The mole balances of w-ZrP400 (B}, +ZrP {Cy and +-ZrP400 (D}
go through a definite minimum of $2male-% (after Thour), 72mole-% (after Thour)
and B7mole-% {after Shours). respectively. Towards the end of the reaction, the
mole balances for the reactions with o-ZrP, w-ZrP403. +-ZrP and +-ZrP4013 {end

o stakilise at 8Bmole-%, $9mele-%, B0male®: and 98mole-%, respectively. The
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apparent losses can be ascribed to the adsorption of the relevant compounds on

the zirconium phosphate layers.
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Figure 4.44 Concentration profiles of MPDA (), MAP (@) and resorcinol (A)
versus reaction time with (A) o-ZrP, (B) a-ZrP400, (C) y-ZrP and (D)
v-ZrP400; (- - -): mole balance of the organic compounds found in

solution. (Reaction temperature = 225°C)

The initial rate of MPDA conversion seems to differ for all four samples of
zirconium phosphates. The strong adsorption of MPDA on a-ZrP and a-ZrP400
(see Figure 4.40) is reflected in Figures 4.44A and 4.44B where a strong
decrease in the MPDA concentration and mole balance (dashed line) during the
temperature ramping period is observed. The first hour of the reaction time is
required to bring the reactor from ambient temperature to the final reaction
temperature (see Figure 4.1). y-ZrP (Figure 4.44C) is the most reactive,
adsorbing a considerable amount of MPDA in the process. The strong decline in
the overall mole-balance when using y-ZrP can be explained on the basis of easy

penetration of MPDA in the y-ZrP layers and the subsequent adsorption onto the
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surface acid sites. Comparison of the MPDA adsorption curves (see Figure 4.40)
with the overall mole-balance curves in Figure 4.44 suggests that the rate of
adsorption of MPDA on y-ZiP is greatest. y-ZrP400 (Figure 4.44D) is relatively
inactive during the first two hours, although the reaction rate increases
appreciably thereafter. Hardly any MPDA adsomtion takes place on y-ZrP400 in
the first hour as already predicted by the adsorption study (see Figure 4.40).
However, after ca. 5 hours, the MPDA does adsorb on y-ZrP400 as indicated by
the mole-balance. This change in the adsorption property of the zirconium
phosphate can only be explained on the basis that additional splitting of the y-L-
ZrP;07 layers does occur. This will then give the MPDA molecules easier access
to adsorb on the remaining y-ZrP400 Brgnsted acid sites. It is likely that splitting
the layers of y-ZrP400 requires the cleavage of interlayer P-O-P bonds, which
seems to occur at elevated temperatures in water, resulting in possible leaching

of phosphate groups.

Regarding the reaction in the presence of o-ZrP and o-ZrP400, the levelling-out
of the MPDA concentration-time curves after 25hours suggests that complete
conversions of MPDA under the given reaction conditions are not achieved. The
resorcinol yields after 25hours are 29mole-% (o-ZrP) and 51mole-% (a-ZrP400),
respectively. The shape of the resorcinol-yield curves for both o-ZrP and o-
ZrP400 also suggest that the reaction does not go to completion even though
enough acid sites is available for complete conversion. In contrast, the resorcinol
yield after 25hours when using y-ZrP (83mole-%) or y-ZrP400 (94mole-%) is high
with the shape of the curves suggesting complete conversion of MPDA towards

resorcinol.

The reaction pathway follows that of a consecutive reaction where MPDA reacts
to form MAP, which is subsequently converted to resorcinol (see also Sections
4.3 and 4.4.3). The MAP concentration-time profile goes through a maximum,
whereas the resorcinol concentration-time profile follows an S-shaped curve. This
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phenomenon is observed for all types of zirconium phosphates. The maximurr
observed yield of MAP when using y-ZrP (ca. 36mole-% after 2.0 hours) and y-
ZrP400 (ca. 35% after 5.0 hours) is larger than for a-ZrP (ca. 15% after 13.5
hours) and a-ZrP400 (ca. 22% after 8.7 hours).

The difference in the maximum MAP concentration peaks between a-ZrP (after
13.5 hours) and o-ZrP400 (8.7 hours) indicates that the overall rate of MPDA
conversion is greater for a-ZrP400 than for a-ZrP. It appears that it is more
difficult for the MPDA molecules to penetrate the layers of o-ZrP. This arises
from the fact that for a-ZrP and o-ZrP400 swelling of the layers does not occur
when suspended in water [Clearfield, 1993]. The difference in the chemical
potential generated between the proton-rich acid sites and the more basic bulk
solution enables the penetration of reactants. Due to the stronger acid sites of o~
ZrP400, more compounds seem to penetrate since the final resorcinol yield is
higher when using «a-ZrP400 (51mole-%) than with o-ZrP (29mole-%). An
increase in the solution temperature does not encourage the spreading of the
zirconium phosphate layers, since it is solely the crystallite perfection that brings

about the strong binding of the layers in a-ZrP [Clearfield and Troup, 1977].

The MAP concentration when using y-ZrP reaches a higher maximum at a
greater rate (ca. 36mole-% after 2.0hours) than in the presence of a-ZrP or a-
ZrP400. This is despite the fact that y-ZrP has fewer strong Bransted acid sites
than the a-zirconium phosphates. The more widely separated y-ZrP lamellae
(12.20A) and the more open interlayer arrangement due to hydrogen bonded
water, provide for easy access of MPDA molecules into the interlayer region. The
activation energy required between the proton-rich acid sites and the more basic
bulk solution is thereby considerably reduced. Consequently, the reaction in the
presence of y-ZrP is less diffusion controlled than is generally the case when
using a-ZrP or o-ZrP400. Further, in the presence of y-ZrP the formation of

resorcinol is observed after a very short reaction time (see Figure 4.44C). Since
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the adsorption study shows that both amine groups on MPDA may adsorb / co-
ordinate concurrently, an apparent direct formation of resorcinol is

mechanistically feasible.

Although the difference in the maximum MAP concentration observed for y-ZrP
(ca. 36mole-%) and vy-ZrP400 (ca. 35mole-%) is relatively small, the
corresponding reaction times differ considerably. The reaction-profile in the
presence of y-ZrP400 suggests that during the initial ca. 2 hours hardly any
reaction takes place. After the induction period the reaction rate increases
considerably and after a reaction time of 25 hours the resorcinol yield in the

presence of y-ZrP400 (93mole-%) is greater than for y-ZrP (83mole-%).

lllustrated in Figure 4.45 is the vyield-time profile for 3,3'-diamino-
phenylenediamine and 3-hydroxy-3'-amino-diphenylamine. The general yield-
profiles 3,3'-diamino-diphenylamine and 3-hydroXy—3‘-amino-diphenylamine
follow similar curves as described previously (see Sections 4.3 and 4.4.3). The
initial rate of formation of 3-hydroxy-3'-amino-diphenylamine is close to zero,
suggesting a consecutive reaction that is likely to originate from 2 MAP-
molecules or from 1 MPDA- and 1 MAP-molecule. The positive initial slope
observed for the yield-curve of 3,3-diamino-diphenylamine is consistent with the
compound being produced directly from 2 MPDA-molecule. The amount of 3,3™-
diamino-diphenylamine and 3-hydroxy-3'-amino-diphenylamine produced in the
presence of the different zirconium phosphates differ considerably. In the
presence of a-ZrP, the yield of 3-hydroxy-amino-diphenylamine is distinctly larger
than the amount of 3,3-diamino-diphenylamine. However, upon calcination of a-
ZrP at 400°C, the yield of 3,3-diamino-diphenylamine increases substantially.
This could be ascribed to a change in the surface property of o-ZrP after
calcination, possibly due to the formation of some Lewis acid sites. The
combined presence of Breonsted and Lewis acid sites favours the formation of
diphenylamine [Warawdekar and Rajadyaksha, 1996].
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Figure 4.45 Yield profiles of 3,3'-diamino-diphenylamine (x) and 3-hydroxy-3'-
amino-diphenylamine (®) versus reaction time with (A) o-ZrP, (B) o-
2rP400, (C) y-ZrP and (D) y-ZrP400 (Reaction temp. = 225°C)

The pH of the removed sample as a function of reaction time is shown in Figure
4.46. During the course of the reactions at 225°C, the sample pH of the reactions
in the presence of o-ZrP and a-ZrP400 decrease slightly from 6.0 to 5.3 and
stabilises thereafter. When using y-ZrP, the sample pH decreases gradually from
4.9 (after thour) to 3.9 (after 25hours). The sample pH of y-ZrP400 initially
remains stable at pH = 6.0 (measured after 1.1hours), but decreases strongly
towards pH = 2.8 after 25hours. The pH does to a certain degree correlate with
the yields of resorcinol. However, a pH of below 3 cannot be attributed solely to
resorcinol since it is only a weak acid. Thus, other factors such as leaching of
phosphates into solution are involved. This is confirmed by the detection of
phosphates in the aqueous reaction mixtures of o-ZrP, a-ZrP400, y-ZrP and y-
ZrP400, to the extent of 0.045, 0.050, 0.169 and 0.189 moles phosphates per

mole zirconium phosphate, respectively. The absence of Zr in solution
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Figure 4.46 pH of solution (without solid) as a function of reaction time for a-ZrP
(®), o-ZrP400 (A), y-ZrP (lll) and y-ZrP400 (x). The reaction
temperature is 225°C.

(Zr < 0.2ppm; Atomic Adsorption), suggests that the drop in the pH is not due to
the formation of zirconyl phosphate salts. However, as shown in Section 4.5.1.3,
the obtained y-ZrP is likely to contain ca. 0.015 moles H3PO4 per mole of y-ZrP.

On repeating the reaction at 225°C in the presence of y-ZrP (batch no.: G05-7)
after first washing a y-ZrP (batch no.: E0906) in warm water (T = 30°C), an
increase in the pH during the course of the reaction to ca. 8 was observed. This
reproducible result (see Figure 4.47) is unlike the phenomenon observed for y-
ZrP (batch no.: G05-7). Thus, it can be deduced that the solution pH is not the
determining factor when conducting reactions in the presence of zirconium
phosphate, i.e. although phosphates leach into solution, the conversion of MPDA
takes place on the zirconium phosphate surfaces. This is probably due to the fact
that the amount of H3POj initially present on y-ZrP (batch no.: G05-7) is too little
to have a significant impact on the reaction results even though the pH remains
relatively low. The leaching and subsequent dissociation of HPO4 (pKa = 7.4
[Shriver et al, 1994]) from the y-zirconium phosphates hardly affects the
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resorcinol yield as shown in Section 4.3.3, where at 225°C hardly any resorcinol
is produced in the presence of (NH4)H2PO,.
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Figure 4.47 Concentration profiles of MPDA (¢), MAP () and resorcinol (A)
versus reaction time with (A) y-ZrP(batch no. E0906) and (B) y-
ZrP(batch no. GO05-7); (- - -): mole balance of the organic
compounds found in solution. (Reaction temperature = 225°C)

4.5.2.2 REACTIONS WITH REGENERATED ZIRCONIUM PHOSPHATES

~ Table 4.13 shows the effect of regeneration on the activity of zirconium
phosphates by comparing the resorcinol yields and solution pH's after 25h
reaction time. The performance of the regenerated «-ZrP400 is similar to that of
the freshly prepared o-ZrP400 since the resorcinol yield after 25hours remains
essentially unchanged, i.e., 50mole-%. The pH of the final solution after the
second reaction (4.7) is less than that measured after the first reaction (5.4). This
would point towards the formation of some acidic MPDA-phosphate salt, since
the drop in the pH during the second reaction cannot be ascribed to phosphoric
acid being present on the regenerated a-ZrP400. In contrast, the yield of
resorcinol when using y-ZrP decreases significantly from 83mole-% (after
25hours) in the first reaction to 17mole-% in the second reaction, while the pH
increases substantially from 3.9 to 7.6. A possible cause for the y-ZrP
deactivation is the irreversible poisoning by the formed product ammonia. The



190 Chapter 4 — Results and Discussion

relatively high pH recorded when using y-ZrP for a second time further proves
that the low pH measured during the first set of reactions is due to phosphoric
acid residing on the obtained y-ZrP. The resorcinol yield measured at the end of
the first and second reactions for y-ZrP400 again remains virtually unchanged at
92mole-%. The solution pH when using y-ZrP400 increases from 2.6 to 4.2,
which indicates that some leaching of phosphates in the form of HoPO4 (pKa of
H:PO4 = 7.4 [Shriver et al., 1994]) does occur. A simple calculation reveals that
a 0.1molar H,PQO4 solution could, depending on the counter-ion, lead to a

solution pH of ca. 4.2.

Table 413 Comparison of resorcinol yields (reaction temperature = 225°C)
and solution pH's measured after 25h reaction time during the
first set of reactions with those measured during the second
set of reactions where the regenerated zirconium phosphate is

used.

Resorcinol Yield (mole-%)

1%t Reaction 2™ Reaction

Solution pH

1%t Reaction 2™ Reaction

a-ZrP 27
a-ZrP400 50
y-ZrP 83

v-ZrP400 93

n.a.
50
17
92

4.96
5.38
3.85
2.64

n.a.
4.68
7.62
4.20
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4.5.3 CHARACTERISATION OF ZIRCONIUM PHOSPHATES
AFTER REACTION

The XRD and FT-IR spectra of the spent o-ZrP, o-ZrP400 y-ZrP and y-ZrP400
are compared to the respective spectra recorded prior to reaction in order to
establish the extent of degradation of the solids during reaction.

4.5.3.1 STRUCTURE AND MORPHOLOGY

(i) X-ray diffraction

The XRD spectra of (A) o-ZrP and (B) o-ZrP400, (C) y-ZrP and (D) y-ZrP400
before reaction and the corresponding spectra after the first and second reaction
at 225°C are shown in Figure 4.48. o-ZrP hardly undergoes any detectable
structural changes during the course of the reaction, whereas o-ZrP400 does not
maintain its structure during the two reactions. The appearance of additional
peaks at 2-Theta = 27.9°, 30.2° and the gradual decrease in the intensity of the
peaks at 2-Theta = 11.9° suggest the formation of a new structure. From XRD
fingerprint analysis, the formation of a new three dimensional structure of the
form (NH4)Zr2(PQO,); or (H30)Zr2(PO,); is suggested.

The XRD peaks of the y-zirconium phosphates generally tend to be less well
defined after the reactions at 225°C. The first peak of y-ZrP signifies the interlayer
distance of the layered compound and changes from 12.21A (2-Theta = 7.2°)
before the reaction to 10.92A (2-Theta = 8.1°) after the reaction. It could be
argued that the shift in the first peak is due to the formation of ammonium
intercalated y-ZrP, which has a smaller interlayer distance (11.25A [Alberti et al.,
1989]). The remaining XRD peaks of the spent y-ZrP show little resemblance to
the original y-ZrP used. This could be either due to the formation of a new

zirconium phosphate structure or the occurrence of stresses within the y-ZrP
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structure. The latter seems to take place in y-ZrP400 since all peaks appear at

precisely the same diffraction angles, but are broader and have lower intensities.
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Figure 4.48 XRD-spectra of (A) o-ZrP, (B) o-ZrP400, (C) y-ZrP and (D) y-
ZrP400 before the first reaction, after the first reaction at 225°C and
after the second reaction at 225°C. Symbol '1' illustrates the

appearance of a new phase (NH4)Zry(POy)s or (H30)Zry(PO4)s.

The formation of the new zirconium phosphate structure is confirmed by
repeating reactions at 275°C using o-ZrP, o-ZrP400 and y-ZrP (see Figure 4.49)
upon which a sharp decrease in the solution pH is measured and the distinct
formation of (NH4)Zr2(POy)s is observed (see APPENDIX-K). The rate of
transformation at 275°C seems to be greatest for a-ZrP400 (see Figure 4.48),
followed by a-ZrP and v.ZrP. The y-ZrP is transformed more slowly than o-ZrP
since its structure towards the end of the first reaction at 275°C can still be
identified. Interestingly, y-ZrP400 does not seem to adopt the structure of the new
compound. A likely explanation is that the large amount of pyrophosphate bonds

present in y-ZrP400 makes the compound more stable and less likely to be
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transformed. The newly formed (NH4)Zry(POs), or (H30)Zra(PQ4)s compound
seems to be stable under the reaction conditions since the structure is
maintained when repeating the reaction.

24 24
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Figure 4.49 XRD-spectra of (A) o-ZrP, (B) «-ZrP400, (C) y-ZrP and (D) y-
ZrP400 after the first reaction at 275°C and after the second

reaction at 275°C, clearly illustrating the formation of the new phase
(NH4)Zra(POy)s or (H30)Zra(PO4)s.

Clearfield et al. [1984] documented the hydrothermal structural transformation of
a methylamine-intercalated o-Zr(HPO4),-H2O towards (NH4)Zra(POs)s in the
presence of water at 300°C. According to Clearfield ef al. [1984], the reaction is a

general one and depends upon the ease with which the amine is decomposed.
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The crystallinity of the zirconium phosphate does not influence the conversion of

zirconium phosphate to a great extent.

The structure of the newly formed, highly stable compound, (NH4)Zr(PQOy)s,
exhibits a robust negatively charged, three-dimensional lattice with 4 cavities per
formula [Clearfield et al., 1984]. The NASICON-type framework consists of a
network of corner-sharing POy tetrahedra and ZrOs octahedra, with each ZrOg
octahedra being connected to six PO, tetrahedra [Hong, 1976]. The interstitial
voids generated within the network are of two types: Type | and Type Il. It is
interesting to note that at 300°C both NH,;" and Na' are too large to move
through the channels / bottlenecks, connecting Type | cavities with Type i
cavities. Similar to Na®, NH," ions occupy Type | cavities. Calcining the
ammonium exchanged compound at 450°C vyields HZr,(POs)s and refluxing
HZra(PO4); in water leads to (H30)Zr,(PO4); [Subramanian ef al., 1984]. Although
the hydrogen exchanged form HZr(PO,)s is likely to act as a heterogeneous acid
reagent much the same as a zeolite, the MPDA molecule will be too bulky to fit in
the NASICON channel system. Consequently, whilst HZr,(PO,)s presents itself
as a very stable and regenerable acid reagent, it cannot be used for the reaction

under investigation in this study.

For the case of MPDA, the following reaction is likely to occur when assuming
that only one —NH; functional group on each MPDA molecule is adsorbed at any

given time:

2 Zr(HPO4)22(MPDA) + H,0 ——> (NH()Zr2(POy)s; + MAP
+ [(MPDA")3PO4)

The reaction predicts the simultaneous conversion of an amine compound to the
corresponding hydroxyl compound while the layered o-zirconium phosphates
structure assumes that of (NH4)Zry(PO4)s. Since it is well documented that y-ZrP

tends to transform into the a-phase in boiling HisPO4 at concentrations higher
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than 1 molar [Alberti ef al., 1989], the transformation of the more meta-stable y-
ZrP to (NH4)Zry(POy)s is explained. Given that the final solution is found to be
acidic, Clearfield et al. [1984] postulated that the following reaction also takes

place: Since
(MPDA™).PO, + 3H,0 —» 3 MAP + (NH4)H,PO4 + 2 NH;

During the conversion of the o-zirconium phosphates to (NH4)Zr(PO4)s (see
Reactions 4.2 and 4.3), 1mole of aqueous phosphoric acid is produced per
2moles of converted a-zirconium phosphates. For the reaction of a-ZrP at 225°C,
the presence of 4.25mmol/L phosphates ((0.045mole phosphates)/mole Zr)) in
aqueous solution at the end of the first reaction suggests that a maximum of
8.9% of the original o-ZrP is converted to the new compound. The maximum
percent conversion calculated for o-ZrP400 is 9.5%. Both calculations neglect
the fact that the obtained o-ZrP may contain small quantities of phosphoric acid.
The same logic cannot be applied to the reactions with y-zirconium phosphates.
The vy-zirconium phosphates adopt the new structure more slowly than the a-
zirconium phosphates (see Figures 4.48 and 4.49) although the amounts of
phosphates in solution at 225°C is between 0.169 and 0.189 mole phosphates
per mole zirconium. Due to the leaching of hydrogen-phosphates into solution, it

is likely that the y-zirconium phosphates can never be fully transformed.

(ii) FT-IR spectra

The FT-IR spectra of the zirconium phosphates before reaction and the
_ corresponding spectra after the second reaction at 275°C are shown in Figure
4.50 (assignments of adsorption bands according to Horsley et al. [1974], Ramis
et. al. [1988] and Clearfield et al. [1984]). Due to the method used in obtaining
the FT-IR spectra, the band at 2300cm™ is attributed to varying concentrations of
CO; present in the air and is not part of the zirconium phosphate FT-IR spectra.
The zirconium phosphates used for the reactions at 275°C instead at 225°C are

4.3
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Figure 4.50 FT-IR spectra of (A) a-ZrP, (B) a-ZrP400, (C) y-ZrP and y-ZrP400

before the first reaction and after the second reaction at 275°C.

chosen to establish the end-case scenario if the zirconium phosphates used at
225°C are reused several times. The FT-IR spectra of the uncalcined o-ZrP and
a-ZrP400 after the second reaction at 275°C clearly differ from the original o-ZrP
and o-ZrP400. The infrared spectra of both spent a-zirconium phosphates are
identical and show a broad OH stretch band at 3500cm™ due to water and three
bands in the N-H stretch region between 3100cm™ and 3300cm™. All four bands
are overlapping and give the impression of one broad band that ranges over
several-hundred wavenumbers. Another intense band at 1460cm™ s
characteristic of NH,". In fact, the FT-IR spectra of the spent w-zirconium
phosphates (4000cm™ < wavenumber < 400cm™) closely match the spectrum of
(NH4)Zr2(POs); given by Clearfield et al. [1984]. Thereby it is confirmed that
ammonia is present on the newly formed NASICON structure and the amount of
organic material adsorbed is minimal. Heating the FT-IR cell containing a wafer
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of the spent «-ZrP400 slowly 1o 400°C and maintaining the temperature for 1hour
leads 1o the removal of water and some removal of ammonia since the broad
band at 3500cm  disappears and the peak intensities between 3100cm’’ and
330Ccm! are reduced. The peak at wavenumber 1460cm” is hardly affected,
Implying that only minor ameounts of the strongly adsorbed ammonia is removed.
However, the new very sharp peak that appears at 330%cm™ s due to the P-OH

type indicating some conversion towards HZr-(PO.1; [Clearfield of /., 1984].

The infrared spectra of the spent wzirconium phosphates do nof clearly resemble
the (NH.Zr(PO4: spectrum. Although the bands between 2500cm  and
3100cm as well as the band at 1460cm™ are clearly visible on the FT-IR spectra
of the gpent »zirconium phosphate, these bands are also present on the original
+-£rP. Therefore, it can neither ke proved nor disproved whether the new
compounrd ig formed. Nevertheless, the fingerprint region between wavenumbers
610cm” and 400cm™ of the spent »-ZrP and -ZrP400 remain identical to the
carresponding unused v-zirconium phosphates, but show no resemblarce to the
spectrum of the new compound. Although bands at $35cm™ and 60Ccm’ of the
spent v-ZrP and - ZrP400 do compare to those of (NH;iZr(FO.)s these bands
are alsc characteristic of the unused ~-ZrP. The spent +-ZrP and +-ZrP400 show a
band at 820em” that is neither observed for the infrared spectra of «~ZrP nor of
(NH41Zrz{FO4)5. Upon the online calzinatior of the spent +-ZrP400 at 400°C, the
ensuing infrared spectrum resembles the spectrum of the original +-ZrP408 mora
closely than the spectrum of HZr{PO:s It can thus be deduced that the -
Zirconium phosphates are less likely to trarsform into the NASICON struciure
than the «-zirconium phoesphates. Also the structure of the usually more meta-
stable »-zirconium phosphates seems to he retained, although some
fransformatior. towards the new NASICON does occur as shown by the XRD
study. A possible reason for the high resistance towards ransformation may be

ascribed to the fact that the leaching and loss of dihydrogen-phosghates into

solution parially prevents its full transformation towards the NASICON structure,
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{iil) Crystallite morphology

The electron micrograph of the spent «-ZrP and «-ZrP400 visually confirms their
respective transformation towards a new crystalline compound. The new
{NASICON) crystal structure is rhombehedrally shaped with the average crystal
size measuring ca. 0.2um. The most cormmon space group that the NASICON

crystat adopts ig rhombohedral [Hong, 1876].
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Figure 4.51 Electron micrographs of spent «.-ZrP (left) and «-ZrP400 (right} after

second reaction at 275°C,

In contrast to the SEM images observed for the spent a-zZirconium phosphate,
these of the v-zirconium phesphates show retention of most of the layered
structure. Thus, visual proof is provided that neither v-ZrP nor +-ZrP400 readily

adopt the NASICON structure under the given reacticn conditions.

Figure 4.52 Electron micrographs of spent v-ZrP (left) and +-ZrP400 (right) after

second reaction at 275°C,
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4.6 COMPARISON OF MINERAL ACID AND SOLID
REAGENTS / CATALYSTS

4.6.1 REACTION MECHANISM AND MODEL DEVELOPMENT

lhe e of the mineral acids and soclid reagends ( catalysts in this reaction are
comaared by means of the experimentaly determined reaction rates of major
compoeunds. e MPDA. MAF and rescrenol. The concentrations of the dimers

are low and have thus been ignored in the modelling of the reaction MPDA

MARP — resorcinol.

4.68.1.1 PROPOSED REACTION MECHANISM FOR HOMOGENEDQUS ACIDS

Since the conversion of MPDA to rescrcingl coours in the presence of a2 minerai
acid, the first step would invalve grotonation of the basic amine functional group
present on the benzene ring to give — NHs (the conjugate acid), This leads to a
deaclivation of the aromatic nacleus. The removal of NHy 0 the form of an
ammenium salt and its replacement by a hydroxyl group (in the form of water)
leads to MAP. The same sequence, ie. the amine protonation, the attack of
water and the siimination of NH; ieads to the final preduct, rescrcinol (see Figure

4.53)
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Figure 4.53 Proposed mechanism for the formation of MAP from MPDA (A) and

for the formation of resorcinol from MAP (B) in the presence of

mineral acids.

4.6.1.2 PROPOSED MECHANSIM FOR HETEROGENEOUS ACIDS

In conformity with the mechanism proposed for the homogeneous acids in Figure
4.53. a similar mechanism can be proposed for the reaction occurring on a
heterogeneous solid (see Figure 4,54}, The chemisorption of MPDA and MAP
onto the Brensted acid sites via the —NH: functional groups occcour relatively
guickly. This is shown by the large uptake of MPDA after sampling the autoclave
after Thour of reaction time. The rate determining step is thus likely to be the
reaction hefween the adsorbed molecule and water leading to the release of the
electron withdrawing ~NH;" group from the benzene ring and its simultaneous

replacement with an —OM function group. The ammonia thus released neutralises
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the Brgnsted acid sites and drives the thermodynamically unfavourable reaction

towards the formation of resarcinol.

O — Solid O Sold O Solid
+ + &
JNI'; £l NH3+ NH, OH
"-""'_'_'_: i
P o == OH = + s
’| jﬁ stow ["f 177 fast E\
i ,":l E
T e o --H'x_
TR, ~" TNH, " NH,

Figure 4.54 Froposed mechanism for the conversion of MPDA to MAP over a
heterogenscus acid reagent / catalyst. The electron donating effect
of the second amine group on the intermediate aromatic nucleus

has been ighored.

4.6.1.3 DEVELOPMENT OF REACTION MODEL

The absence of any ortho- and para-isomers suggests an addition-elimination
reaction or an aromatic nucleophilic substitution pso attack [Sykes, 1992], Since
the hydronium ion attack on the basic —NH; functional group on MPDA {Reaction
4.4} occurs guite readily, the addition of water during the second step (Reaction
4.5) 18 likely to te the rate-determining step. Figure 4.53B depicts a detailed
version of the rate-determining step during the conversion of MAP to resorcingl.
Similar arguments hold for the heterogeneous solids, ie., the rate of adsorption
of the amine-containing compound relative to the overall substitution reaction is
fast. Considering the conversion of MPDA to MAP, the reaction rate can then be

gxpressed as:

i;;. [sPpar]= & |vppar |« |11,0]
.

4.6
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, where [M#047] is the concentration of the protonated MPDA. In aguecus
solution [A/20.4""] refers to the concentration of ionised MPDA in solution, while
for heterogeneous systems [4#047"] refers to the concentration of MPDA
fmmolil) adsorbed. [H:2 refers to the concentration of water and &, depicts the

reaction rate constant for the conversion of the protonated MPDA to MAP.

The protonated MPDA concentration is a function of the number of acid sites
available. The acid-base reaction between the basic MPDA and the
homogeneous or hetercgeneous acid sites can be assumed to be in equilibrium,
since in relation to the substitution of -NHs~ with an —OH functional group the

formation of the -NH:" eccurs very quickly.

. MPDA™ |

M e < [ 48]

. where [AM7Dd4] is the agueous bulk MPDA concentration and [45] the
concentration of acid sites; and K»o: the equilibrium  constant. For
homogeneodss reactions K., refers to the constant of MPDA hydrolysis with
[45] corresponding to the hydronium jon concentration. For heterogenecus
systems Ky 18 the equilibrium MPOA adscorption constant, while [45] refers to
the number of Bronsted acid sites relative to the volume of the bulk liquid phase
at ambient temperature. Substitution of Equation 4.7 for [WPDA7] in Equation

4 6 leads to the expression:

A EE R Y SURU A T
iif
Applying the same method as used for the dervation of the rate equation for

MPDA. expressions for MAP and resorcinel can be obtained:

;i [MAP] kK, [MPDA]x 1, 0] [AS]- k. &, [M4P ] [11,0]x | 45]
i

4.7

4.8

4.9
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2 IRES) = kK [MAP )< [H,0] [45]

4.6.1.4 INCLUSION OF REACTOR RAMPING / HEATING PROFILES INTO
THE RATE EQUATION

Generally, only a limited amount of data points are available per reaction (ca. 5
samples per run) with reactions over any particular reagent being typically
performed at 2 different temperatures, i.e. 225°C and 275°C. Therefore,
connecting the equilibrium constants Kypps and Kyp in the above equations by
means of van't Hoff Equations would not lead to a reduction in the number of
degrees of freedom. The same is true for the rate constants when applying the

Arrhenius Equation.

The actual time at which the reaction starts is difficult to determine, since the
reactor is charged, sealed and only then heated up from ambient temperature to
the desired reaction temperature. To account for the effect of the ramping period
on the reaction rate, the reaction time, i.e., time zero, has to be altered.
Arbitrarily, assuming an activation energy, E,, of 100kd/mol, the difference in
temperature required to double the reaction time can be calculated by means cf

the Arrhenius Equation:

Axe'E"/RT‘

= PR

Since the ramping rate decreases when approaching the final reaction
temperature, the time zero used equals the time at which the reactor temperature

equal (7, + T,)/2 (see Table 4.14).

4.10

4.1
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Table 4.14 Determination of the time period to be subtracted from the
observed reaction time to account for the ramping period

Temperature (°C)" Time (h)?

7, Corresponding T; (T, + T)/2 (T, + T3)/2
225 211 218 0.56
250 235 242 0.66
275 258 267 0.72
300 282 291 0.77

T, refers to the temperature having ¥ the reaction rate than temperature 7, assuming an
activation energy of 100kJ/mol
@ Time to reach (T, + T»)/2 after starting to heat from ambient temperature

4.6.2 MODELLING OF HOMOGENEOUS REACTIONS

According to Section 4.3 (see also APPENDIX-G), the measured sample pH (pH
reading taken at ambient temperature) remains constant throughout the reactions
carried out at 225°C and 275°C. This observation is also applicable to reactions
with weak acids, i.e., (NH;)HSO,, where the measured pH increases by only half
an order of magnitude during the course of the reactions. Therefore, the
hydtonium ion concentration, i.e., [4S] in Equations 4.8 through 4.10, can be
assumed to remain constant throughout the reactions. The pH, however, is still

dependent on the concentration and acid strength of the mineral acid.

Although the pH is expected to increase with reaction time due to the fact that the
formed ammonia is a stronger base than the initially used MPDA, the excess
mineral acid keeps the pH constant. At the reaction temperatures, however, the
dissociation constant of the mineral acids and the autoprotolysis constant of
water (see APPENDIX-B) differ considerably from those at ambient temperature.
Conducting a hydronium ion charge balance, whilst ignoring the presence of

hydrolysed MPDA, MAP, resorcinol and ammonia, gives:
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C K
AS —_ HA w
5] 1+[4S)/k,, * [45] 4.12

, where [4S5] is the hydronium ion concentration, Cyy the acid concentration during
the reaction, Ky, the dissociation constant of the mineral acid and X, the
autoprotolysis constant of water. For the homogeneous reactions, the produced
ammonia reacts with the mineral acid to from a weaker mineral salt. This
effectively results in a reduction in the total number of acid sites available. It can
therefore be assumed that the mineral acid concentration is reduced linearly with
the amount of ammonia formed, i.e., Equation 4.12 can be rewritten as:

Chas — [MAP]-2[RES] , K. 413
1+[4S]/ K, [45] .

[45]=

, With Cy4; corresponding to the initial mineral acid concentration.

Table 4.15 Water autoprotolysis constants and first and second
dissociation constants of phosphoric and sulphuric acid at
relevant temperatures

lonisation lonisation Constant (pKy, or pK,,) at Reference

Reaction 25°C 225°C 275°C
HaO =OH +H’ 14 11.24 11.30 [Weast et al., 1986]
HaPO, = H,PO, + H* 2.15 . 359 4.17 [Mesmer and Baes, 1973)
H,PO, = HPO, + H" 7.20 8.14 8.71 [Mesmer and Baes, 1973)
H,SO4 = HSO, + H* 2 0.02 0.30 [Quist, et al.,, 1965]"
HSO, = SO4 + H' 1.99 4.58 5.34 [Marshall and Jones, 1966]
H,S0, = SO, + 2H" 0.01 4.60 5.64 PKizsos + PK gisosy-

™ Rough estimation by means of extrapolating (van't Hoff Equation) the first ionisation constants
of H,SO, measured at 400°C, 450°C .and 500°C (density = 0.8g/cm ~ density of water at 225°C
and 275°C) and forcing linear curve through the Ky ~value of H,SO, at 25°C.

Since the initial amount of mineral acid added to the reaction is known, the
hydronium ion concentration can be calculated by means of Equation 4.13.
Different yields in ammonia can be assumed, i.e, 0, 1 or 2 times the initial
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concentration of MPDA (0.0264mol/L). Since the first ionisation constant of
HiPO4 and HSOy is considerably larger than their respective second ionisation
constant, only the pKy~values for the first ionisation is considered. A similar
reasoning is applied to the dissociation of H,PO,, thereby ignoring the third
ionisation constant of phosphoric acid. Relative to the base ammonia (pK, of
NH," at 20°C = 9.40; Weast et al., 1986), H.PO4 (pKa HoPO4 at 25°C = 7.20,
Mesmer and Baes, 1973) is a relatively weak acid, and thus the hydronium ion
concentration given in Table 4.16 may be less than the shown values. However,
since ammonia is very volatile at reaction temperature and the interaction of
HPO4 and NH," is very weak, a large amount of ammonia might accumulate in
the headspace of the autoclave and reduce the ammonia concentration in the

bulk solution.

Table 4.16 Prediction of the hydronium ion concentration [4S] at different
temperatures and ammonia concentrations relevant to the
modelling of the homogeneous reactions

Run Mineral Acid Temp. Acid Conc. Estimated [45] (mol/L) at different Ammaonia Cone.

No. °c) (moliL) [NH3]=0 [NHs] = 0.0264 [NH,] = 0.0528
1 H.S0, 225 0.090 8.2E-2 5.9E-2 3.5E-2
2 H,80,1 225 0.179 1.5E-1 1.3E1 1.1E-1
3 H,80," 275 0.179 7.8E-2 5.7E-2 3.4E-2
4 HsPO, 225 0.179 6.7E-3 6.1E-3 5.6E-3
5 HPO," 275 0.179 3.4E-3 3.2E-3 2.9E-3
6 H,PO, @ 225 0.179 3.6E-5 3.3E-5 3.0E-5
7 H,PO, @ 275 0.175 1.9E-5 1.7E-5 1.6E-5

™ Only the dissociation of the primary hydrogen, e.g. H,SO, = HSO, + H*

) Since ammonia is a relatively strong base if compared to the acid strength of H,POy, the
hydronium ion concentration may be less than the shown values. Due to the weaker HPO™ and
NH," interaction, a small amount of ammonia can also be present in the gas phase.

For homogeneous reactions, Equations 4.8 through 4.10 can be used to model
the MPDA, MAP and resorcinol concentration profiles given in APPENDIX-G.
Assuming [H;0] in Equations 4.8 through 4.10 to remain constant during the
course of the reaction, the rate constants -for the homogeneous reactions are
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then defined as, k;” = k;Kyppa[H:0) and k," = k;K,,4p[H-0). Since the protonation in
relation to the substitution reaction occurs relatively fast (Kypps at 25°C = 101
and Kyqp at 25°C = 10™*%"; Daubert and Danner, 1989), the rate of change of the
protonated MPDA and MAP concentration can be assumed to be equal to the
rate of change in the bulk solution. Kypps and Kuup are defined according to
Equation 4.7. The hydronium ion concentration can be assumed constant
throughout the reaction (see Table 4.16). [4S] is assumed to equal the hydronium

ion concentration when [NH3] in Table 4.16 equals 0.0264mol/L.

The k' = kKupdH:0] and k" = JoKuup[H,0] values obtained for the
homogeneous (H;SO4 HizPOs and (NH.)H.PO,) reactions at the specified
reaction conditions are obtained by means of minimising the sum-squared errors
of (i - P)I¥)? (y: represents the data points and y; the curve fitted values) (see

Table 4.17). Error analyses are not provided.

Table 4.17 Rough evaluation of rate constants for the conversion of
MPDA to resorcinol in the presence of mineral acids H;S0,,
H3P04 and (NH4)H2PO4

Run  Mineral Acid Temp.  [45]" k@ k@ No.Data  Range
No. (°C) {mol/L) {L/mol/r) {L/mol/h) Points (hours)
1 H.804 225 59E-2 4 0E+0D 1.0E+1 6 0-23
2 Ha504 225 1.3E-1 3.1E+0 4 6E+0 7 0-24
3 HaS50, 275 57E-2 31E+1 1.6E+2 B 0-24
4 HiPO, 225 6.1E-3 2.6E+1 1.9E+2 B 0-27
5 HiPO, 275 3.2E-3 3.5E0+2 3.5E+3 5 0-25
6 (NHa)HPO4 225 3.3E-5 1.3E+2 3.0E+3 6 0-27
7 (NHOHPO, 275 1.7E-8 31E+3 1.1E+4 5 0-48

M [45] is assumed to remain constant and equal the hydronium ion concentration when [NH;) in
Table 4.16 is equal to 0.0284mol/L.

@ The given values for k," = k;KuppaH:0) and k" = koKyup[H,0) only represent a rough evaluation
thus an error analysis is excluded.

A change in the hydronium ion concentration whilst maintaining the reaction
temperature constant should lead to the same rate constants for k,° =
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kiKvppa[H20) and &, = koKyp[H20) regardless of the type of mineral acid used. At
any particular temperature, the equilibrium constants Kyrps and Kjup remain
constant. Due to the large excess of water and relatively low hydronium ion
concentration, the water concentration can also be regarded as being constant.
Comparison of the rate constants in Table 4.17 at a given temperature show that
the rate constants k;” and &,” depending on the mineral acid used, varies by 2
orders of magnitude. The rate constants obtained for reactions in the presence of
H,SO, are generally quite low (k;",25c = ca. 3.6E+0, k; 25 = ca. 7.3E+0; and
(k;">7sc = ca. 3.1E+1, k," 575 = ca. 1.6E+2), while the rate constants for reactions
with (NH4)H,PO, are quite large (k"5 = ca. 1.3E+2, k; 25+ = ca. 3.0E+3; and
(k1" 275 = ca. 3.1E+3, ky 275 = ca. 1.1E+4).

The respective rate constants for HsPO, are ca. 1 order of magnitude larger than
the those of H;SQO4, and 1 order of magnitude less than those of (NH4)HPO,. It
is Iikely’that the rate constants obtained for H;PO, are the most accurate since its
ionisation constant (unlike for H,SO,) at reaction temperature is known. Due to
the rough prediction of the ionisation constants for H.SO,, the ionisation
constants could quite easily be one order of magnitude less than those predicted
in Table 4.15. In fact, using the equilibrium constants obtained for H.SO, = SO.*
+ 2H" (with appropriate adjustments made to Equation 4.13) would lead to a
value quite close to those for H3PO,. Regarding the use of (NH4)H2PO4, small
deviations may influence the solution pH because H,PO, is a very weak acid.
Since the reactant used is (NH4)H2PO,, the system may equilibriate resulting in
the formation of some NHj; (gas phase) and H;PO, (liquid phase). This would

result in a more acidic solution.

Comparison of the rate constants k," and &’ (see Table 4.17) reveals that the
observed k," is between 2 and 10 times larger than k,". This is quite interesting
because a larger value is expected for k," rather than k", since Kyepy at 25°C =
10**"" is greater than K. at 25°C = 10"*% [Daubert and Danner, 1989] by a

factor of 5.5. It is reasonable to assume that Kypps / Kiup = 5.5 irrespective of
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temperature despite the fact that a decrease in the dielectric constant (78.4 at
25°C, 30.4 at 225°C and 23.0 at 275°C; Akerlof and Oshry, 1950) would result in
a decrease in Kypps and Kjyup at reaction temperature by several orders of
magnitude. The most likely reason for k" being greater than ;" is that the time
zero chosen to correct for the ramping period should be taken at a temperature
even closer to the final temperature than the one chosen in Section 4.6.1.4.

Table 4.18 Comparison of activation energies of H,S0,; H3;PO; and

(NH,4)H;PO,
Minera! Acid or Activation Energy, E,, " Activation Energy, E,, "
Aluminosilicate (kJ / mol) {kd / mol)
HoS04 a8 144
H3PO4 118 132
(NH)HPO, 144 59

t E,;and E‘,‘ 2 respectively refer to the activation energies obtained for k,” and k,” for the mineral
acids; and k, and &, for the heterogeneous aluminosilicates.

The activation energies obtained for the reactions with H,SO,4 HiPO4 and
(NH4)H2PO4 do not follow any particular trend regarding the acid strength of the
mineral acids. The grouping together of constants to k;" = k;KyppsH:0] and k" =
kgKM,;p[HQO] may hardly affect relative changes in the activation energies since
large changes in the hydronium ion concentration between 225°C and 275°C is
unlikely. The observed differences in the activation energies of the reactions in
the presence of homogeneous acids might be ascribed to the differences in the

ionic strengths of the solutions.

Mole-balances larger than 95% confirm that only minute amounts of resorcinol
ethers are produced. This is even true when using H,SO, at 275°C, where
additional products may be formed since H2S0O4 at 275°C becomes an oxidising
agent [Taylor and Battersby, 1967). The resorcinol ether formation is controlled if
the mineral acid is diluted to such an extent s0 as it not being able to exert an
strong hydrophilic force that encourages the formation of ethers. The formation of
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ether is controlled by either using a weaker acid that still allows for an
appreciable hydronium ion concentration, or diluting the strong acid to such an
extent that its quest in search of additional water to allow for its hydrolysis is
reduced. The disadvantage of very strong acids is, however, that upon strong
dilution, its concentration does not correspond to the stoichiomentric amount

required for the complete conversion.

4.6.3 HOMOGENEOUS ACIDS VERSUS ALUMINOSILICATES

Equations 4.9 and 4.10 derived to model the concentration-profile of MAP and
resorcinol are also applicable to heterogeneous reactions, i.e. reactions in the
presence of aluminosilicates. As for the case of the mineral acids, the rate of
change of MAP adsorbed can be assumed to be equal to the rate of change in
the bulk solution. Equation 4.8 cannot be fitted to the concentration data of
MPDA due to its strong adsorption during the initial ramping period.
Consequently, the reaction rate data have to be modelled according to Equations
4.9 and 4.10. During optimisation, the pseudo MPDA concentration is obtained
by means of a simple mass balance, i.e., [MPDA] = [MPDA,,,) - [MAP] - [RES],
with only the concentration curves of MAP and resorcinol being optimised.

It can be assumed, as with the homogeneous reactions, that the produced
ammonia poisons the Brensted acid sites on the heterogeneous solids. An
overall mass balance gives an expression for the number of acid sites available
during the course of the reaction:

[45]=[4S,]- [M4P]- 2[RES]- [MPDA" |- [pap ]

, where [4S)] refers to the initial number of acid sites; [M4P] and [RES] to the
equivalent bulk concentrations of MAP and resorcinol; and the superscript ‘prot'
refers to the compounds chemisorbed to the Brensted acid sites via the ~NH;z

4.14
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functional group. Developing a similar expression for [MAP?"] as for [MPD4"™'] in

Equation 4.7, Equation 4.14 can be rearranged to give:

(5] (A8 |-[MAP]-2(RES]

"1+ K,y [MPDA)+ K, . [MAP] 4.15

Substitution of Equation 4.15 for [4S] in Equations 4.9 and 4.10, leads to the

expressions:

[45,]-[MAP]-2[RES]
1+ K, pps [IMPDA)+ K ,,,, [MAP]
[45,]-[MAP]-2[RES]
1+ K, pps [MPDA)+ K , ,, [MAP]

%[mppm' )= k\K oy [MPDAJx [H,0]

4.16
—ky Kyp [MP]X [HZO]

[4S, ]~ [MAP]-2[RES]

1+ K, pps [MPDA)+ K ,,,» [MAP] a7

ZRES] = kK o [MAPIx [,0]

The adsorption study in Section 4.4.2.6, however, shows that the amount of
MPDA and MAP physisorbed on the zeolites is much larger than the amount
chemisorbed. The equilibria between the compounds in the bulk of the solution
and the physisorbed compounds have to be taken into consideration.

phys {MPDA] nd Kphys - [A’!AP]

meDA =Ty i gohos a MAP “Wﬂ 4.18

The constant Kyrps as given by Equation 4.7 is still valid, however, the
equilibrium constant now refers to an equilibrium existing between [MPDA?"*] and
[MPDA"")]. The same is true for Kuup. Due to the large assimilation of organic
species around the heterogeneous solids, the concentration of physisorbed water
inside the pore structure ([H;0P?"] can differ considerably from the concentration
of water in the bulk solution. Similarly to Equation 4.18, another equilibrium
constant term, i.e., Kwae™", IS required to account for the change in bulk to
physisorbed water concentration. Equations 4.16 and 4.17 are rewritten as:
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[45,]-[m4P]-2[RES]
1+ K35 K poa [MPDAY+ KKy [MAP]

Z IMAPY= kK 22 K MDA} K52 [F1,0]

Water

4.19
- - 2[RES]
-k KphysK MAP Kphy: H 0] [ASi] [M/LP]
R A O ol MPDAL" K K i 7]
2 [RES]= ko K32 s [MAP]x K22 [0 s |- [Mar]-2RES) 4.20

dt 1+ K2 Ko [MPDA|+ KK, . [MAP]

The number of parameters given in Equations 4.19 and 4.20 need to be reduced.
Since the amount of MPDA adsorbed on the aluminosilicates (see Section
4.4.2.6) is relatively large, the equilibrium constants may not automatically be
assumed as being small. Equations 4.19 and 4.20 can be simplified by means of
the following ratio R:

R= KA%JSA K viepa 4.24
K fzio K e
The R-term is expected to be greater than 1 since the adsorption of MPDA
relative to MAP onto the heterogeneous solids is preferred. Substitution of R into

Equations 4.19 and 4.20 gives:

d. [48,]-[M4P]-2[RES]

_[WP] = (k1R[MPDA]X Ko [H20]—k2 [M’{P]XK;'K» [H20]) 1 4.22
a , '+ R[MPDA]+[M4P)
Kl Ko
2 (pas]= by [P g 10— A3 DAP - 2LRES] 423
d + R[MPDA]+[MAP]
KL K

The denominator in Equations 4.22 and 4.23 can then be simply rewritten as
'RIMPDA]' by assuming that the term R[MPDA] is considerably larger than
UK Kigap) + [MAP]. This assumption is, however, only valid for the first few
sampling points of a given reaction, i.e., when the concentration of MPDA in the
bulk solution is larger than the MAP concentration. The term '1/(KMAF”’W"‘KMAP)' is
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expected to be small since the adsorption of MAP onto the heterogeneous solids
is quite large (see Section 4.4.2.6 for aluminosilicates and Section 4.5.1.3 for
zirconium phosphates).

%[WP] [k « K [H,0]—k, x K22 [H O]T—L/L;; l )([ S, |-[MaP]-2[RES])  4.24
j[RES] k,x K2 [H, o]ﬁl-}-]([fw] [MAP]-2[RES]) 4.25

Equations 4.24 and 4.25 can now be expressed in terms of 2 parameters by
assuming that R and [H;0] remain constant throughout the reaction. According to
Equations 4.24 and 4.25, the rate constants for the heterogeneous reactions are
then defined as, k" = kiKwae”™[H:0] and k" = koK™ [HOYR.

Table 4.19 Evaluation of rate constants for the conversion of MPDA to
resorcinol in the presence aluminosilicates H-USY, H-BETA, H-
ZSM-5 (Si/Al = 13), H-ZSM-5 (Si/Al = 22) and silica-alumina

Run Alumino Temp.  [4S] k" k™®  No. Range Remarks
No. silicate®”  °C mol/l. L/molrh L/mol/h  Pts. hours
usy 225 5.7E-2 2.6E-2 1.8E-2 3 0-8 framework destruction
Usy 275 5.7E-2 1.1E-1 1.2E-1 3 0-2 framework destruction
10 Usy 300 5.7E-2 5.8E-1 3.6E-1 2 0-1 framework destruction
11 Beta 228 2.9E-2 1.2E-2 9.3E-2 5 0-11 low activity
12  Beta 275 2.9E-2 2.1E+0 1.0E+0 2 0-1  partially catalytic
13 Beta 278 2.9E-2 2.6E+0 14E+0 2 0-1 partially catalytic
14 Beta 300 2.9E-2 3.8E+0 2.1E+0 2 0-1 partially catalytic
15 ZM(13) 225 2.6E-2 8.3E-4 3.5E-3 7 0-36 low activity
16 ZM(13) 275 2.6E-2 3.7E-3 1.1E-2 5 0-24 low activity
17 ZM{13) 300 2.6E-2 5.5E-3 1.8E-2 5 0-24 low activity
18 ZM(22) 300 1.98-2 1.7E+0 1.4E+0 2 0-1  partially catalytic
19 Si-Al 300 5.6E-2 3.1E-1 4 3E-1 2 0-1 dealumination
) ZM(S/AI=13) and ZM(Si/AI=22) respecuvely refer to ZSM-5 (SI/AI = 13) and ZSM-5 (Si/Al = 22)
@ For heterogeneous systems, k" = kiK™ TH,01 and k" = kKo™ “[H,OUR.

Apart for the aluminosilicates showing low activities (see Table 4.19), only the
first 2 to 3 data points can be used for the optimisation since other effects
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(dealumination and some catalytic activity) occur during the course of the
reactions that have not been considered during the derivation of the original
equations. Also Equations 4.24 and 4.25 are only valid for low conversions of
MPDA due to the assumptions made during their respective derivation. The
number of data points as well as the reaction-time period used for the calculation
of k,"" and k,”" are included in Table 4.19. For each reaction, the main reason for

the chosen data range is also included.

The framework structure of H-USY during the reaction is destabilised very
quickly, even at the relatively low reaction temperatures of 225°C. The framework
collapse coupled with the ensuing dealumination and destruction of Brensted
acid results in the reaction not being able tb go to completion. This is despite the
fact that the initial number of acid sites on H-USY added to the reactor exceeds
the number of acid sites required. Considering Equation 2.30 in Chapter 2
derived by Wang et al. [1991] on the dealumination of USY at given temperatures
and pressures, the half-life of H-USY in saturated water at 225°C, 275°C and
300°C is respectively calculated to occur after 493, 45 and 16hours. The
relatively rapid serious destruction of H-USY after a reaction time of only Shours
at 225°C and thour above 275°C can therefore be due to the presence of
adueous MPDA in the reaction mixture. The presence of amine containing MPDA
molecules in agueous solution is likely to aid the dealumination process and
thereby enhance the rate of destruction of the H-USY framewaork.

Although H-Beta also undergoesvsome framework destruction during the course
of the reaction (see Section 4.4.4), the reason for including only the first few data
points during the kinetic analysis is due to the reaction being partially catalytic,
viz. the number of Bransted acid sites on H-Beta added to the reactor is less than
the amount required to obtain the observed resorcinol yields. Consequently, at
reaction temperature an equilibrium is likely to exist between ammonia adsorbed
on H-Beta and the ammonia in solution and ammonia in the reactor head space.
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H-ZSM-5 (Si/Al = 13) and H-ZSM-5 (Si/Al = 22) do not show framework
destruction during the course of the reaction. However, the activities of the two
zeolites are remarkably different. Whereas the activity of H-ZSM-5 (Si/Al = 13) is
very poor, H-ZSM-5 (Si/Al = 22) is much more active. Similarly to H-Beta,
reaction in the presence of H-ZSM-5 (Si/Al = 22) also tends to be partially
catalytic and thus only the first 2 data points can be used for predicting the rate
constants for reactions in the presence of H-ZSM-5 (Si/Al = 22).

Similarly to H-USY, the BET-surface area is reduced considerably during the
course of the reaction using silica-alumina at 300°C (see Section 4.4.4). The
dealumination of silica-alumina leads to the loss of Brensted acid sites, which is
also reflected in the concentration profile. Therefore, only the first 2 data points
collected during the reaction with silica-alumina can be used for the kinetic

analysis.

Comparison of the rate constants of zeolites H-USY, H-Beta, H-ZSM-5 (Si/Al =
13) and H-ZSM-5 (Si/Al = 22) with their respective crystallite sizes (see Table
4.18) suggests that some sort of relationship does exist between these two
parameters. A decrease in the crystallite size leads to an increase in activity.
Assuming a constant aluminium gradient existing within the zeolite crystal, the
fraction of external [4S.] relative to the total number of acid sites [4S)] can be
calculated. This fraction depends on the average crystal diameter and the
framework density of USY (13.3T-atoms per 1000A3), Beta (15.3T-atoms per
1000A% and ZSM-5 (18.4T-atoms per 1000A%) [Meier et al., 1996]. Assuming
that the crystals are spherical, the external area relative to the total area can be
calculated. This ratio can then be assumed proportional to [4S.,] / [4S]].

Division of the rate constant, k;”, obtained for each zeolite at 300°C by [4S..]
leads to a value of 5.5E+2 for USY, 2.6E+3 for Beta, 5.5E+1 for ZSM-5 (Si/Al =
13) and 3.4E+3 for ZSM-5 (Si/Al = 22). The k;""|4S.] values calculated for Beta
and ZSM-5 (Si/Al = 22) become identical, while the k;"'/[4S..] value for ZSM-5



216 Chapter 4 — Results and Discussion

Table 4.20 Comparison of runs in presence of zeolites at 300°C with their
respective crystallite sizes and external acid concentrations

Run  Aluminosilicate kT kO Crystal diameter density  [AS.]
No. L/mol/h L/mol/h (diameter mean) (um)  (g/ml) mol/L.
10 Usy 5.5E-1 3.6E-1 04-05 (045 1.33 1.0E-3
14 Beta 3.6E+0 2.1E+0 <0.3 (0.18) 1.83 1.4E-3
17 ZSM-5 (Si/Al=13)  5.5E-3  1.5E-2 10-50 (3.0) 184  1E-4?
18 ZSM-5(Si/AI=22) 1.7E+0  1.4E+0 0.5 (0.5) 184  3E4%

) For heterogeneous systems, ;" = kK™ [H,0] and &, = kK™ [H,0)R.
@ The adsorption of 4-methyl-quinoline predicts the external area of ZSM-5 (Si/Al = 22) being 16
fimes the area of ZSM-5(SiFAI = 13)

(Si/Al = 13) deviates the most. However, the adsorption of 4-methyl-quinoline
does predict that the external area of ZSM-5 (Si/Al = 22) is 16 times the area of
ZSM-5 (Si/Al = 13), which implies that for ZSM-5 (Si/Al = 13) a value close to that
obtained for USY can be expected. Consequently, for all zeolites the dominant
part of the reaction seems to occur on the more external surface acid sites.

The true reaction rate constants k; and k; obtained for the mineral acids (k,' =
kiKuppalH;0] and k;” = k:Kuup[H,0]) can be compared to the true reactidn rate
constants 4; and k; obtained for the aluminosilicates acids (k;" = kKwue ™ [H0]
and k" = kKwu"[H:0VR). Judging from the decrease in the ionisation
constants of mineral acid (see Table 4.15) when raising the temperature from
25°C to 225°C (pKya 251 - PKua2sc = -1.740.8) and 275°C (pKyu 25 - PKua27sc =
-2.3£0.9), it follows that Kypps 25w ~ 104, Kippazse ~ 10°%8, Kuup,2zsc ~
1027 and Kuupzse ~ 10", The water concentration in the bulk solution is
regarded as being constant. Since all concentrations are related to the density of
water at ambient temperatures, [H;0] = 55.6mol/L. Kpa."™ is less than unity
since the strong adsorption behaviour of MAP and MPDA on the aluminosilcates
would result in less water adsorbed on the aluminosilicate surface. Arbitrarily
setting Kiwue”™ = 0.5 and R = (Kupod” Kuwpa) | (Kua” Kuap) = 2 allows for a
rough estimation of the true rate constants k; and k; (see Table 4.21).
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Table 4.21 Comparison of true rate constants &; and k; in the presence of
HiPO, with reactions conducted in the presence of
aluminosilicates

Run  Acid® Temp.  [4S] k" k' No.Data  Range
No. (°C) (mol/L) (L/mol/h) (L/mol/h) Points (hours)
4 HaPO4 225 6.1E-3 2E-4 7E-3 5] 0-24
8 Usy 228 8.7E-2 9E-4 1E-3 3 0-5
11 Beta 225 2.8E-2 4E-4 7E-3 5 0-11
18 ZM(13) 225 2.6E-2 3E-8 3E-4 7 0-36
5 HaPO4 278 3.2E-3 1E-2 5E-1 5 0-25

usy 275 57E-2 4E-3 9E-3 3 0-2
13 Beta 275 2.9E-2 9E-2 1E-1 2 0-1
16 ZM(13) 275 2.6E-2 1E-4 8E-4 5 0-24

(=

" Values calculated from k; and &, with the assumption of Kyepg 225 ~ 107, Kuppazsc ~

10*28, [H,0] = 55.6moliL, Kyue"™ = 0.5and R = 2.

@ values calculated from k" and k,”" with the assumption of Kyyp 225c ~ 10°%7, Kygparse ~ 10727,
[H,0] = 55.6mMOl/L, Ky = 0.5 and R = 2,

Although it needs to be acknowledged that the prediction of the equilibrium
constants is quite crude and the values given for k; and k; may differ by few
orders of magnitude, some type of comparison can be made. The rate constants
for the conversion of MPDA to MAP (k;) are generally smaller than the rate
constants for the conversion of MAP to resorcinol (k;). The rate constants k; and
k; for H:PO4 are on average equal (although there are exceptions) to those for
Beta (if the predicted unknowns are correct), which in turn are larger than those
obtained for USY and ZSM-5 (Si/Al = 13). This can be explained based on the
observations made regarding the number of acid sites on the external surface
versus the number of acid sites inside the zeolite pore structure. According to the
rate conétants in Table 4.21, all the acid sites on H-Beta are equally accessible to
the MPDA and MAP molecules as is the case with homogeneous acids. The
larger crystallites of H-USY and H-ZSM-5 (Si/Al = 13), to a large extent, only
make the more exterior Brensted acid sites accessible to the incoming reactants,
thus reducing the values calculated for the rate constants since not all the
Brensted acid sites are utilised to the same extent.
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4.6.4 AQUEOUS ACIDS VERSUS ZIRCONIUM PHOSPHATES

The equations derived for the aluminosilicates are also applied to characterise
the reactions in the presence of the zirconium phosphates. Only the simplified, 2
parameter rate equations, i.e., Equations 4.24 and 4.25, are considered with the
rate constants being defined as ;" = kiKpae” ™ [H0]) and k;" = koK are ™ [H,0)R.
As already mentioned in Section 4.6.3, Equations 4.24 and 4.25 are only
applicable when the MPDA conversion is low.

Table 4.22 Rough evaluation of rate constants for the conversion of
MPDA to resorcinol in the presence zirconium phosphates a-
ZrP, a-ZrP400, y-ZrP and y-ZrP400

Run Zirconium Temp.  [4S] k0 k" No. Range Remarks
No. Phosphate °c mol/l. L/molh L/molh  Pts. hours

20 o-ZrP 225 1.9E-1 3.9E-3 14E-2 4 -9 -
21 o-ZrP400 225 1.86E-1 B.4E-3 2.1E-2 4 -9 —
22 o-ZrP400 275 1.6E-1 3.8E-2 3.2E-1 2 -1 -
23 yZrP 225 9.0E-2 2.4E-1 1.0E-1 2 -1 -
24 y.ZrP 225 9.0E-2 2.7e-1 1.2E-1 2 0-1 -
25  y.ZrP 275 8.0E-2 5.4E-1 7.2E-1 2 0-1 -
26 y-ZrP400 225 5.3E-2 8.5E-2 9.9E-2 3 0-85 increasein
reaction rate
27 y-ZrP400 275 §.3E-2 7.89E-2 8.0E-1 2 0-1 increasein

reaction rate

™ For heterogeneous systems, k" = &:Kwue™ [H;0] and k" = kK yae”™ [H,OYR.

The a-zirconium phosphates may resemble the homogeneous reactions more
closely than the aluminosilicates. The more open architecture that the layered
solids provide allows the MPDA greater mobility and access to the active sites.
Since the fixed ionogenic phosphate groups on the layered zirconium phosphate
macromolecular planes are essentially constituents of mineral ortho-phosphoric
acid, the general interaction of the Brgnsted acids with the surrounding aqueous
solution would also resemble that of the homogeneous reactions more closely.
Further, leaching of phosphates into solution does not necessarily involve the
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destruction of acid sites as is the case with aluminosilicate since the leached
phosphate-amine salt in solution can undergo a subsequent substitution reaction
as suggested by Clearfield ef al. [1984] (see Section 4.5.2). The presence of
previously adsorbed amines also encourages the leaching of amine-phosphate
into solution as well as the transformation of «-ZrP and «-ZrP400 into
(NH4)Zr(POy)s [Clearfield et al, 1984, Herzog-Cance et al., 1992]. The rate
constants k;"" and k,” for a-ZrP400 at 225°C are twice the ones obtained for a-
ZrP. This can be explained on the basis that the Brensted acid sites on a-ZrP400
are stronger than on o-ZrP [Clearfield and Thakur, 1980]. Therefore, an amine
compound interacts more rapidly with an acid site on a-ZrP400. In comparison to
a-ZrP, the few P-O-P bonds existing between the a-ZrP400 layers seem to have
a minor effect in preventing the layers to spread. The XRD patterns after the
reactions at 225°C (see Figure 4.48) also confims that formation of
(NH4)Zr2(PO4)3 occurs more readily with o-ZrP400 than with o-ZrP. This implies
an 3ncreaseAd reaction rate for a-ZrP400, since the leaching of phosphate-salts

into solution occurs more quickly.

The reaction rate constants k;," and &, calculated for the y-ZrP and y-ZrP400 are
- considerably larger than the ones calculated for the o-ZrP and o-ZrP400 (see
Table 4.22). It is generally accepted that the Brensted acid sites on y-ZrP are
stronger than the ones on a-ZrP [Espina et al., 1998; Herzog-Cance et al., 1992;
La Ginestra and Patrono, 1987]. Since the interlayer distance of y-ZrP (12.20A)
are larger than the ones of a-ZrP (7.55A), the driving force required for spreading
the layers of y-ZrP are reduced considerably. Therefore, the édsorpﬁon rate
constants for MPDA on y-ZrP are expected to be large. The reaction rate
constants observed for y-ZrP400 tend to increase with reaction time. This can be
explained on the basis that large amounts of P-O-P bonds do exist between the
individual y-ZrP400 layers. Also the interlayer distance is considerably less

(8.26A). After an initial induction period (ca. 2hours), the reaction rate increases
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considerably since a drastic increase in the rate constants is observed when all
data points of a particular reaction are included as opposed to only the first two.

Similarly to the aluminosilicates, the zirconium phosphates can act as
concentrating 'vessel', where a large amount of MPDA is previously adsorbed on
the macromolecular plains. This would lead to a large concentration of
protonated MPDA species, which upon reaching a certain temperature would
react with water and result in the relatively quick observed formation of MAP
and/or resorcinol. The true reaction rate constants k;, and k; for the zirconium
phosphate can again be compared to those of the mineral acids by assuming

that: Kipps 225c ~ 10™%% Kippazzsc ~ 1078, Kyup.oosc ~ 1027, Kyuporse ~
10'0'2.1' KWalerp}WS - 05 and E= (KI\JPDAP}WSKMPDA) /(KMAPFIWSKMAP) = 2

Table 4.23 Comparison of true rate constants &; and %; in the presence of
H3;PO, with reactions conducted in the presence of zirconium

phosphates

Run  Acid® Temp. [45] £ B2 No.Data  Range

No. (°C) {mol/l.) (L/mol/h) (L/mol/h) Points (hours)
4 HaPO4 225 6.1E-3 2E-4 7E-3 6 0-24
20 oZiP 225 1.9E-1 1E-4 1E-3 4 0-9
21 g-ZrP400 225 1.6E-1 3E-4 2E-3 4 0-9
23 yziP 225 9.0E-2 9E-3 7E-3 2 0-1
26 y-ZrP400 225 5.3E-2 3E-3 7E-3 3 0-5
5 H3PO4 275 3.2E-3 1E-2 5E-1 5 0-25
9 a-ZIP400 275 1.6E-1 1E-3 2E-2 2 0-1
13 y-zZiP 275 9.0E-2 2E-2 7E-3 2 0-1
16 y-ZrP400 275 5.3E-2 3E-3 6E-2 2 0-1

"' Values calculated from &, and &, with the assumption of Kypeps 22sc ~ 107, Kuppazrsc ~
10*%%, [H,0] = 55.6mol/L, Kyue”™ = 0.5and R = 2. 1
@ values calculated from k," and &, with the assumption of Kyup 22sc ~ 1027, Kyuparse ~ 1027,
[H,0] = 55.6mol/L, Ky =05and R=2.

The rate constants obtained in the presence of a-ZrP and a-ZrP400 (see Table
4.23) are less than the rate constants obtained for reactions with phosphoric acid.

Since the true rate constants for o-ZrP400 is greater then a-ZrP, it can be



Comparison of Mineral Acid and Solid Reagents / Catalysts 221

concluded that the slow / partial splitting of the layers results in less acid sites
being utilised by the incoming MPDA and MAP molecules, especially during the
initial reaction period. This is furthered by the observation that the rate constants

for y-ZrP with a basal spacing 1.6 times that of o-ZrP approach those obtainec
for H3PO,.
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4.7 OUTLOOK FOR REPLACEMENT OF HOMOGENEOUS
ACIDS WITH HETEROGENEOUS ANALOGUES

Resorcinol can be produced in high yields and selectivity from MPDA in the
presence of homogeneous and heterogeneous acids. However, the economic
factor is the largest determinant regarding the replacement of homogenous acids

by heterogeneous solids.

4.7.1 REACTIONS WITH HOMOGENEOUS ACIDS

The mineral acids as reactants are cheap. However, the mineral acids tend to be
highly corrosive at the required reaction temperature, thus making the process
very capital intensive due to construction and maintenance costs. The separation
of the mineral salt product from the reaction mixture as well as the subsequent
drying of the salt requires additional separation / drying units and is also very
energy intensive. The produced mineral salt has a low commercial value. Apart
for the production of fertilisers, the formed ammonium salts can be regarded as

waste products.

4.7.2 REACTIONS WITH ALUMINOSILICATES

If the conversion of MPDA to resorcinol is carried out in the presence of
aluminosilicates, the reactor maintenance costs are reduced considerably since
the acid sites on the aluminosilicates have a minute effect on the corrosion of the
reactor walls. Also the separation costs in terms of energy required to separate
the aluminosilicates from the bulk mixture are reduced considerably. The process
in the presence of aluminosilicates would also be more environmentally friendly

since the amount of waste produced in terms of mass of ammonium is reduced
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considerably. Further, the safety in the work environment is enhanced since in
the event of spillage the solids are essentially harmless. The disposal of the used
aluminosilicates is also less hazardous with the waste being easily stored.

The disadvantage with the aluminosilicates is that they are relatively expensive
(see Table 4.24). The cheaper aluminosilicates, i.e. H-USY and silica-alumina,
are unsuitable for the conversion of MPDA to resorcinol as shown by their loss in
activity and surface area after one reaction at 300°C. Although reactions with H-
Beta give turnover numbers (NH3 produced per number of Bransted acid sites)
greater than 1, the zeolite is relatively expensive with full framework destruction
likely to occur after 2-3 reaction cycles. The regeneration of the aluminosilicates

is also quite energy intensive.

Table 4.24 Cost of selected aluminosilicates

Aluminosilicate Cost ($/kg)”

Silica-alumina -

H-USY 2-4
H-Beta ’ ca. 70
HZSM-5 (untemplated synthesis) ca. 10
H-ZSM-5 (templated synthesis) ca. 50

™ J.C.Q. Fletcher, personal communication [2001]

The H-ZSM-5 synthesis tends to be very stable under the reaction conditions and
is relatively cheap if its production occurs via the untemplated synthesis. Since
the resorcinol selectivity in the presence of aluminosilicates remains unaffected,
whether H-ZSM-5 is produced by means of a template is unimportant, as long as
the untemplated synthesised H-ZSM-5 remains stable under the reaction
conditions. The activity of H-ZSM-5 can be improved if the H-ZSM-5 crystal size
is small and the temperature is raised above that of the present investigation.
With a suitable reactor design, the removal of ammonia that collects in the
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headspace could increase the turnover number and thereby reduce the number

of regeneration cycles.

4.7.3 REACTIONS WITH ZIRCONIUM PHOSPHATES

The conversion of MPDA to resorcinol in the presence of the zirconium
phosphate needs to be conducted at lower temperature to prevent the leaching of
phosphates into solution and also its subsequent transformation to
(NH4)Zra(POg4)a. At the lower temperatures, i.e. 225°C, the turnover numbers
(NH; produced per number of Bransted acid sites) for the conversion of MPDA to
resorcinol are likely to remain below one and thus the reaction can hardly be
classified as catalytic. The zirconium phosphates do show some degree of
regenerability as observed for y-ZrP400, which after 3 cycles still leads to good
resorcinol vields (>70%). No commercial prices for zirconium phosphates are
available. Since these compounds are less stable than H-ZSM-5, the use of
zirconium phosphates for the present process is not viable. However, the
regeneration of zirconium phosphates by means of aqueous HCL at ambient
temperature [Alberti et al., 1989] as a possible regeneration step has not been
considered in the present investigation. Thereby, the framework structure of the
zirconium phosphates may not be destroyed as quickly as observed for the kiln

treated zirconium phosphates.
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5. CONCLUSIONS AND RECOMMENDATIONS

The conversion of MPDA to resorcinol in the presence of an acid reagent is a
consecutive reaction with the intermediate product being MAP. The reaction
MPDA — MAP — resorcinol in the presence of an acid can be regarded as
irreversible. Under the dilute reaction conditions (initial MPDA concentration =
26.4mmol/L and mineral acid < 200mmol/L), resorcinol is attainable in high yield
and with high selectivity (resorcinol yield > 95mole-% for H,SO4 and H3PQ,) at
reaction temperatures between 225°C and 275°C. No conversion of MPDA is
detected in the absence of an acid. From studies using mineral acids, it is
deduced that the rate of reaction is directly proportional to the hydronium ion
concentration. Kinetic analyses reveal that the protonation of MPDA or MAP
molecules occurs quickly and that substitution of the protonated amine group by
ipso attack of a hydroxyl group is the rate limiting step. The purpose of the
mineral acid is thus to both provide hydronium ions and neutralise the ammonia
produced in order to drive the reaction towards the production of resorcinol. This
is also confirmed by means of a thermodynamic study where it is shown that the
equilibrium conversion of MPDA in the absence of a mineral acid is poor.

Mole-balances over all sample points reveal that under all conditions a maximum
of 5% of MPDA remains unaccountable. This can be due to the formation of
polyethers, but may also be due to some additional interaction / adsorption of the
MPDA with the stainless steel walls of the autoclave. The reaction studies with
mineral acids confirm that the mineral acid ionisation constant and the acid
concentration inside the reactor determines the extent of the production of
polymeric ethers. Mineral acids having an ionisation constant greater than that of
hydronium ions are hygroscopic at high concentrations and lead to the production

of ethers once resorcinol is formed.

Other possibilities for the loss of MPDA can be the formation of low
concentrations of di- or poly-phenylamines (other than 3,3-diamino-
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diphenylamine and 3-hydroxy,3'-amino-diphenylamine) that remain undetected
by HPLC. These poly-phenylamines do break up as observed for 3,3'-diamino-
diphenylamine and 3-hydroxy,3'-amino-diphenylamine. Since the initial rate of
change of 3,3-diamino-diphenylamine production is greater than zero,
mechanistically the compound must be produced from 2 MPDA molecules. The
initial rate of production observed for 3-hydroxy-3'-amino-diphenylamine
suggests that it is produced consecutively. 3-Hydroxy-3'-amino-diphenylamine is
most likely produced by the reaction of the amine group on a MAP molecule with
one amine function group on the MPDA molecule. After prolonged reaction time
~ the concentration of 3-hydroxy-3'-amino-diphenylamine tends to zero. Due to the
presence of acid sites (homogeneous or heterogeneous) and water, the cleavage
of the dimers, ie., 3,3-diamino-diphenylamine and 3-hydroxy,3-amino-
diphenylamine, is more likely to occur via acid hydrolysis of the ~NH- group
bridging the two phenyl rings. Therefore, the breaking up of 3,3'-diamino-
diphenylamine would lead to the formation of 2 MAP molecules. The cleavage of
3-hydroxy,3'-amino-diphenylamine would lead to the formation of 1 resorcinol
and 1 MAP molecule. It is, however, also feasible that the formation of the dimers
is reversible due to a reaction equilibrium existing between the monomers and
dimers (see, for example, the conversion of aniline to diphenylamine over
partially metal-exchanged H-zeolites; Warawdekar and Rajadhyaksha, 1987).

Replacement of the mineral acids by aluminosilicates is possible, albeit at higher
temperatures (275°C and above). The requirement for the higher temperature is
due to the strong adsorption of MPDA on the surface of the aluminosilicate. The
activity is found to be a function of the Brensted acid site concentration, crystal
diameter, and the aluminosilicate framework stability. The use of zeolites instead
of mineral acids for the synthesis of resorcinol does not suppress the formation of

3,3'-diamino-phenylenediamine and 3-hydroxy, 3'-amino-diphenylamine. |

Although H-USY (Akzo Nobel, Si/Al = 5.6, Sger = 607m?/g, deysta = 0.4-0.6pum)
and H-silica-alumina (Kalichemie, Si/Al = 6.9, Sger = 367m?%g) have a high
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concentration of Bronsted acid sites and show good activity during the initial
reaction period, these aluminosilicates are very unstable and deactivate quite
rapidly. From XRD it is concluded that the framework structure of H-USY is fully
destroyed during the reaction, and BET-analyses on H-USY and silica-alumina
show a 90% reduction in surface area. The dealumination of the framework
aluminium with the ensuing destruction of Bregnsted acid sites results in an
incomplete reaction. The turnover number in terms of ammonia produced per
Brensted acid site is below 0.5.

H-Beta (Sudchemie AG, Si/Al = 14.4, Sger = 557m?/g, derystal < 0.3pum) shows the
highest activity of all the tested aluminosilicates (turnover number at 300°C = 1.6
mole NH; produced per mole Bransted acid sites). Under the reaction conditions,
however, the framework structure of H-Beta collapses partially with both XRD
and NBET analyses showing that the crystallinity of H-Beta after the reaction at
300°C is reduced to ca. 30% - 40% compared too that before the reaction.
Therefore, the reusability of the regenerated (kiln treated) H-Beta is limited. The
economic viability of using H-Beta as a reagent is slim since it is rather

expensive.

The use of H-ZSM-5 zeolites with low silica / alumina ratios is more economically
viable since the zeolites remain stable under the reaction conditions required for
the conversion of MPDA to resorcinol. The activity of H-ZSM-5 (Stidchemie AG,
Si/Al = 22, Sger = 312m7g, derystat = 0.5um) is considerably greater than the
activity of H-ZSM-5 (Sudchemie AG, SifAl = 13, Sger = 303m%g, deystat = 1 -
5um). This is despite the fact that H-ZSM-5 (Si/Al = 13) (turnover number at
300°C = 0.1 mole NH3 per mole acid sites) has more Brgnsted acid sites than H-
ZSM-5 (SI/Al = 22) (turnover number at 300°C = 1.1 mole NH3 per mole Brgnsted
acid sites). However, the activity of the zeolite is strongly dependent on the
crystallite size. This is confirmed by means of a kinetic analysis.
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Considering that the ammonia produced is greater than the number of Bransted
acid sites on some of the zeolites an equilibrium must exist between the
ammonia adsorbed on the zeolite, the agueous ammonia in bulk solution and the
gaseous ammonia in reactor headspace. Therefore, the tumover number over a
zeolite could be increased if the ammonia produced during the conversion of
MPDA to resorcinol is removed from the bulk solution and the headspace, and
this would be the easiest technique to drive the reaction towards the production
of resorcinol. Since ammonia is volatile, an increase in the reaction temperature
would result in more ammonia accumulating in the headspace. The reactor
temperature has to be optimised by taking into account the construction and
energy costs as well as the stability of the H-ZSM-5 zeolite, which is by far the
most stable zeolite.

The method used to predict the equilibrium adsorption constants of MPDA, MAP
and resorcinol by means of conducting adsorption studies at low temperatures
(30°C, 50°C, 70°C) is flawed. The reason is simply that aluminosilicates act as
‘concentrating vessels' that result in determining the heats of physisorption rather
than chemisorption. As a recommendation, the heat of adsorption could be
evaluated by means of a calorimeter in order to distinguish between the
physisorbed and chemisorbed material.

Since the conversion of MPDA to resorcinol seems to proceed only on the more
external region of the zeolites, the use of layered compounds such as zirconium
phosphates are investigated as an attractive alternative. The swelling property of
these Iayefed materials would increase the utilisation of the total number of acid
sites. Further, the ionogenic phosphate groups fixed onto the macromolecular
zirconium phosphate plane would resemble the mineral phosphoric acid quite
closely. These compounds are, however, not as stable as zeolite ZSM-5. The
conversion of MPDA to resorcinol over the zirconium phosphate needs to be
conducted at a lower reaction temperature (225°C or less) to minimise the
leaching of phosphates into solution. Although, the turnover number calculated
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for the hydrolysis of MPDA to resorcinol is ~0.6 moles NH; produced per mole
acid sites, the resorcinol vield and selectivity is high, as with mineral phosphoric
acid. The reaction in the presence of zirconium phosphates, however, cannot be
classified as being catalytic, but the use of zirconium phosphates presents an
opportunity to use a heterogeneous process as opposed to the traditional
homogeneous routes.

The thermal stability of zirconium phosphates if compared to the aluminosilicates
after being kiln treated at 400°C is relatively poor. As a recommendation, the
zirconium phosphates could be regenerated chemically at ambient temperature
in the presence of HCI [Alberti ef al., 1989].
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APPENDIX - A

Adsorption from Solution

The adsorption study is important for establishing the adsorption behaviour of
aqueous MPDA, MAP and resorcinol onto the aluminosilicates and zirconium
phosphates. The information obtained is also useful for kinetic reaction study,
which includes establishing the adsorption equilibrium constants for the liquid-
solid interaction at reaction temperature. The adsorption equilibrium constants for
a two component system have to be determined indirectly, i.e., at conditions
where no chemical transformation can occur [Dabrowski et al., 1987]. These
conditions are met by carrying out the adsorption isotherms at lower
temperatures and then predicting the isotherm at reaction temperature using the
Clausius-Clapeyron equation [Whittrock and Kohler, 1993].

The thermodynamic system consists of a liquid phase in contact with a solid
phase (the adsorbent) with the portion of the liquid phase in close proximity to the
adsorbent being termed the adsorbed phase. The boundary between the surface
and bulk phases, however, canridt be determined explicitly. The adsorption of a

liquid mixture is measured by the adsorption excess I';* with

It =n"m=n(x{ -x})/m

where »° is the total number of moles in the original solution, n,”™ represents the
reduced excess adsorption and (x,° — x;) is the change in the mole fraction of
bulk liquid caused by an adsorption process on an adsorbent of mass m. The
derivation of Equation A.1 requires the assumption that all molecules in solution
must have equal access to the surface adsorbent, generally not entirely
applicable to porous adsorbents such as zeolites with molecules (MPDA, MAP

and resorcinol) considerably larger than water.
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A.1 ISOSTERIC ADSORPTION HEATS

For the case of an ideal dilute solution, the molar heat of adsorption, 44, of a
single substance 2 dissolved in a solvent 1 can be determined from the
temperature dependence of the adsorption isotherm by use of the Clausius-
Clapeyron equation:

72 dlnx,

An* =-R .
or 17N

where x,’ denotes the mole fraction of solute in the bulk phase and I'; represents
the surface excess given by Equation A.1. Plotting the isosteres for the
compounds at various I';’ yields the adsorption enthalpy. However, the prediction
of the adsorption isotherms at reaction temperature from the data gathered at
lower temperatures requires some major assumptions. Although a change in the
available solid surface area and the pressure can be assumed negligible, the
enthalpy remains a strong function of the temperature as well as the amounts of
substances present in the active bulk phase and in the surface phase [Wittrock
and Kohler, 1993]. The extrapolation of the available data necessitates the
assumption that the averaged 4% is independent of temperature. Additionally,
the adsorption process has also been shown to be non-stoichiometric, with the
amounts of the adsorbing substances exchanged between the bulk phase and
the adsorbed phase not being coupled by constant ratios [Wittrock and Kohler,
1993]. The effect that temperature has on the densities of the compounds and
thus the amounts present in the adsorbed phase tends to suggest that the
exchange stoichiometry likewise is affected by a change in temperature.

Significant variations in the experimentally determined adsorption isotherms have
been reported in literature [Vidic et al., 1990] of which the allowed equilibration
time and the solution pH of the agueous solution were the dominant causes for
discrepancies. The pH plays a major part during the adsorption of organic
. compounds from the aqueous solution since the alteration in the solute-solvent
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interaction parameters caused by variations of the pH influences the amount
adsorbed onto the solid as observed by Narita ef al. [1985] studying the
adsorption of phenol, cresols and benzyl alcohol from aqueous solution by
silicalite. The time allocated for the equilibration is important in allowing enough
time for an adsorbate-solid, solute-solvent equilibrium without the occurrence of
possible side-reaction due to polymerisation or oxidation, which are commonly
observed after prolonged periods [Vidic et al, 1990]. Generally, the molar
volume, functional groups, polarity and solubility of the solute in water determine
the adsorption capacity [Derylo-Marczewska and Jaroniec, 1987].

A.1.1 ADSORPTION ISOTHERM EQUATIONS

Adsorption from solution involves an exchange process in which the solvent
molecules, i.e., water, are replaced from the solid surface by the adsorbate
molecules, i.e., MPDA, MAP or resorcinol. The adsorption isotherm at a constant
temperature is determined by the following parameters: (1) molecular interaction
in the bulk phase; (2) molecular interaction in the surface phase; (3) interactions
between the bulk and surface phases; and (4) molecular interaction at the
~ solid/solution interface which is also a function of the structural and chemical
heterogeneity of the solid surface. Dabrowski and Jaroniec [1987] extensively
reviewed theoretical foundations for the adsorption of binary liquid mixtures on
solid surfaces. However, the theoretical models described in this thesis are
based on very simplistic but realistic models, describing the adsorption processes
from dilute solutions. The assumed exchange process between the liquid and the
adsorbed phases can be represented by a quasi-chemical equation:

Q@ + ry & @2 + 1)

Variable r represents the ratio of the limiting values of adsorption for both
components. For a binary system, the change in the Gibbs adsorption energy is:

A3
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AG, atequilibrium =G, +r*G! -G, -r*G; =0

where G, partial molar Gibbs energy of compound in solution
G;* partial molar Gibbs energy of solvent at surface
G;* partial molar Gibbs energy of compound at surface
G, partial molar Gibbs energy of solvent in solution

The partial molar Gibbs energy for the sorbed components [Everett, 1965] may

be written

G =Gn +RTInxy; +(o,, o)W,

where G;+' is the partial molar Gibbs energy of pure i in contact with solid and o,
is the interfacial tension of this surface. The interfacial tension at the
solid/solution interface is denoted as o, and w; is the partial molar area occupied
by the i-th component. The full derivation of Equation A.5 in terms of a two-
dimensional spreading pressure, 7z, is described in Ruthven [1984], with 7 being
defined as the difference between the interfacial tension of the pure solvent-solid
interface and that of the solution-solid interface at the same temperature. For the
case of layered zirconium phosphates, Equation A.5 would have to include an
additional work term due to expansions required to allow molecules to diffuse into
the interlayer region, as explained in Section 2.3 (Chapter 2). For layered
“aluminosilicates and charged expandable clays, Feldkamp and Stauffer [1994]
associated the additional work term with the polarisation of the dielectric solution
within the interlayer distance. Analogous to the partial molar Gibbs energy of the
i-th component in the sorbed phase, that of the bulk phase is usually defined as

G: = Gll* +RTIn(x:}l:)+(p“pr‘,a)Vi

with the symbols p, p,, and ¥, respectively denoting the vapour pressure of the
solution, the vapour pressure of the i-th pure component and its molar volume. In
contrast to Equation 2.42, the last term in Equation 2.43 is normally neglected.

A4

A5

A.6
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Nevertheless, the partial molar Gibbs energy for both phases can be specified as

G’ =GL(T,p)+ RTIn(x")+ RT In(y/ );i=1,2; ¢ =1,s A7

with the term (o;, - o)w; in Equation A.5 assumed to be incorporated within the
activity coefficients »'. Assuming a phase equilibrium between the adsorbed
phase on the solid and the bulk phase not disturbed by the solid, an equilibrium
constant X, for an energetically homogeneous surface is given by:

a

« _arla) =x;r;*[xlrf } g
ag*(a,‘)r %72 v '

Parameters a/ and a represent an activity in solution and an activity at the
surface, respectively; 5 and » an activity coefficient in solution and at the
surface. Usually a parallel-layer model, in which all molecules are in the paraliel
orientation towards the flat surface of the adsorbent, is used to represent the
surface phase composed of molecules of different sizes [Dabrowski and
Jaroniec, 1987]. In the case of zeolites it is supposed that the adsorbed phase is
represented by the volume of the channel system [Einicke ef al., 1989]. In this
respect, the Flory-Huggins theory is often applied to adsorption and solution
mixtures of molecules of different sizes. Consequently, the mole fractions (x,’ and
x) used in Equation A.8 are replaced by volume fractions ¢° « = s, where for

the adsorbed phase

5
¥y

4 = _ and ¢ =1-4 = —2 A9

x; +rx; x| +r%;

and for the liquid phase,

x! rx! '

{ | I [ 2

¢ =———— and ¢, =1-¢ = A.10
X, +rx, X, +rx;
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According to Equation A.3, the term r is equal to vi/v;,, with v, being some
measure of the volume of species i [Sandler, 1987]. However, equalling the ratio
r to the ratio of the partial molar areas of components (1) and (2), i.e., r = walw;
tends to be preferred when dealing with adsorption because of Equation A.5
[Dabrowski and Jaroniec, 1987]. Alternatively, r may also be determined
experimentally by individual gas component adsorption of pure component i,
carried out at the same temperature and {he same adsorbent as the isotherm
derived by the adsorption from solution. These limiting values of adsorption of
component i are represented by »;,°, and r thus equals n; ,’/n;,’. Since water may
occupy zeolite spaces that are not accessible to the aromatic compounds, it may
be useful to determine n,,’ (2 representing the larger molecule) using gas phase
adsorption and to take r as being equal to the ratio of the molar volumes of pure

liquids.

The surface excess, given by Equation A.1, may also be expressed in terms of
the concentration profile of the i'th component, i.e., x; = x,(z), with z denoting the

distance from the Gibbs surface:

1T %(2)-x
g dz A1
m sz(z)+x,(z)/r A

where z), the distance of the Gibbs surface from the adsorbent surface, is
assumed to be equal to zero [Dabrowski and Jaroniec, 1987]. Approximating the
unknown concentration profile, x(z), by a step function results in a clear
distinction between the molecules forming the surface phase and the molecules
forming the bulk phase. Referring to Figure A.1, The excess number of moles of
compound (2) adsorbed, i.e., n,° = T’ *m, is represented by area I, whereas the

total number of moles (2) adsorbed, or area I plus area II, is represented by »;".
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Figure A.1 Concentration profile x; = x,(z) representing real (part A) and step

function adsorption systems [Dabrowski and Jaroniec, 1987].

The material balance equates n,° to n;* * (x,° — x,}x;* and since x;° = n,’l(ns° + n/%),

the following expression is obtained:

e __ a8l § gl
n; =mx, +n'x, A.12

Denoting 4, as the total surface area of the adsorbent, and since (n,° + n,')/4,
equals (Zx'wy)’, or n/ln;,° + nZ'lny,’ = 1 for microporous adsorbents [Dabrowski
i

et al., 1987], an expression for x,’ in terms of the surface excess is given by:

i
. r(m,/mx +T,;

= Schay and Nagy, 1961 A.13
Lor(ni, Im)y+(Q-r)T; [Schay and Nagy, !

Use of Equation A.13 allows for the evaluation of x,° or ¢, and ¢,° in Equation
A.8. The equilibrium constant, X, is related to the molar heat of adsorption, 44™,

of a single substance 2 dissolved in a solvent 1 via the van’t Hoff equation:

dlnk, AR*™
o 177 T RIT A4
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where the molar heat of adsorption, 4™, is assumed to remain independent of
temperature. However, the use of Equation A.14 necessitates for the ratio of
limiting values, r, in Equation A.8 to remain constant since r is affected by the
change in variable n;,* and n;,” due a change in their relative densities with
temperature. Consequently, n;,” and n;, have to remain independent of

temperature.

A.1.2 SIMPLIFICATIONS TO ISOTHERM EQUATIONS

Since only adsorption from very dilute solvent systems will be analysed, 4;'y/
remains close to unity. Additionally, the variable r in Equation A.3 could be set
equal to 1, considering that the adsorbate molecule replaces a cluster of
previously sorbed solvent molecuies. Since the mole fraction of sofvént in the
adsorbed phase equals 1 - x,°, Equation A.8 can be rewritten as:

X, & 72
- . - A15
x(1=-x3) yin

a
or

{1 .
% = &&@@ A.16
1+ K, x37,/b

where b = »,°ly,’ is a function of temperature, interfacial tension and coverage, x;.
The UNIFAC group contribution model [Sandler, 1989] could be used to estimate
¥, although the solutes MPDA, MAP and resorcinol are solids at 25°C and 1atm.
The regular solution theory [Sandler, 1989] is another useful method for
determining activity coefficients. The narrow concentration range of x; enables
In(%') to be represented by an arbitrary linear function ax,’ + p. The b term must

remain a function of coverage since the concentration of the adsorbed phase



Appendix - A 257

varies considerably. The Flory-Huggins model would provide the best correlative
activity coefficients since it is meant to apply to mixtures of molecules of different
sizes. Also the number of parameters will be kept at a minimum. The Flory
- interaction parameter, 3/, originates by expressing the excess molar enthalpy on

mixing as
H" = 1’ RT(x} +r%;)é/¢; A7

where ¢/ are the volume fractions given by Equation A.9 [Sandler, 1989]. Since
mixing two components results in part of the homogeneous contacts being
replaced by inhomogeneous contacts, 7’ represents a ratio that relates the
excess molar enthalpy due to ideal mixing to that of the real system. Including the
entropic contribution in the excess molar Gibbs free energy [Sandler, 1987]

allows for the activity coefficients to be expressed in terms of 7’

H 1 s
lny? =ln-‘?%+[1—~)¢; i A8
xl 4
and
Iny; = ln%+(r -—I)¢1’ +;{‘(¢1‘)2 A.19
2

On. assumption that one adsorbate molecule replaces a cluster of previously
sorbed solvent molecules and thus setting » = 1 simplifies Equations A.18 and

A.19, giving an expression for b in terms of 7
Inb=y*(1-2x5) A20

Due to the derivation of the Flory interaction parameter, only energetic
interactions are considered. The Flory interaction parameter between
components 1 and 2 in the adsorbed may also be written as
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. _NZ {:83 _31S1+3;2} A.21

=Ry

where Z' denotes the number of nearest neighbours of one molecule and N, the
Avogadro’s number. The molecular pair interactions between i and j, i and i, j
and j are represented by the binary interaction energies g, &’ and g
Consequently, if ij contacts are preferred »’ is negative, whereas a positive value
suggest that ii and jj contacts a favoured. Therefore, positive values of 3* would
indicate that the adsorption of the solute is promoted whereas a negative '
implies that the adsorption is inhibited. Nevertheless, ' should not be too
positive, since the derivation of the excess molar Gibbs free energy requires that
the interaction of the compounds must not obstruct the random mixing of the
components. However, the adsorption of basic solutes MPDAzq) and MAP(aq) On
acidic surfaces would suggest large positive values for z’, allowing zeolites to

serve as reactant concentrating “vessel” as suggested by Venuto [1994].

K, and 7’ are determined by least square fit of Equations A.16 and A.20 to the
experimentally obtained adsorption isotherms with x,* obtained by Equation A.13,
setting » = 1. Similar to the extrapolation of the equilibrium constant, X,, to
reaction temperature, b(T, o, x;") may also be extrapolated assuming a constant

interfacial tension and coverage [Sandler, 1989]:

olnb(T,0,x3)) _ H™(T,0,%]) A.22
aT o X RT2 -

where, for the sake of simplicity, the excess partial molar enthalpy, H¥, is
assumed independent of temperature and coverage. Incorporating Equation A.18
in the above equation, yields:

or'(lo)) ___ H® “A.23
aT RT*(1-2x3)
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A.1.3 INCLUSION OF SURFACE HETEROGENEITY

The previous section considers surfaces that are energetically homogeneous
rather than heterogeneous. On heterogeneous surfaces the affinity of an
adsorbate for the surface strongly depends on the position and the energetic
distribution of the surface [Dabrowski and Jaroniec, 1987]. Another contributing
factor to the surface heterogeneity is the adsorption of aromatic molecules onto
the pore walls inside the zeolitic micro-pores. Due to the molecules being
attracted by all the pore walls, the interaction is larger than on a flat surface
[Derouane et al., 1988]. The Flory-Huggins theory of solution as explained above
is generally applied. The presence of different types of adsorption sites therefore
requires a limited number of different isotherms with corresponding X, values.
For a continuous distribution of In(K,), the following equation applies [Dabrowski
and Jaroniec, 1987]

858 = [#7n * FIIn(K,)] d[In(K,)] A.24

where the total volume fraction of the i-th component is given by 4, with @
representing the individual local isotherms characterised by In(K,), and F/(In(K,)]
being a normalised distribution function of In(K,). Application of a quasi-Gaussian
distribution to Equation A.23 transforms Equation A.8 to

s WUm, sy 4l
I?a - (¢2:) l/”725[¢jx 711 ]1 A.25
[(6.) "1 s

where K, and 7 characterise the distribution function, with X, denoting the peak
position and 7 the width of the distribution. The heterogeneity parameter = can be

assumed to be temperature dependent [Dabrowski and Jaroniec, 1987]; i.e.,

T =myRT A.26
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For the case of r = 1, the overall isotherm reduces to the Langmuir-Freundlich
equation [Dabrowski and Jaroniec, 1987], which if the same assumptions were
made as in Section A.1.3, Equation A.16 is altered to:

o o LK xy; 16T
PO+ [K xly b

The bulk phase activity coefficient, ', and b are calculated as illustrated above.
The Flory parameter, ¢°, and consequently 5 will differ to the one calculated in
Section A.1.2, since, in the previous section, the heterogeneous surface energies
are effectively included in the Flory parameter. Consequently, an alternative
equation has been proposed by Rudzinski et al. [Jaroniec et al, 1983], by

combining the surface activity coefficients with the heterogeneity parameter = to

form ¢, thus
N
K - [g&_ J bir,
a 5 i1
é 5%

A.1.4 DISSOCIATION EFFECTS IN SOLUTE ADSORPTION

Apart from the surface heterogeneity of the previously assumed adsorption of
nonelectrolytes onto solid surface, the effect of pH on the adsorption equilibrium
should be taken into consideration. The pH effects on adsorption of weak organic
electrolytes may be considered as a complex phenomenon of changing the
nature of the solid surface as well as the nature of the different adsorption
mechanisms of neutral and ionised solute forms [Derylo-Marczewska and
Jaroniec, 1987]. The complexity of modelling the adsorption isotherms of
zirconium phosphates is enhanced due to leaching of phosphate groups into
solution, resulting in a dependency of the ionic to neutral compositional ratio on
the amount of phosphates in solution that predominantly dictates the solution pH.

A.27

A.28
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The simplest method of incorporating the adsorption of ionised species into the
previously described single solute isotherm equation includes treating the system
as a two-solute adsorption system using the single-component isotherms for
each solute form, i.e., ionic and neutral. Although the activity coefficients of the
ionic species in the bulk solution is obtained using the Debye-Huckel! limiting law
[Sandler, 1989] and the ions in solution are determined by pH measurements and
knowledge of the dissociation constants, this method will lead to a number of
unknown variables that could fit the model well at the low temperatures.
However, this may not be suitable for extrapolation to reaction temperature.
Complications also arise due to the changing properties of water at near critical
temperatures, since the dielectric constants of water given by Akerlof and Oshry
[1950] shifts from 78.5 at 25°C down to 19.66 at 300°C, implying a marked
decrease in the dissociation constants of the organic solutes. However, the
ionisation constant of water increases by 2.7 orders of magnitude during the
same temperature range [Marshall and Franck, 1981]. Consequently, the best
approach for predicting the adsorption isotherms at reaction temperature includes
using Equation A.27 and assuming that all complex changes due to pH effects
are incorporated into the Flory parameter.

~ One theoretical consideration that requires some mentioning was presented by
Mtuller et al. [Derylo-Marczewska and Jaroniec, 1987]. Since the adsorption of
ionic species and/or dissociation of adsorbed species lead to an alteration of the
surface charge, the immediate vicinity of the surface could contain counter-ion
species that adsorb to from multilayered adsorption and/or repelling co-ion
components. Consequently, the adsorbent surface charge is affected by the
hydrogen ion concentration, measured by the pH, and the solution ionic strength.
The model of Miller et al. is based on the diffuse double-layer theory of Gouy
and Chapman, later improved by Stem, yielding a relationship between the
surface charge density per unit area and the surface potential, where the electric
double-layer represents the region given by the charged interface and the
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solution regions in which the surface charge is counterbalanced [Derylo-
Marczewska and Jaroniec, 1987].

A.2 PREDICTING LIQUID-SOLID ISOTHERMS FROM PURE
VAPOURS

Myers and Sircar [1972] showed that the liquid-solid adsorption isotherms can be
predicted from the adsorption isotherms of the pure unsaturated vapour,
measured at the desired temperature for each component of the liquid mixture.
The adsorbents are assumed to be crystalline solids having fixed surface areas
and pore volumes, e.g., aluminosilicates. Starting with the Gibbs-Duhem
equation for the adsorbed phase, with the isothermal thermodynamic system
- consisting of a solid adsorbent and a mixture of two gases, which were later
taken to be in equilibrium with their saturated vapours, Myers and Sircar [1972]

derived at the following equation:

[

A (o, ~0O ” ns a :
s( 2,0 l,a) - f f-z—dp - f _’Zl__dp = |, _l_rz___l__ 1+ x' (gz,ll] ; A.28
mRT = p < p =0 x,(1-x5) ox, T.p

The first two integrals would refer to the pure, unsaturated vapour adsorption
isotherms and the last integral refers to the isotherm for adsorption from liquid
mixtures. p;"¥ and p,"¥ denote the vapour pressure of components 1 and 2,
respectively and 4, is the surface area [Sircar and Myers, 1970}, [Myers and
Sircar, 1972].

Using Equations A.5 and A.6 in A.4 and assuming that the Vdp term for the bulk

phase is negligible, the expression

RTIn Ka =W, (0-2,0 _a-i,a) A.30
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is derived if K, is assumed to be purely given by Equation A.8. Nevertheless, it
must be stated that the adsorbed phase activity coefficients for the method
outlined in this section yields the true values and are not identical to those in
Section A.1, where the interfacial surface tensions were ignored.

Since the activity coefficients for the adsorbed phase are unknown, it must be
assumed that the adsorbed solution is ideal and thus ' = 1. A more detailed
theoretical and practical discussion regarding this topic is given in Sircar and
Myers [1973].

The method outline in this section is not suitable for determining the adsorption
isotherms for zirconium phosphates since their layers would contract at the
desired temperatures (225°C < T < 300°C), thus disallowing any gaseous
components diffusing into its interlayer region. Also, attention would have to be
given on the effect that steaming has on the aluminosilicates since the
morphology and surface area may be affected, which has been reviewed in
Section 2.2 (Chapter 2).
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APPENDIX -B

Chemical and Physical Data of Reaction Compounds

Important thermodynamic and physical properties on meta-phenylenediamine
(MPDA), resorcinol, meta-aminophenol (MAP), water, ammonia, HiPO4 and
(NH4)H,PO4 are given under their corresponding sectional titles. Most of the data
regarding MPDA, water, resorcinol and ammonia are obtained from Daubert and
Danner [1989]. The absence of reliable experimental data on MAP necessitates
some estimation technigues in determining its physical properties. Most data on
MAP is obtained by averaging the properties of MPDA and resorcinol due to their
structural similarities as well as MAP containing one functional group of both
MPDA and resorcinol. Where possible, the error associated with the data is

given.

The heat capacity constants found in literature for the ideal gas phase fit to a
different equation than the one given below. Applying the least square method,
the data is refitted to Equation B.1 in order to ease the integration of the formula.

Some liquid phase heat capacity coefficients are also refitted to a four-parameter
heat capacity equation instead of five parameters.

C,,=A+B*T+C*T2+D*T*" B.1

Constants for determining the heat of vapourisation (44'%) of the relevant

compounds are fitted to Equation B.2.
R = A*(1=T,)® ) B.2

T, is the reduced temperature
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B.1 Meta-phenylenediamine

Table B.4  Physical and Chemical Property Constants for MPDA

Property MPDA Error Reference
[108-45-2]
Molecular Weight, g/mol 108.143 [PTPC]
Critical Temperature, K 824.00 <5% [PTPC]
Critical Pressure, bar 51.80 <10% [PTPC]
Melting Point, K 334.00 <3% [PTPC]
Boiling Point (@1atm), K 560.00 <5% [PTPC]
Acentric Factor 0.5432 [PTPC]
Dissociation Constant at 20°C
pKa; (MPDA") 5.11 [IC]
pKa, (MPDA?") 2.50 [IC]
IG 4h/ @ 25°C, J/mol 91200 <3% [PTPC]
IG 4Gf @ 25°C, J/mol 207000 <25% [PTPC]

Table B.2 Thermodynamic Equation Coefficients: MPDA [PTPC]

Property Error Coefficients
A B Cc D
IG Heat Capacity, J/mol/K <25%
(300 < Temp(K) < 600) -1.97E+1  6.26E-1 -3.80E-4  3.02E-8

Liquid Heat Capacity, J/mol/K <10%
(412 < Temp(K) < 612)
Heat of Vapourisation, J/mol <5%
(334 < Temp(K) < 824)

8.54E+1 3.31E-1

7.76E+4  2.89E-1

[PTPC] Daubert, T.E. and Danner, R.P., Physical and Thermodynamic Properties of Pure
Chemicals: Data Compilation, Hemisphere Pub. Corp., New York, 1989,

[IC] Adrien, A. and Serjeant, E.P., The Determination of lonization Constants: a laboratory
manual 3" Ed., Chapman and Hall Inc., London New York, 1981.
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B.2 Resorcinol

Table B.3 Physical and Chemical Property Constants for Resorcinol

Property Resorcinol Error Reference
[108-46-3]
Molecular Weight, g/mol 110.112 [PTPC]
Critical Temperature, K 810.00 <10% [PTPC]
Critical Pressure, bar 74.90 <10% [PTPC]
Melting Point, K 382.00 <1% [PTPC]
Boiling Point (@1atm), K 549.65 <3% [PTPC]
Acentric Factor 0.6767 [PTPC]
Dissociation Constant at 25°C
pKa, [Resorcinol] 9.32 [IC]
pKa; {Resorcinol] 11.10 [IC]
IG 4n’ @ 25°C, J/mol -274700 <5% [PTPC]
IG 4G/ @ 25°C, J/mol -181300 <10% [PTPC]

Table B.4 Thermodynamic Equation Coefficients: Resorcinol [PTPC]

Property Error Coefficients
A B Cc D

IG Heat Capacity, J/mol/K <1%
(298 < Temp(K) < 600)
Liquid Heat Capacity, J/mol/K <25%
(405 < Temp(K) < 605)
Heat of Vapourisation, J/mol <10%
(382 < Temp(K) < 810)

-6.60E+1 9.05E-1 -1.05E-3  4.99E-7

8.32E+1 3.72E1

1.01E+5  3.97E-1

[PTPC] Daubert, T.E. and Danner, R.P., Physical and Thermodynamic Properties of Pure
Chemicals: Data Compilation, Hemisphere Pub. Corp., New York, 1989.

[IC] Adrien, A. and Serjeant, E.P., The Determination of lonization Constants: a laboratory
manual 3° Ed., Chapman and Hall Inc., London New York, 1981,
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B.3 Meta-aminophenol

Table B.5 Physical and Chemical Property Constants for MAP

Property MAP Error Reference
[591-27-5]
Molecular Weight, g/mol 109.127
Critical Temperature, K 817.00 estimate
Critical Pressure, bar 63.35 estimate
Meilting Point, K 358.00 estimate
Boiling Point (@1atm), K 554.83 estimate
Acentric Factor 0.6100 estimate
Dissociation Constant at 20°C
pKa; (proton gained) 4.37 [IC]
pKay (proton lost) 9.82 [IC]
IG 4h/ @ 25°C, J/mol -91750 estimate
IG 4GS @ 25°C, J/mol 12850 estimate

Table B.6 Thermodynamic Equation Coefficients: MAP

Property Error Coefficients
# B C D

IG Heat Capacity, J/mol/K
(298 < Temp(K) < 600)

Liquid Heat Capacity, J/mol/K
(405 < Temp(K) < 605)

Heat of Vapourisation, J/mol
(382 < Temp(K) < 810)

-3.63E+1 71961 -6.09E4  1.85E-7

8.43E+1 3.31E-1

8.91E+4  3.49E-1

[IC] Adrien, A, and Serjeant, E.P., The Determination of lonization Constants: a laboratory
manual 3° Ed., Chapman and Hall Inc., London New York, 1981.
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B.4 Water

Table B.7 Physical and Chemical Property Constants for Water

Property Water Error Reference
[7732-18-5]
Molecular Weight, g/mol 18.015 [PTPC]
Critical Temperature, K 647.13 <0.2% [PTPC]
Critical Pressure, bar 220.55 <0.2% [PTPC]
Melting Point, K 273.15 <0.2% [PTPC]
Boiling Point (@1atm), K 373.15 <0.2% [PTPC]
Acentric Factor 0.3448 [PTPC]
lon product (Sat'd Vapour) at
200°C 11.289 [CRCE7]
250°C 11.191 [CRCE7]
300°C 11.406 [CRC67]
IG 4hf @ 25°C, J/mol -241810 <0.2% [PTPC]
IG 4GP @ 25°C, Jimol -228590 <0.2%  [PTPC]

Table B.8 Thermodynamic Equation Coefficients: Water [PTPC]

Property Error Coefficients
A B c D

IG Heat Capacity, J/mol/K <1%
(298 < Temp(K) < 600)
Liquid Heat Capacity, J/mol/K <1%
(273 < Temp(K) < 533)
Heat of Vapourisation, J/mol <1%
(273 < Temp(K) < 647)

3.52E+1  -1.81E-2 5.12E-§ -2.88E-8

-6.14E+1 1.08E0 -2.92E-3  2.63E-6

521E+4  3.20E-1

[PTPC] Daubert, T.E. and Danner, R.P., Physical and Thermodynamic Properties of Pure
Chemicals: Data Compilation, Hemisphere Pub. Corp., New York, 1989.

[CRCE7] Weast, R.C., Astle, M.J. and Beyer, W.H., CRC Handbook of Chemistry and Physics
67" Ed., CRC Press Inc., Boca Raton, 1986-1987.
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B.5 Ammonia

Table B.9 Physical and Chemical Property Constants for Ammonia

Property Ammonia Error Reference
[7664-41-7]

Molecular Weight, g/mol 17.031 [PTPC]
Critical Temperature, K 405.65 <3% [PTPC]
Critical Pressure, bar 112.78 <5% [PTPC]
Melting Point, K 195.41 <1% [PTPC]
Boiling Point (@1atm), K 239.72 <1% [PTPC]
Acentric Factor 0.2520 [PTPC]
Dissociation Constant (pKa) at

20°C [NH4"] 9.40 [CRC67]

30°C [NH,"] 9.09 [CRC67]

50°C [NH,4'] 8.54 [CRC67]
IG 4hf @ 25°C, J/mol -45898 <1% [PTPC]
4hf of NH; aq) @ 25°C, J/mol -80290 [TPIS]
IG AGF @ 25°C, J/mol -16401 <3% [PTPC]

Table B.10 Thermodynamic Equation Coefficients: Ammonia [PTPC]

Property Error Coefficients
A B C D
IG Heat Capacity, J/mol/K <1%
(298 < Temp(K) < 600) 2.94E+1  6.38E-3 6.20E-5 -4.78E-8
Heat of Vapourisation, J/mol <3%
(195 < Temp(K) < 406) 3.15E+4  3.91E-1 -229E-1  2.31E-1

[PTPC] Daubert, T.E. and Danner, R.P., Physical and Thermodynamic Properties of Pure
Chemicals: Data Compilation, Hemisphere Pub. Corp., New York, 1989.

ICRCE7] Weast, R.C., Astle, M.J. and Beyer, W.H., CRC Handbook of Chemistry and Physics
67" Ed., CRC Press Inc., Boca Raton, 1986-1987.

[TPIS] Knacke, O., Kubaschewski, O. and Hesselmann, K., Thermochemical Properties of
Inorganic Substances 2™ Ed., Springer-Verlag, Berlin Heidelberg, 1991.
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The solubility of ammonia at fixed partial pressure of 1.013bar is correlated as a
function of temperature [TDBB] in the form

ln(x)=A+§+C*ln(T)+D*T

where T is the temperature given in Kelvin
x is the gas mole fraction in the liquid
A =-81.7466; B = 1096.82; C = 16.5603; D = -0.0602469

The experimental data is not corrected for non-ideality of the gas phase and

chemical reactions with the solvents. The quoted coefficients are valid in the
temperature range of 273 to 373 Kelvin.

B.6 Hydrolysed Ammonia (NH,OH)

Table B.11 Physical and Chemical Property Constants for NH,OH

Property NH,OH Error Reference
[1336-21-6]

Molecular Weight, g/mol 35.046 [PTPC]
Liquid C, @ 25°C, J/mol 154.89 <3% [PTPC]
Liquid state 447 @ 25°C, J/mol -361200 <3% [PTPC]
Liquid state AG® @ 25°C, J/mol -254020 <3% [PTPC]
4hf of NH4" aq) @ 25°C, J/mol -132800 [CET]

4hf of OH aq) @ 25°C, J/mol -229940 [CET]

AG{ of NHg' aq @ 25°C, J/mol -79496 [CET]

AGY of OH (aq @ 25°C, J/imol -157297 [CET]

[TDBB] Cabani, S., Gianni, P. in Hinz, H-J, editor, Thermodynamic Data for Biochemistry and
Biotechnology, Springer-Verlag, Berlin, 1986.

[PTPC] Daubert, T.E. and Danner, R.P., Physical and Thermodynamic Properties of Pure
Chemicals: Data Compilation, Hemisphere Pub. Corp., New York, 1989.

[CET] Sandler, 8.1., Chemical and Engineering Thermodynamics 2™ Ed., John Wiley & Sons
Inc., Singapore, 1989,



Appendix - B

271

B.7 Phosphoric Acid

Table B.12 Physical and Chemical Property Constants for H;PO4

Property H4PO, Reference
[7664-38-2]

Molecular Weight, g/mol 97.995 {PTPC]

Solid State 4k @ 25°C, J/mol -1124300 [CRC73]

Solid state 4GS @ 25°C, J/mol -1284400 [CRC73]

Liquid state 4k’ @ 25°C, J/mol -1271700 [CRC73]

Liquid State AG/ @ 25°C, J/mol -1123600 [CRC73]

4hf of HoPO4 (aq) @ 25°C, J/mol -1296290 [TPIS]

4hf of H' aq) @ 25°C, J/mol 0 [TPIS]

Table B.13 Physical and Chemical Property Constants for NH;H,PO,

Property NH4HPO4 Error Reference
[7722-76-1}

Molecular Weight, g/mol 115.110 [PTPC]
Solid State 4k @ 25°C, J/mol -1027000 [PTPC]
Solid state 4G/ @ 25°C, J/mol -813990 [PTPC]
4hf of HoPO4 agy @ 25°C, J/mol -1296290 [TPIS]

Ahf of NH4" (aq @ 25°C, J/mol -132800 [CET]

AG# of NH4" aq) @ 25°C, J/mol -79496 [CET]

[PTPC] Daubert, T.E. and Danner, R.P., Physical and Thermodynamic Properties of Pure

Chemicals: Data Compilation, Hemisphere Pub. Corp., New York, 1989,

[CRC73] Lide, D.R., CRC Handbook of Chemistry and Physics 73" Ed., CRC Press, Boca

Raton, Florida, 1992-1993.

[TPiS] Knacke, O., Kubaschewski, O. and Hesselmann, K., Thermochemical Properties of

Inorganic Substances 2™ Ed., Springer-Verlag, Berlin Heidelberg, 1991.

[CET] Sandler, S.1., Chemical and Engineering Thermodynamics 2" Ed., John Wiley & Sons

Inc., Singapore, 1989.
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APPENDIX-C

Derivation of Response Factors

600 F
500 P g
00 8 o = g
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0
0 5 10 15 20
Minutes - 280nm Band = 4nm
Peak Time Area Area%
1 2.50 1484109 24.441
2 3.83 1277506 21.038
3 10.60 2049233 33.747
4 17.23 1261444 20.774
Total 6072292 100.000

Figure C.1 HPLC chromatogram trace for determining response factors.

A solution of MPDA (2.8112g/L), MAP (2.7032g/L) and resorcinol (3.0328g/L) is
made up in a volumetric flask. The second solution contains the internal
standard, phenol. For this case, the phenol concentration is 3.0172g/L. It is of
great importance to know the concentration of each organic solution as
accurately as possible. A number of test-solutions are made up, varying the
volumetric ratio of the first flask (2.00ml) to the phenol solution (0.50ml to
3.00ml). The resulting mixtures are then diluted to 50ml before being analysed by
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the HPLC. The calculations of the response factors of MPDA, MAP and
resorcinol relative to phenol will be explained based on the HPLC trace illustrated

in Figure C.1.

Table C.1 Determination of Response Factors: lllustration based on one
Data Point

Compound 50ml Flask Conc. Ratio HPLC Area Area Ratio

Conc. (g/L)
MPDA 0.1124 0.9317 1484109 1.1765
MAP 0.1081 0.8959 1277506 1.0127
Resorcinol 0.1185 1.0052 2049233 1.6245

Phenol 0.1207 - 1261444 -

The 50ml flask concentrations in Table C.1 are obtained by combining 2ml of
MPDA, MAP and resorcinol mixture with 2ml phenol-solution and diluting it to the
50m! mark. Concentration ratios are then simply calculated by dividing the
MPDA, MAP and resorcinol concentrations by the phenol concentration. The
area ratio is evaluated by dividing the HPLC determined area counts of a
“particular compound by the area of phenol. After repeating the above procedure
using a number of different concentration ratios, a plot of the area ratio (x) versus
the concentration ratio (y) gives a straight line y=m*x for each compound, MPDA,
MAP and resorcinol. The response factor (m) after injecting more than 20samples
is determined by regression analysis or by least sum squared errors and 95%
confidence to be:

MPDA 0.8023 £ 0.0124

MAP 0.8907 + 0.0095

Resorcinol  0.6203 + 0.0054

Conversely, the response factors can be used to evaluate the concentration of
the relevant compounds if the phenol concentration is known. See APPENDIX-D

for a worked example.
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It needs to be mentioned that the response factors have to be checked regularly
since significant changes in the response factors are noticed during the duration
of the study. Deactivation of the packing inside the column is also evident since
the retention time required for each compound to traverse through the column
reduced incrementally. This effect manifested itself strongly towards the end of

the study.
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APPENDIX - D

Worked Example for evaluating Adsorbed Concentration

The following data is recorded during the adsorption study of MPDA,, onto the
zeolite H-Beta to evaluate the adsorbed concentration (mmol/g):

Information gathered before adsorption

Adsorption temperature: 70°C
Dehydrated mass H-Beta: 0.3499¢
Initial MPDA concentration: 1.9640g/L
Volume of MPDA solution: 15ml

Information gathered after the adsorption (after 6days)
Previously determined response factor: - 0.8121
Internal standard (Phenol) conc.: 2.9816g/L
Volume MPDA solution added to 50ml flask:  2.00ml
Volume Phenol solution added to 50mi flask:  2.00m
HPLC determined area ratio (MPDA/Phenol): 0.0488

Calculation of MPDA.q) concentration after adsorption

Given above is the response factor for MPDA calculated by the method
described in APPENDIX-C. These response factors are always determined on
the same day as the MPDA concentration.

. 2mi

o0ml___ _ 0.8121*0.0488 D.1

2.98169/ » 2M_
L somi

Solving for x returns a MPDA concentration of 0.1182g/L
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Therefore, the mass of MPDA that adsorbs onto the H-Beta at equilibrium is:
(1.9640- 0.1182)*0.015 = 0.02769¢.

The moles of MPDA adsorbed per gram of dehydrated H-Beta is then calculated
by determining the number of moles of MPDA adsorbed divided by the mass of

dehydrated zeolite or:

MPDA adsorbed = — 002709 ___«4000™M0l _ ¢ 7316 1MO!
108.14406 * 0.3499

The mole-fractions of MPDA in solution at equilibrium adsorption is calculated
. using the HPLC determined MPDA concentration: '

g/ «
0.11824 0.015L

108.144069
MPDA . . mole fraction = /"0’ =1.975E -5

(aq)
g/« *g979
0.1182/L 0.015L 0.015L 997/L

g g
108.14406470, 18.0154470[

b
(0]

H-Beta

b
ha

Point calculated

o
~

Adsorbed conc., mmolig
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o]

L i L] b )
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MPDAq), mole-fraction

o
o

Figure D.1 Adsorptidn-equilibrium data of MPDA,, on H-Beta at 70°C.



Appendix - E 277

APPENDIX - E

Determination of Response Factors for 3,3'-Diamino-Diphenyl-
amine and 3-Hydroxy,3'-Amino-Diphenylamine

3,3'-Diamino-diphenylamine and 3-hydroxy,3'-amino-diphenylamine are identified
by means of the HPLC-MS at AECI.Lid(Modderfontein). An identical HPLC
column and the same analysis method as described in Section 3.3.2 is used in
order to determine the corresponding retention times for the two compounds to
traverse through the spherisorb ODS2 column. As illustrated in Figure E.1, the
retention times for 3,3-diamino-diphenylamine and 3-hydroxy,3-amino-
diphenylamine are around 7.42minutes and 12.23minutes, respectively.
Depending on the sensitivity of the integrator, two peaks could be detected for
3,3'-diamino-diphenylamine. The area under these two peaks is added together.

The compounds cannot be bought and therefore their retention times are
evaluated by first producing them under condition favourable for their production
and then estimating their response factors simultaneously. It is generally
assumed that the overall mass balance accounts for MPDA, MAP, resorcinol,
3,3'-diamino-diphenylamine and 3-hydroxy,3-amino-diphenylamine. By using
phosphoric acid in a number of reactions (150°C < Temp. < 215°C) as the
reaction promoter, it is further assumed that no polyethers and any other solid
ethers could be formed. Adsorption of any organic compounds onto the reactor
walls is also considered negligible. Since this method introduces a lot of errors
and only a small amount of these diamines could be produced at any given time,
the final response factors are only an approximation of their true response

factors.

The number of moles MPDA lost due to the formation of the dimers is calculated
by subtracting the number of moles of MPDA, MAP and resorcinol remaining
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inside the reactor (after say 2hours at 200°C) from the initial number of moles
MPDA used. Since two moles of MPDA are required for the formation of one
mole of dimers, the subtracted value is divided by 2. The reactor concentration of
‘Compound-A+B' (termed as such, since the individual concentrations of 3,3'-
diamino-diphenylamine and 3-hydroxy,3'-amino-diphenylamine are not known) is

subsequently calculated.

600 | m 2

o oy S

200 = 3 g & 2 >

3 B R I

0 5 10 15 20
Minutes - 280nm Band = 4nm

Peak Time Area Area%
1 2.45 953426 33.851
2 3.42 70658 2.509
3 7.42 94780 3.365
S 7.63 18438 0.655
5 10.60 766037 27.198
6 12.23 206215 7.322
7 17.20 706979 25.101
Total 2816533 100.000

Figure E.1 HPLC chromatogram trace for determining response factors of 3,3'-
diamino-diphenylamine and 3-hydroxy,3-amino-diphenylamine.
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Varying the volumetric ratio of the internal standard to the sample solution (see
APPENDIX-C), the concentrations ratio of '‘Compound-A+B' are determined and
fitted to y443 = x4*my + xg*mp. The variables x4 and xp are the respective area
ratios of 3,3'-diamino-diphenylamine and’3-hydroxy,3'-amino-diphenylamine with
respect to phenol. The corresponding concentration ratios of 'Compound-A+B'
(mmol/l) with respect to phenol (mmol/L) are given by the variable y4.s.
Response factors of 3,3'-diamino-diphenylamine (m,) and 3-hydroxy,3'-amino-
diphenylamine (mjp) are optimised by minimising the sum of all the squared
errors. Applying statistical analyses, the possible response factors for 3,3-
diamino-diphenylamine and 3-hydroxy,3-amino-diphenylamine are illustrated in

Figure E.2. These response factors apply to molar concentrations.
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0 0.02 0.04 0.06 0.08 0.1

Response Factors for
3,3'-Diamino-Diphenylamine

Figure E.2 Response Factors ((mol/L of compound) per (mol/L. of phenot)) for
3,3'diamino-diphenylamine and 3-hydroxy,3'-amino-diphenylamine
with 85% confidence.

Response factor for 3,3'diamino-diphenylamine is thus set to 0.04 and that of 3-
hydroxy,3'-amino-diphenylamine is taken at 0.07. The response factors

evaluating the concentration ratio in terms of g/L instead of mmol/L is thus
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determined by multiplying the response factor with the molar mass of the
compound divided by the molar mass of phenol.

Response Factors to determine Concentration Ratios in terms of Mass
3,3'diamino-diphenylamine =(.04%199.26/94.11 = (0.085
3-hydroxy, 3'-amino-diphenylamine = 0.07*200.24/94.11 =0.148
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APPENDIX - F

Correction of observed Sample Concentration

F.1 Mineral or Aqueous Acids

Inside a closed vessel, heating water from ambient temperature to reaction
temperature (>200°C) results in water evaporating until its corresponding vapour
pressure is attained. With the reasonable assumption that all the organic
compounds remain in liquid solution, the concentration of the components should
change upon heating water from ambient temperature to above 200°C inside an
autoclave. Consequently, less water remains in contact with the organic
compounds as initially assumed at room temperature. The same rule applies to
the aqueous mineral acids. Nevertheless, the sum of the mass of water in the
liquid and vapour phase is conserved during the temperature change since no

sampling has yet occurred.

* #* - * *
Vias “Pros *Vyas " Pvas =Vir " pur +Vor " ovr

where Vs = liquid volume at room temperature (L)
Vvas = vapour volume at room temperature (L)
Vir = liquid volume at reaction temperature (L)
Vvr = vapour volume at reaction temperature (L)
pras = liquid density at room temperature (g/L)
pr2s = vapour density at room temperature (g/L)
pur = liquid density at reaction temperature (g/l.)

pvr = vapour density at reaction temperature (g/L)

Knowing that the reactor volume is 0.60L, it follows that V,r = 0.60 — Vyr (in

Litres), and Equation F.1 can be rearranged to:

F.1
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VL,T * Pur = VL.zs * Pras +Zv,25: ;ZL,zs -0.60" Pyt Pir
LT vr

Densities for p are easily obtained from steam tables. Applying Equation F.2, the
true initial concentration is altered by dividing the initial number of moles of
MPDA by Vi r* o1/ pros instead of V5. The purpose of multiplying the mass of
water in the liquid phase by the density of water at 25°C instead of the density at
reaction temperature is because the HPLC analysis is carried out at ambient
temperatures.

Upon sampling, however, the withdrawal of liquid results in the liquid level inside
the reactor to drop, thereby creating more space for water to evaporate until a
new liquid-vapour equilibrium is reached. This is illustrated in the following figure,
where Mg and M, are the corresponding mass of water in the liquid and vapour
phase; m is the cumulative mass of liquid sampled; and Cypc resembles the
HPLC determined concentration (mmol/L) of sample i. The term init refers to the
initial conditions inside the reactor (at reaction temperature) before the removal of
any liquid from the reactor system.

~—=> m;*Cuprc 1 > m;*Cuprci
Mg init Mg,i.i

ML,tmt ML,:—I

Figure F.1 Schematic of the effect of sampling on the concentration.

Assuming the formation of the new vapour-liquid equilibrium occurs only after an
individual sample is taken, the following formula is derived:

F.2
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i-1

ML,init - Zml - (MG,i—1 - MG.init)

- ¥ 0
CCORR.i - CHPLC.i i1

where Ccorr; represents the corrected concentration of sample i

Example F.1: The MPDA concentrations (mmol/L) determined by HPLC analysis
is given in Table F.1. Included in Table F.2 is the corrected concentration for
which a sample calculation will follow. The corrected concentration of the reactor
sample shows an increase in the concentration. The reason being that the water
which is previously in t.he vapour phase will now be present in the liquid form
since the sample is taken when the reactor itself is at 25°C.

Table F.1  Experimental Data obtained

Sample Time Temperature HPLC det. Conc. Cumulative Sample

Number (h) (°C) (mmol/L.) mass (g)

0 0.00 25 26.422 0.0

0 ? 275 0.0

1 1.00 275 15.977 19.4

2 5.12 275 2.939 38.6

3 9.27 275 0.570 59.9

4 25.00 275 0.236 . 79.8
Reactor 25.20 25 0.216 79.8

Table F.2 Calculation of the corrected Concentration

Sample - M Mg Corrected Conc. or Ratio of
Number (@ (@ Ccorr (mmol/L) Ccorr/CrpLc

0 349.0 0.006

0 344.5 4.46 26.764 1.013

1 324.3 5.27 15.977 1.000

2 304.3 6.08 2.932 0.998

3 282.1 6.97 0.567 0.995

4 261.4 7.80 0.224 0.991

Reactor 269.2 0.007 0.219 1.017

F.3
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M; and M; are determined by Equation F.2, however, the cumulative sample
mass would have to be included in the numerator of Equation F.2.

Taking sample number 2:

344.5-19.4-(5.27-446) _, ooy /)
3445-19.4

Ceomrz =2.939*

F.2 Solid Acids

For solid acids the same procedure applies as outline in Section F.1 above for
aqueous mineral acids. However, since the solids remain with the reaction
mixture a corresponding correction has to be made by using Formula F.4. Due to
the increase of the mass of solids relative to the total moles of the relevant
compounds in the reaction mixture, the overall mass balance over the organic
compounds would not seem to balance. The effect is illustrated in Example F.2
where the ratio of Ccorr; / Cper deviates considerably from 1. Another method
would be to define the number of acid sites available on the solid material in
terms of the liquid volume inside the reactor, i.e., mmols of solid acid sites
available per litre of liquid; the concentration of the organic materials would also
be defined in mmol/L. The second approach is preferred since it prevented the
huge alteration in the concentration of the organic compounds, rather than
affecting the concentration of the acid sites.

| 4
C _ CACT,i M L~
soup; =TT
Ms

where Csopp,i is the organic concentration based on the mass of solid
M;s represents the initial calcined mass of solid used in reaction.

F.4
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Example F.2: This example is a continuation of Example F.1 where Equation F.4
is applied assuming that this time 10g of zeolite was initially used in the reaction
given above. The result is illustrated in Table F.3.

Table F.3 Determining Concentration based on 10g of Zeolites

Sample M. Det. Conc. Corrected Conc. or Ratio of
Number (9) (mmol/g) Ccorr (Mmol/g) Ccorr/ChpLc

0 349.0 0.9248 0.9248 1.000

0 3445 0.9248 0.9248 1.000

1 324.3 0.5521 0.5521 1.000

2 304.3 0.1013 0.0954 0.941

3 282.1 0.0196 0.0173 0.883

4 261.4 0.0078 0.0063 0.819

Reactor  269.2 0.0076 0.0058 0.759
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APPENDIX - G

Reaction Data using Mineral Acids

The method used for calculating the corrected mole concentration is illustrated

in Appendix-F. The mole balances given in the last column of each table are
calculated by the addition of the mole concentrations of MPDA, MAP, resorcinol

and two times 3,3'-diamino-diphenylamine (denoted as Comp. A) and 3-

hydroxy,3'-amino-diphenylamine (denoted as Comp. B) with the summations

then being divided by the initial concentration of MPDA.

G.1 Sulphuric Acid

Table G.1 Reaction Data at 225°C with the initial H,SOJ/MPDA mole ratio
equaling 3.39

Time (h) Sample| pH Corrected Mole Concentration (mmol/L) Mole
MPDA MAP Comp.A' Resorc. Comp.B?|Balance
0.0 26.43 0.00 0.00 0.00 0.00| 100.0%
1.0 Samplet| 1.42] 21.65 3.21 0.01 0.38 0.01] 95.7%
2.0 Sample2] 1.34| 16.75 5.59 0.03 2.75 0.05| 95.5%
3.0 Sampled] 1.38] 14.05 5.32 0.04 5.68 0.10] 95.9%
5.2 Sampled4| 1.37 9.52 3.88 0.06 11.81 0.21] 97.4%
22.8 Sampleb| 1.25 1.83 0.28 0.04 2457 0.24] 103.0%
Reactor Sample 1.78 0.25 0.04 23.57 0.21] 98.7%

Table G.2 Reaction Data at 225°C with the initial H,SO/MPDA mole ratio

equaling 6.77

Time (h) Sample| pH Corrected Mole Concentration (mmolIL) Mole
MPDA  MAP Comp.A' Resorc. Comp.B%Balance
0.0 26.44 0.00 0.00 0.00 0.00{ 100.0%
1.0 Samplet| 1.15] 16.76 5.28 0.01 0.62 0.01] 85.8%
2.0 Sample2] 1.16] 12.54 8.22 0.03 4.22 0.05] 95.0%
3.0 Sample3] 1.12] 10.18 7.40 0.04 9.10 0.13| 102.1%
5.0 Sampled| 1.21 5.30 3.52 0.04 15.92 0.18/ 95.2%
8.2 Samples| 1.22 2.79 1.44 0.03 21.08 0.15 97.0%
24.0 Sample6] 1.29 0.22 0.00 0.01 2545 0.011 97.2%
Reactor Sample 0.09 0.00 0.00 2448 0.01] 93.0%

! Comp A denotes 3,3'-diamino-diphenylamine
2 Comp. B denotes 3-hydroxy,3'-amino-diphenylamine
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Table G.3 Reaction Data at 275°C with the initial H,SO,/MPDA mole ratio
equaling 3.38

Time (h) Sample| pH Corrected Mole Concentration (mmol/L) Mole
MPDA  MAP Comp.A' Resorc. Comp.B?/Balance

0.0 26.46 0.00 0.00 0.00 0.00, 100.0%
1.0 Sample1| 1.93] 13.86 3.48 0.04 8.81 0.12} 100.0%
2.5 Sample2| 1.09 4.68 0.66 0.04 20.99 0.29| 101.9%
5.2 Sample3] 1.36 2.59 0.24 0.03 2355 0.24| 101.7%
10.0 Sample4| 2.26 1.12 0.18 0.01 24.39 0.16] 98.4%
24,0 Samples| 0.82 0.17 0.15 0.01 25.10 0.03} 96 3%
Reactor Sample 0.22 0.00 0.01 24.92 0.02] 952%

G.2 Phosphoric Acid

Table G.4 Reaction Data at 225°C with the initial H;POJ/MPDA mole ratio

equaling 6.77
Time (h) Sample| pH Corrected Mole Concentration (mmol/L) Mo'e
MPDA  MAP Comp.A' Resorc. Comp.B? Balance
0.0 26.48 0.00 0.00 0.00 0.00{ 100.0%

1.0 Sample1| 1.70] 24.20 1.68 0.02 0.54 0.01| 100.0%
2.0 Sample2| 1.73] 19.98 2.64 0.04 3.08 0.10| 98.1%
3.2 Sample3] 1.73] 16.83 2.61 0.07 7.05 0.23| 102.3%
7.5 Sampled4| 1.71 8.76 1.21 010  15.11 0.44; 98.8%
26.9 SampleS| 1.73 1.14 0.16 0.03  24.59 0.17) 99.3%
Reactor Sample 0.37 0.00 0.01  24.59 0.08] 94.9%

Table G.5 Reaction Data at 275°C with the initial H;POJMPDA mole ratio

equaling 6.77
Time (h) Sample| pH Corrected Mole Concentration (mmol/L) Mole
MPDA  MAP Comp.A' Resorc. Comp.B? Balance
0.0 26.42 0.00 0.00 0.00 0.00; 10010%

1.0 Samplet| 2.02] 18.30 2.04 0.07 5.17 0.17, 98.4%
5.1 Sample2| 1.99 3.05 0.98 0.03 21.99 0.22] 1004%
9.3 Sample3] 2.08 0.60 0.21 0.02 25.60 0.05| 1004%
25.0 Sample4| 2.13 0.17 0.16 0.00 25.80 0.01] 99.0%
Reactcr Sample 0.26 0.26 0.00 25.58 0.01] 98.9%

' Comp. A denotes 3,3'-diamino-diphenylamine
2 Comp. B denotes 3-hydroxy,3'-amino-diphenylamine
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G.3 Ammonium Dihydrogen Phosphate

Table G.6 Reaction Data at 225°C with the initial NH,H,PO,/MPDA mole
ratio equaling 6.76

Time (h) Sample | pH Corrected Mole Concentration (mmol/L) Mole
MPDA MAP Comp.A' Resorc. Comp.B? Balance

0.0 26.44 0.00 0.00 0.00 0.00| 100.0%
1.2 Sample1| 5.34] 25.13 0.00 0.00 0.01 0.00{ 95.1%
3.1 Sample2] 5.25] 26.39 0.28 0.00 0.01 0.00] 101.0%
6.1 Sample3| 5.23] 26.70 0.55 0.01 0.20 0.01] 104.0%
11.0 Sampled4; 5.24] 25.64 0.68 0.02 0.54 0.04| 102.1%
26.5 Samples| 5.23] 23.19 0.98 0.05 1.78 0.14] 99.6%
Reactor Sample 21.74 0.89 0.05 179 - 0.14] 93.8%

Table G.7 Reaction Data at 275°C with the initial NH;H,POJMPDA mole
ratio equaling 6.63

Time (h) Sample | pH Corrected Mole Concentration (mmol/L) Mole
MPDA  MAP Comp.A' Resorc. Comp.B%Balance
0.0 26.44 0.00 0.00 0.00 0.00; 100.0%
1.0 Sample1] 5.81 25.25 0.34 0.00 0.12 0.01 97.3%
5.0 Sample2| 5.83] 20.94 1.08 0.06 3.72 0.27| 99.8%
24.0 Sample3| - 6.21 7.03 2.45 0.05 15.21 0.54) 97.9%
48.0 Sample4| 6.42 2.05 3.36 0.01 20.59 0.21| 100.0%
Reactor Sample| 6.37 1.50 3.44 0.01  20.63 0.17| 98.0%

' Comp. A denotes 3,3'-diamino-diphenylamine
2 Comp. B denotes 3-hydroxy,3'-amino-diphenylamine
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APPENDIX - H

Adsorption Data of Solutes onto Zeolites

The following tables provide the adsorption data of solutes MPDA, MAP,

resorcinol and ammonia onto zeolites USY, Beta and ZSM-5 (Si/Al = 13). The

respective adsorption temperatures are given either in table titles or headings.

H.1 Adsorption of aqueous MPDA

Table H.1 Adsorption of MPDA onto USY
30°C 50°C 70°C 80°C
Bulk Conc. Ads. Conc. | Bulk Conc. Ads. Conc. | Bulk Conc. Ads. Conc. | Bulk Conec. Ads. Cone.
(mole-frac.}) (mmol/g) | (mole-frac.) (mmol/g) | (mole-frac) (mmollg) |(mole-frac.) (mmolig)
1.014E-04 0.2251] 7.416E-05 0.1654) 4.435E-05 0.2906| S5.774E-06 0.2719
2.888E-04 0.4947| 1.927E-04 0.4234| 1.573E-04 0.4637| 1.151E-04 0.4821
8.913E-04 0.7883] 5.540E-04 0.7164] 5.683E-04 0.7111] 5.237E-04 0.6779
2.009E-04 0.3582] 1.077E-04 0.2853| 1.325E-04 0.4607
3.109E-04 0.5028| 1.630E-04 0.4003| 1.272E-04 0.4327
1.762E-03 1.1063] 1.318E-03 0.9533 1.389E-03 0.8220
Table H.2 Adsorption of MPDA onto Beta
30°C 50°C 70°C 80°C
Bulk Conc. Ads. Conc. | Bulk Cone. Ads. Conc. | Bulk Conc. Ads. Conc. | Bulk Cone. Ads. Conc.
(mole-frac.) (mmol/g) | (mole-frac.) (mmolg) |(mole-frac.) (mmolig) |(mole-frac.) (mmol/g)
2.652E-05 0.3916/ 1.963E-05 0.2902| 7.570E-06 0.3759] 3.273E-06 0.2653
1.052E-04 0.9415 3.611E-05 0.7510{ 2.007E-05 0.7316] 1.549E-05 0.6557
8.257E-04 1.3218] 3.234E-04 1.1640| 3.73BE-04 1.1468] 2.923E-04 1.1661
5.848E-05 0.8364; 1.337E-05 0.5863] 1.231E-05 0.6428
7.950E-05 0.8718, 1.351E-05 0.86376] B.744E-06 0.6160
1.4778-03 1.7048| 1.124E-03 1.4054] 1.126E-03 1.4284
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Table H.3 Adsorption of MPDA onto ZSM-5 (Si/Al = 13)

30°C

Bulk Conc. Ads. Conc.

50°C

Bulk Conc. Ads. Cone.

70°C

Bulk Conc. Ads. Cone.

90°C

Bulk Conc. Ads. Conc.

{mole-frac.) (mmol/g) |{mole-frac) (mmolg) |(mole-frac.) (mmol/g) |{(mole-frac.) (mmolig)
1.830E-04 0.0157] ©.083E-05 0.1138] 1.114E-04 0.0998! 7.181E-05 0.0824
4.080E-04 0.2045, 2.554E-04 0.2143] 1.300E-04 0.1131| 2.637E-04 0.2172
1.080E-03 0.3044; 7.597E-04 0.2066] 6.612E-04 0.2537, 6.928BE-04 0.2567
2.749E-04 0.0541, 1.411E-04 0.1638] 5.168E-04 0.2314] 1.638E-03 0.4560
4.774E-04 0.1783] 2.683E-04 0.1885) 2.655E-04 0.1684
2.058E-03 0.3434; 1.643E-03 0.1827, 1.589E-03 0.3324

H.2 Adsorption of aqueous MAP

Table H.4 Adsorption of MAP onto USY

30°C 70°C

Buik Conc. Ads. Conc. | Bulk Conc. Ads. Conc.

{mole-frac.) (mmol/g) | (mole-frac.) (mmol/g)
1.098E-04 0.0336] 1.334E-04 0.1036
3.54BE-04 0.1497| 4.026E-04 0.2097
7.268E-04 0.1856, 7.718E-04 0.2856
1.596E-03 0.4250, 1.836E-03 0.4050
3.052E-03 0.4649] 3.185E-03 0.4149
4.346E-03 1.6365| 4.387E-03 0.4349

Table H.5 Adsorption of MAP onto Beta

30°C 70°C

Bulk Conc. Ads. Conc. | Bulk Conc. Ads. Cone.

(mole-frac.) (mmol/g) |{mole-frac.} (mmol/g)
3.054E-08 0.2772] 9.168E-07 0.1759
1.274E-04 0.6341, 3.460E-06 0.3201
4 653E-04 0.7572] 1.06%E-04 0.5891
1.295E-03 1.0533] 1.175E-03 1.0971
2.718E-03 1.1411] 3.087E-04 0.7349
4.055E-03 1.9504| 2.884E-03 1.2209
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Table H.6 Adsorption of MAP onto Z8M-5 (Si/Al = 13)

70°C

Bulk Conc, Ads. Cone.
{mole-frac.) (mmol/g)

7.416E-04
1.138E-04
3.138E-04
1.530E-03
3.378E-03
2.478E-03

0.1961
0.0252
0.0538
0.2875
0.4014
0.3573

H.3 Adsorption of aqueous Resorcinol

Table H.7 Adsorption of Resorcinol at 70°C onto zeolites

usy

Bulk Conc. Ads. Conc.

Beta

Bulk Conc. Ads. Conc.

ZSM-5 (SU/Al = 13)

Bulk Conc. Ads. Conc.

{mole-frac.) (mmolig) | (mole-frac.) (mmollg) | (mole-frac) (mmol/g)
1.166E-04 0.0126] 1.081E-04 0.0308, 1.198E-04 0.0044
4.224E-04 0.0288| 7.828E-04 0.2364, B.E692E-04 0.0477
3.374E-03 0.3837] 3.913E-04 0.0954; 4.168E-04 0.0393
1.781E-03 0.2244) 3.285E-03 0.5704] 3.414E-03 (0.2883
8.777E-08 0.0126] 1.748E-03 0.3572] 1.803E-03 0.1836
1.556E-04 0.0250] 7.921E-08 0.0301] B.498E-05 0.0169
3.311E-04 0.0405] 1.353E-04 0.0851] 1.520E-04 0.0288
1.701E-03 0.2541 2.978E-04 0.1119] 3.282E-04 0.0398
7.011E-04 0.0455! 1.624E-03 0.4088, 1.701E-03 0.2288
3.467E-03 0.3523) 6.523E-04 0.1474, 7.048E-04 0.0347

3.366E-03 0.5085] 3.479E-03 0.2587
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H.4 Adsorption of aqueous Ammonia

All adsorption of aqueous ammonia is carried out at 70°C. The presence of

ammonia in the headspace of the sample flask has been accounted for by

estimating the ammonia in the vabour phase using [Sandler, 1989].

Table H.8 Adsorption of Ammonia at 70°C onto zeolites

usy Beta ZSM-5 (Si/Al = 13)
Bulk Conc. Ads. Conc. | Bulk Conc. Ads. Conc. | Bulk Conc. Ads. Conc.
{mole-frac.) (mmolfg) |{mole-frac) (mmolig) |(mole-frac.) (mmolig)
4,248E-04 1.7322] 5.174E-04 1.1980) 1.011E-03 0.3263
1.316E-03 2.3003) 1.338E-03 1.6742) 1.948E-03 0.6363
2.315E-03 2.5886) 4.022E-03 2.8508| 2.798E-03 1.2394
4.105E-03 3.8579) 2.326E-03 1.7947, 4.859E-03 1.5915
9.431E-03 4.2366] 9.292E-03 2.7225) 1.035E-02 1.7349
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Reaction Data using Aluminosilicates

Reaction data for USY, Beta and ZSM-5 (Si/Al = 13) are given for reaction
temperatures 225°C, 275°C and 300°C. A reproducibility check for zeolite Beta at
275°C is included. Reaction data for the ZSM-5 (Si/Al = 22) and Silica-Alumina
solids at 300°C are given. One reaction performed with plain Alumina (<200
mesh) is also included. The following tables all use 1.0000 + 0.0100g MPDA,
350m! water and 10.000 + 0.100g uncalcined fresh solids. The dehydrated solid
mass is obtained by making use of Table 4.1. The mass of liquid withdrawn
during sampling is included. The mole balance column denotes the percentage of
accountable organic molecules relative to the initial quantity of MPDA.

.1 Reactions with USY

Tablel1  Fresh USY (10g) at 225°C in 350ml water

Time (h) Sample Sample pH Corrected Mole Concentration (mmol/L) ffole
Weight (g) MPDA MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.44 0.00 0.00 0.00 0.00 100.0%
0.6 Samplet 9.84| 630 2084 0.51 0.01 0.34 0.01 82.2%
46 Sample2 13.54] 665 18.23 5.20 0.01 0.47 0.04 90.8%
8.6 Sampled 840, 7.07 17.34 6.56 0.02 0.96 0.02 94.3%
246 Sampled 6.54, 7.61 14.06 6.69 0.01 2.24 0.15 88.1%
Unaccounted Weight Loss = {-0.20 g)

Table 1.2 Fresh USY (10g) at 275°C in 350ml water

Time (h) Sample |Sample pH Corrected Mole Concentration (mmol/L) Mole
, Waeight (g) MPDA  MAP CompA' Resorc. Comp.B?| Balance
0.0 26.46 0.00 0.00 0.00 0.00, 100.0%
1.0 Samplei 14.52| 7.74 18.45 3.09 0.24 0.19 0.02 84.1%
2.0 Sample2 .18 8.75 18.91 5.89 0.05 1.29 .01 99.1%
5.0 Sample3 16.67| 8.09 16.91 5.85 0.21 2.26 0.05 96.5%
254 Sampled 16.59 873 15.58 469 0.23 4.95 0.08 97.7%
43.0 Samples 18.20 8.82 13.72 3.90 0.10 6.26 0.03 91.3%
Unaccounted Weight Loss = 349 g

' Comp.A denotes 3,3'-diamino-diphenylamine
2 Comp.B denotes 3-hydroxy,3'-amino-diphenylamine
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Table 1.3 Fresh USY (10g) at 300°C in 350ml water
Time (h) Sample [Sample pH Corrected Mole Concentration {mmol/L) Mole
Weight (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.47 0.00 0.00 0.00 0.00; 100.0%
1.0 Samplet 2448, 775 16.87 6.11 0.04 0.64 0.00 89.6%
51 Sample2 1876, 812 16.63 6.63 0.09 273 0.00 98.8%
9.3 Sample3 25.51 848 16.80 6.26 0.05 4.14 0.00f 103.1%
25.0 Sampled 34.02| 856 12.84 3.77 0.16 6.08 0.03 87.2%
Reactor Sample 13.12 3.85 0.16 6.08 0.03 88.5%
Unaccounted Weight Loss = 0.37g
1.2 Reactions with Beta
Table 1.4 Fresh Beta (10g) at 225°C in 350ml water
Time (h}) Sample Sample pH Corrected Mol Concentration {(mmol/L} Mole
Weight (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.44 0.00 0.00 0.00 0.000  100.0%
0.5 Samplet 1294 7.68 5.23 0.28 0.00 0.01 0.02 21.1%
4.8 Sample2 9.53] 822 7.78 1.70 0.02 0.51 0.30 40.3%
8.8 Sample3 13.86] 872 7.39 1.83 0.06 0.88 0.67 43.7%
10.8 Sampled 11.63] 9.00 7.29 1.88 0.08 1.18 0.78 45.7%
24.8 Samples 10.34 7.24 1.58 0.17 1.53 1.05 48.3%
Unaccounted Weight Loss =  unknown
Table 1.5 Fresh Beta (10g) at 275°C in 350m! water
Time (h) Sample [Sample pH Corrected Mole Concentration (mmol/L) Mole
Weight (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.44 0.00 0.00 0.00 0.00 100.0%
0.7 Samplet 18.34 2.84 2.01 0.19 0.36 0.10 21.9%
1.1 Sample2 20.32] 7.34 514  12.02 0.12 3.08 0.11 78.4%
2.0 Sampled 20.10 377 1072 0.05 6.31 0.07 79.6%
52 Sampled 19.18] 9.73 2.68 8.04 0.08 1230 0.08 88.3%
9.0 Samples 19.29) 9.86 2.19 5.34 0.00 16.20 0.01 89.9%
25.0 Sample6 20.39] 9.84 1.09 3.29 0.00  21.91 0.04 99.7%| -
Reactor Sample 1.04 3.25 0.00 20.44 0.04 93.8%
Unaccounted Weight Loss = 373 g

' Comp.A denotes 3,3'-diamino-diphenylamine

2 Comp.B denotes 3-hydroxy,3"-amino-diphenylamine
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Table 1.6 Fresh Beta (10g) at 275°C in 350ml water (repeated)
Time (h) Sample |Sample pH Corrected Mole Concentration (mmol/L) Mole
Weight (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.46 0.00 0.00 0.00 0.00} 100.0%
1.0 Samplet 22,731 545 5.33 11.43 0.10 2.9 0.08 75.7%
50 Sample2 2368 9.08 2.89 7.45 0.18  13.55 0.21 93.3%
9.0 Samplel 26,52 9.25 1.87 4.84 0.13  16.18 0.21 89.1%
25.0 Sampled 26.95] 943 0.70 2.54 0.06  21.95 0.21 97.2%
Reactor Sample 0.42 209 0.00 19.91 0.03 85.0%
Unaccounted Weight Loss = 3.62¢g
Table .7  Fresh Beta (10g) at 300°C in 350m! water
Time (h) Sample Sample pH Corrected Mole Concentration {mmaol/l.) Mole
Weight {g) MPDA MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.43 0.00 0.00 0.00 0.00 100.0%
1.0 Samplet 10.49 548 11.66 0.07 3.73 0.07 80.0%
40 Sample2 12.07 1.47 7.21 0.08 1646 0.27 97.8%
7.0 Sample3 16.63 1.53 473 0.04 19.73 0.05 99.1%
240 Sampled 16.25| 9.74 0.23 1.82 013 2310 . 007 96.7%
Reactor Sample 6.19 1.66 0.07 22.04 0.14 91.9%
Unaccounted Welght Loss = {-2.55 g)
1.3 Reactions with ZSM-5 (Si/Al = 13)
Table 1.8 Fresh ZSM-5 (Si/Al = 13) (10g) at 225°C in 350mi water
Time (h) Sample [Sample pH Corrected Mole Concentration {mmoliL.) Mole
Waelght (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.58 0.00 0.00  0.00 0.00 100.0%
0.6 Samplet 10.61 746, 26.26 0.05 0.02 0.00 0.07 99.6%
46 Sample2 12.90{ 838} 2527 0.03 0.04 0.02 0.17 96.8%
86 Samplel 12.56] 7.83] 24.90 0.13 0.04 0.24 0.14 96.4%
11.3 Sampled 8.65] 7.38] 2494 0.17 0.06 0.22 0.15 96.9%
246 Samples 9.75 7.94] 2378 0.28 0.03 0.24 0.12 92.5%
35.6 Sample6 15.68) 7.99] 25.25 0.51 0.03 0.28 0.12 99.1%
Unaccounted Weight Loss = 12.54 g

! Comp.A denotes 3,3-diamino-diphenylamine

2 Comp.B denotes 3-hydroxy,3'-amino-diphenylamine
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Table 1.9 Fresh ZSM-5 (Si/Al = 13) (10g) at 275°C in 350ml! water
Time (h) Sample [Sample pH Corrected Mole Concentration (mmol/L) Mole
Weight (g) MPDA MAP Comp.-A Resorc. Comp.-B| Balance
0.0 26.44 0.00 0.00 0.00 0.00] 100.0%
1.1 Samplet 17.28 858, 2473 0.00 0.00 0.00 0.00 93.5%
5.0 Sample2 20.11 8.82 2354 0.30 0.00 0.02 0.00 90.2%
9.0 Sampled 20,70, 888 23.30 068 0.00 0.04 0.00 90.9%
24.0 Sampled 23.06)] 872 2371 1.95 0.00 0.25 0.00 98.0%
Reactor Sample 23.32 1.78 0.00 0.12 0.00 95.4%
Unaccounted Weight Loss = 236g
Table 1.10  Fresh ZSM-5 (Si/Al = 13) (10g) at 300°C in 350m! water
Time (h) Sample [Sample pH Corrected Mole Concentration (mmol/L) Mole
Weight (g) MPDA  MAP Comp.-A Resorc. Comp.-B| Balance
0.0 26.43 0.00 0.00 0.00 0.00f 100.0%
1.0 Samplet 15.71 8.54] 26.99 0.13 0.00 0.06 0.00; 102.9%
3.0 Sample2 12.92] 865 2538 0.45 0.00 0.06 0.00 98.0%
55 Sampled 18.73] 825 26.36 0.87 0.00 0.08 0.00f 103.4%
24.0 Sampled 27.54) 886 2247 2.60 0.00 048 000 96.7%
Reactor Sample 21.26 2.46 0.00 0.44 0.00 91.5%
Unaccounted Weight Loss = 230 g
1.4 Reactions with ZSM-5 (Si/Al = 22)
Table .11 Fresh ZSM-5 (Si/Al = 22) (10g) at 300°C in 350ml| water
Time (h) Sample [Sample pH Corrected Mole Concentration {mmol/L) Mole
Weight (g} MPDA MAP Comp.-A Resorc. Comp.-B| Balance
0.0 26.43 0.00 0.00 0.00 0.00; 100.0%
1.0 Samplet 17.42] 8.69 14.74 5.59 0.00 0.66 0.00 79.5%
3.1 Sample2 24,90, 858 10.62 8.11 0.00 3.84 0.00 85.8%
9.1 Sample3 25.92| 885 5.66 6.80 0.00 9.56 0.08 83.8%
25.0 Sampled 25.27 1.89 3.32 0.00 12.91 0.26 70.6%
Reactor Sample 1.93 3.40 0.00 12.91 0.26 71.0%
Unaccounted Weight Loss = 171 g

' Comp.A denotes 3,3-diamino-diphenylamine
2 Comp.B denotes 3-hydroxy,3'-amino-diphenylamine
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1.5 Reactions with Silica-Alumina
Table .12 Fresh Silica-Alumina (10g) at 300°C in 350m! water
Time (h) Sample |Sample pH Corrected Mole Concentration (mmol/l.) Mole
Weight (g) MPDA  MAP Comp.-A Resorc. Comp.-B| Balance
0.0 26.43 0.00 0.00 0.00 0.00; 100.0%
1.0 Samplei 13.07 6.7 20.80 3.43 0.05 0.40 0.11 94.4%
50 Sample2 17.91 7.35] 16.85 5.11 0.11 4.05 0.07 99.8%
10.0 Sample3 2467 842 10.63 2.80 0.03 10.75 0.15 92.9%
24.4 Sampled 20.89) 9.04 9.99 2.62 0.1 10.44 0.27 90.1%
Reactor Sample 10.20 2.68 0.11 10.44 0.27 91.1%
Unaccounted Weight Loss = 3.50 g
1.6 Reactions with Alumina (<200 mesh)
Table 113 Fresh Alumina (10g) at 300°C in 350ml| water
Time (h} Sample [Sample pH Corrected Mole Concentration (mmol/L) Mole
Weight (g} MPDA MAP Comp.-& Resorc. Comp.-B| Balance
0.0 26.61 0.00 0.00 0.00 0.00; 100.0%
0.7 Samplet 8.24| 817 2596 0.00 0.00 0.00 0.00 97.6%
4.8 Sample2 7.62] 9.05 26.17 0.03 0.00 0.00 0.00 98.5%
8.8 Sampled 13.49) 9.02] 26.26 0.04 0.00 0.01 0.00 98.9%
246 Sampled 10.65{ 9.02] 26.33 0.03 0.00 0.086 0.00 99.3%
31.8 Samples 15.26] 8.60] 2579 0.04 0.00 0.03 0.00 97.2%
Unaccounted Weight Loss = {-2.87 g}

' Comp.A denotes 3,3-diamino-diphenylamine

2 Comp.B denotes 3-hydroxy,3'-amino-diphenylamine
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APPENDIX - J

Adsorption Data of Solutes onto Zirconium Phosphates

The following tables provide the adsorptioh data of solutes MPDA, MAP,
resorcinol and ammonia onto zirconium phosphates a-ZrP, a-ZrP400, y-ZrP and
y-ZrP400. The solution pH after the 6days adsorption period is included. The

respective adsorption temperatures are given in table titles or sectional headings.
J.1 Adsorption of aqueous MPDA

Table J1  Adsorption of MPDA onto a-ZrP

30°C 50°C 70°C

Bulk Conc., Ads. Conc. pH |BulkConc. Ads.Conc. pH |Bulk Conc. Ads, Conc.
mole-frac. mol/(mol Zr) mole-frac.  moli{mol Zr) mole-frac.  mol/{mol Zr)

phi

4.779E-06 0.1155 2.50| 5.343E-06 0.1612 na.| 7.998E-06 0.0870
5.624E-06 0.2580 291 6.433E-06 0.1653 n.a.| 8.389E-06 0.1601
5.959E-06 0.2540 2.34| 7.224E-06 0.2115 na.| 8511E-06 0.19803
7.393E-06 0.2833 2.68) 7.544E-06 0.4833 na| 8.710E-06 0.1648
7.047E-05 0.6832 4.76] 2.240E-05 0.0725 na| 2.118E-05 0.5130
1.013E-03 0.7338 5.69| 5.260E-04 0.6818 na.| 5.924E-04 0.7166

2.08
2.05
2.08
2.12
3.23
5.36

Table J.2  Adsorption of MPDA onto a-ZrP400

70°C

Bulk Conc. Ads. Conc. pH
mole-frac.  mol/{mol Zr)

6.144E-06 0.0588 2.05
9.131E-06 0.1234 2.16
1.300E-05 0.1910 2.30
3.316E-05 0.3987 3.67
7.755E-04 0.5519 5.33
3.803E-03 0.6312 6.00
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Table J.3  Adsorption of MPDA onto y-ZrP

30°C 70°C

Bulk Cone. Ads.Cone. pH | BulkConc. Ads. Cone. pH
mole-frac. mol/{mol Zr) mole-frac. molf{mol Zr)

1.445E-06 0.1055 2.31] 4.748E-08 0.0881 1.87
9.094E-06 0.3018 3.14] 5.612E-08 0.1423 1.97
1.114E-05 0.2042 2.96| 2.561E-06 0.2220 2.37
1.787E-08 0.3086 2.95| 7.757E-05 0.4233 4.15
3.338E-04 0.5604 5.16| 9.745E-04 0.5788 5.24
2.243E-03 0.7613 5.88| 3.445E-03 0.7243 5.88

Table J.4 Adsorption of MPDA onto y-ZrP400

30°C 50°C 70°C

Bulk Conc. Ads. Conc. pH |BulkConc. Ads.Cone. pH |BulkCone. Ads. Conc. pH
mole-frac. mol/(mol Zr) mole-frac.  mol/{mol Zr) mole-frac. mol/(mol Zr)

1.451E-04 0.0109 4.44| 6.644E-05 0.0136 4.05| 6.886E-05 0.0283 3.93
2.539E-04 0.0338 4.91| 2.024E-04 0.0425 483 1.809E-04 0.0747 465
4.162E-04 0.0312 4.98| 2.152E-04 0.0652 4.88| 7.189E-04 0.0564 5.46
4.798E-04 0.0398 4.98) 6.539E-04 0.0839 537 1.527E-03 0.1662 5.78
1.062E-03 0.0755 549 1.558E-03 0.1204 577/ 3.199E-03 0.2450 6.03
2.843E-03 0.3426 6.45| 4.994E-03 0.3289 6.29) 4.549E-03 0.3427 6.11

J.2 Adsorption of aqueous MAP

Table J.5 Adsorption of MAP at 70°C onto a-ZrP and a-ZrP400

a-ZrP a-ZrP400

Bulk Conc. Ads.Conc. pH |BulkConc. Ads.Conc. pH
mole-frac.  mol/(mol Zr) mole-frac. mol/{mol Zr)

1.145E-04 0.0064 n.a.| 1.280E-04 0.0099 2.55
2.872E-04 0.0308 na. 2204E-04 0.0660 3.02
5.083E-04 0.1941 na.| 3.229E-04 0.2831 2.62
1.071E-03 0.3559 na.| 6.127E-04 0.6354 3.33
1.694E-03 0.5469 na. 7.945E-04 0.5931 3.81
2.580E-03 0.5720 na.| 1.842E-03 0.7431 3.88
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Table J.6  Adsorption of MAP at 70°C onto y-ZrP and y-ZrP400

y-ZrP y-ZrP400
Bulk Conc. Ads. Conc. pH  |BulkCone. Ads.Conc. pH
mole-frac. molf{mol Zr) mole-frac. mol/{mol Zr)
3.821E-05 0.0562 n.ai 1.059E-04 0.0213 3.05
5.452E-05 0.1808 na; 2.900E-04 0.0261 2.75 .
1.283E-04 0.4526 nal 7.454E-04 0.0474 4.18
6.179E-04 0.6630 na| 1.817E-03 0.0573 3.81
1.434E-03 0.7732 nal 1.761E-03 0.0510 4.08
2.230E-03 0.8234 nal| 2971E-03 0.0979 5.28

J.3 Adsorption of aqueous Resorcinol

Table J.7 Adsorption of Resorcinol at 70°C onto o-ZrP and o-ZrP400

o-ZrP a-ZrP400
Bulk Conc. Ads. Conc. pH |Bulk Conc. Ads.Conc. pH
mole-frac.  mol/{mol Zr) mole-frac.  mol/(mol Zr)
8.980E-05 0.0013 na| 1.485E-04 - 1.75
9.177E-05 - 0.0002 1.86) 3.380E-04 0.0014 1.80
2.154E-04 0.0029 1.78; 6.372E-04 0.0080 1.92
2.172E-04 0.0018 na| 9.950E-04 0.0017 2.09
4.121E-04 0.0036 202, 1.847E-03 0.0112 1.76
4.145E-04 0.0022 na| 3.783E-03 0.0054 215
7.559E-04 0.0273 2.10
7.743E-04 0.0165 n.a.
1.471E-03 0.0244 n.a.
1.476E-03 0.0208 2.01
3.494E-03 0.0832 n.a.
3.531E-03 0.0708 2.09
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Table J.8  Adsorption of Resorcinol at 70°C onto y-ZrP and y-ZrP400

y-£rP y-ZrP400

Bulk Conc. Ads.Conc. pH |Bulk Cone. Ads. Conec. pH
mole-frac. mol{mol Zr) mole-frac. mol/{{mol Zr)

1.192E-04 0.0016 2.65| 1.348E-04 0.0072 2.25
4.165E-04 0.0107 2.43| 3.408E-04 - 2.28
8.917E-04 0.013¢9 2.60| 6.415E-04 0.0054 2.23
1.803E-03 0.0407 2.56/ 9.885E-04 0.0019 2.21
4.607E-03 0.1584 2.62| 1.832E-03 0.0194

3.782E-03 0.0047 2.32

J.4 Adsorption of aqueous Ammonia

All adsorption of aqueous ammonia is carried out at 70°C. The presence of
ammonia in the headspace of the sample flask has been accounted for by
estimating the ammonia in the vapour phase using [Sandler, 1989].

Table J.9  Adsorption of Ammonia at 70°C onto a-ZrP and y-ZrP

o-ZrP y-ZrP

Bulk Conc. Ads. Conc. pH |Bulk Cone. Ads.Cone, pH
mole-frac. mol/(mol Zr) mole-frac. mol/(mol Zr)

0.000E+00 0.3386 na.; 0.000E+00 0.3601 n.a.
0.000E+00 0.6723 na.; 0.000E+00 0.7243 n.a.
0.000E+00 1.0328 na.| 0.000E+00 1.0786 n.a.
2.708E-05 1.7092 na.) 6.594E-05 1.7422 n.a.
2.331E-03 2.0499 na.| 2.577E-03 1.9616 n.a.
7.531E-03 2.2633 na., 7.785E-03 2.3010 n.a.
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APPENDIX -K

Reaction Data using Zirconium Phosphates

Reaction data for the conversion of MPDA over o-ZrP, o-ZrP400, y-ZrP and y-
ZrP400 are given for the reactions carried out at 225°C and 275°C. The reaction
tables all use 1.0000 + 0.0100g MPDA, 350m! water and 10.000 + 0.100g of the
uncalcined fresh solids. According to the method outline in Section 3.3.1.2, the
recovered zirconium phosphates (o-ZrP400, vy-ZrP and y-ZrP400) are
regenerated and reused in the second reaction with the reaction temperature
corresponding to the temperature used during the first reaction. The zirconium
phosphate to MPDA mole ratios (mol Zr)/(mol MPDA) for the second set of
reactions (regenerated samples) are roughly identical to the first set of reactions
by means of the method stated in Section 3.3.1.3.

K.1 Reactions with o-ZrP

Table K.1  Fresh a-ZrP (10g) at 225°C in 350ml water and 1g MPDA

Time (b} Sample |Sample pH Corracted Mole Concentration {(mmol/L) Mole

Weight (g) MPDA MAP CompA' Resorc. Comp.B?| Balance
0.0 27.50 0.00 0.00 0.00 0.00{ 100.0%
0.7 Samplet 17.41 544 25.18 0.40 0.00 0.00 0.08 93.5%
47 Sample? 16.54] 5.01 20.07 2.75 0.03 0.77 0.13 87.0%
8.7 Samplel 15.75) 5.00, 1764 3.68 0.02 1.99 0.18 86.3%
24.7 Sampled 1964, 496 1183 3.35 0.05 7.55 0.40 85.9%
32.7 Samples 16.95, 4.85 9.51 4.02 0.04 9.35 0.38 86.3%

Unaccounted Welght Loss = unknown

Table K.2 Fresh o-ZrP (10g) at 275°C in 350ml water and 4g MPDA

Time (h} Sample [Sample pHH Cormrected Mole Concentration (mmol/L) Mole
Weight (g) MPDA MAP Comp.A' Resorc. Comp.B?| Balance
0.0 105.78 0.00 0.00 0.00 0.00f 100.0%
72.0 Samplet 28.03 10.15 329  36.11 12.36 99.8%

! Comp.A denotes 3,3'-diamino-diphenylamine
2 Comp.B denotes 3-hydroxy, 3-amino-diphenylamine
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K.2 Reactions with o-ZrP400

10g of the original o-ZrP weighs ca. 9.3g after calcination at 400°C (see Table -
4.11 in Section 4.5).

Table K.3 Fresh o-ZrP400 (9.3g) at 225°C in 350ml water and 1g MPDA

Time (h) Sample |Sample pid Corrected Mole Concentration (mmol/L) Mole
Weight {g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.44 0.00 0.00 0.00 0.00; 100.0%
1.0 Samplet 20.07| 538 22.55 1.28 0.14 0.29 0.01 92.3%
50 Sample2 16.08) 547 18.37 4,76 0.38 1.97 0.09 98.5%
9.0 Sampled 18.23] 567, 14.91 5.43 0.48 4.80 0.16{ 100.0%
240 Sampled 1717, 6.38 8.78 264 0.51 13.26 0.35 99.9%
Reactor Sample 7.31 2.76 018 1475 0.35 97.9%
Unaccounted Weight Loss = 30g

Table K.4 Regenerated o-ZrP400 (89wiw% original o-ZrP400) at 225°C in
350ml water and corresponding mass of MPDA

Time (h) Sample Sample pH Corrected Mole Concentration (mmol/L.) Mole
Welght (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 23.63 0.00 0.00 0.00 0.00; 100.0%
1.0 Samplet 18.30F 5.54, 21.01 0.77 0.08 0.15 0.01 93.3%
5.0 Sample2 16.50] 533, 18.01 3.18 0.22 1.36 0.04 97.7%
9.0 Sampled 16.10 5.61 16.39 3.77 0.31 3.51 0.09 99.3%
25.0 Sampled 16.23] 4.68 8.21 2.02 037 1184 0.29 99.0%
Reactor Sample 7.62 2.1 0.08 12.58 0.28 97.5%
Unaccounted Waight L.oss = 779

Table K.5 Fresh o-ZrP400 (9.3g) at 275°C in 350ml water and 1g MPDA

Time (h) Sample Sample pH Corrected Mole Concentration (mmoliL.) Mole
Weight (g) MPDA MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.44 0.00 0.00 0.00 0.00; 100.0%
1.1 Samplet 14.66| 5.33] 20.71 1.59 0.06 0.69 0.01 87.5%
53 Sample2 14.16] 4.93] 14.58 2.04 0.13 7.53 0.15 93.5%
9.0 Sample3 16.49,  4.08 7.52 1.22 0.12 1594 0.33 96.8%
25.1 Sampled 17.50, 2.02 0.13 0.00 0.02 26.79 0.01] 102.0%
Unaccounted Weight Loss = 214

! Comp.A denotes 3,3"-diamino-diphenylamine
2 Comp.B denotes 3-hydroxy,3'-amino-diphenylamine
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K.3 Reactions with y-ZrP

Reactions are conducted with y-ZrP (batch no.: G05-7) and y-ZrP (batch no.:
E0906). Apart for y-ZrP (batch no.: G05-7) containing small amounts of solid

H3PO4 (0.05mmol/g y-ZrP), the structural and chemical properties of the two y-

ZrP samples are identical.

Table K.6 Fresh y-ZrP (batch no.: G05-7) (10g) at 225°C in 350m| water
and 1g MPDA
Time (h) Sample Sample ph Corrected Mole Concentration (mmolil) Mole
Welght (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.47 0.00 0.00 0.00 0.00, 100.0%
1.0 Samplet 13.58) 4.88 9.60 8.30 0.17 0.85 0.03 72.3%
5.0 Sample2 15.73] 4.28 3.82 8.1 029 1026 0.19 87.5%
9.0 Sample3 1864, 3.94 1.99 4.38 024 16.01 0.22 88.1%
25.0 Sampled 13.75| 3.85 0.54 0.59 015  21.91 0.19 89.6%
Reactor Sample 0.10 0.45 0.01 20.90 0.7 82.4%
Unaccounted Weight Loss = 58g

Table K.7 Reuse y-ZrP (batch no.: G05-7) (80w/w% original y-ZrP) at 225°C

in 350ml water and 1g MPDA

Time {(h) Sample Sample pH Corrected Mole Concentration (mmol/L) Mole
Weight (g) MPDA MAP Comp.A' Resorc. Comp.B?| Balance
0.0 21.27 0.00 0.00 0.00 0.00, 100.0%
1.0 Samplet n.a. 6.45| 2065 0.50 0.03 0.25 0.01 101.0%
5.0 Sample2 n.a. 6.90, 19.78 1.87 0.04 0.37 0.03] 104.2%
9.0 Sample3 n.a. 18.08 2.60 0.06 0.89 0031 102.3%
25.2 Sampled n.a. 7.62] 1479 3.52 0.10 3.62 0.08, 104.8%
Reactor Sample n.a. 13.49 3.35 0.06 3.01 0.07 94.5%

Unaccounted Weight Loss =  unknown

! Comp.A denotes 3,3'-diamino-diphenylamine

2 Comp.B denotes 3-hydroxy,3'-amino-diphenylamine
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Table K.8 Fresh y-ZrP (batch no.: E0906) (10g) at 225°C in 350ml water
and 1g MPDA
Time (h) Sample Sample ph Corrected Mole Concentration (mmolil.) Moie
Weight (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.40 0.00 0.00 0.00 0.00] 100.0%
1.0 Samplet 16.41 6.85 8.37 9.08 0.22 1.08 0.03 72.1%
50 Sample2 11.54| 7.40 2.70 7.73 027 11.07 0.17 84.7%
9.0 Sampled 2137 872 1.40 4.01 025 17.07 0.19 88.5%
25.0 Sampled 13.75| 8.46 0.36 0.45 0.17 2226 0.14 89.8%
Reactor Sample 0.05 0.30 0.05 2169 0.12 84.7%
Unaccounted Weight Loss = {-1.5 g)

Table K.8 Reuse y-ZrP (batch no.. E0906) (86w/w% original y-ZrP) at
225°C in 350ml water and corresponding mass of MPDA
Time (h) Sample [Sample pH Corrected Mole Concentration (mmol/L) Mole
Weight (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance

0.0 22.84 0.00 0.00 0.00 0.00] 100.0%
1.0 Samplei 14.54 6.69) 22.83 0.60 0.06 0.18 0.00f 104.8%
51 Sample2 18.87| 8.08 20.59 2.50 0.10 0.64 0.02| 105.9%
9.0 Sampled 17.65| 875 18.81 3.45 0.12 1.34 0.04| 105.6%
240 Sampled 16.34 8.32 15.19 3.68 0.18 3.83 0.087 102.3%

Unaccounted Weight Loss = 8.3g

Table K.10 Fresh y-ZrP (batch no.: G05-7) (10g) at 275°C in 350ml water

and 1g MPDA
Time (h) Sample [Sample pH Corrected Mole Concentration {mmol/L) Mole
Weight (g) MPDA MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.44 0.00 0.00 0.00 0.00{ 100.0%
1.0 Samplet 19.48, 4.67 8.50 7.97 0.21 4.35 0.08 81.0%
50 Sample2 2043 3.3 2.52 1.10 016 1912 0.18 88.6%
9.8 Sampled 18.277 3.10 1.25 0.43 0.10  22.46 0.15 893.2%
25.0 Sampled 21.79] 242 0.21 0.18 0.04 26.06 0.03] 100.6%
Reactor Sample 0.21 0.21 0.02 2217 0.10 86.3%
Unaccounted Weight Loss =

i1.2g

! Comp.A denotes 3,3'-diamino-diphenylamine

2 Comp.B denotes 3-hydroxy,3'-amino-diphenylamine
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K.4 Reactions with y-ZrP400

10g of the original y-ZrP weighs ca. 8.4g after calcination at 400°C (see Table
4.11 in Section 4.5). Only y-ZrP with batch no. G05-7 is used.

Table K.11 Fresh y-ZrP400 (8.4g) at 225°C in 350ml water and 1g MPDA

Time (h) Sample [Sample pH Corrected Mole Concentration (mmol/l) Mole
Weight (g) MPDA MAP Comp.A' Resorc. Comp.B?| Balance
0.0 26.47 0.00 0.00 0.00 0.00 100.0%
1.1 Samplet 16.25| 6.01] 24.11 1.06 0.07 0.36 0.00 97.0%
50 Sample2 17.98| 4.79 5.42 9.25 0.34 6.87 0.25 85.9%
9.0 Sample3 18.64] 3.57 0.79 495 0.29  16.94 0.30 90.1%
25.0 Sampled 18.64)] 264 0.07 0.22 011 2464 0.15 96.2%
Reactor Sample 0.02 0.12 0.01 2364 0.13 90.9%
Unaccounted Weight Loss = 1049

Table K.12 Reuse y-ZrP400 (89w/w% original y-ZrP) at 225°C in 350ml
water and corresponding mass of MPDA

Time (h} Sample |Sample pH Corrected Mole Concentration (mmoliL) Mole
Weight (g) MPDA  MAP Comp.A' Resorc. Comp.B?| Balance
0.0 23.53 0.00 0.00 0.00 0.00] 100.0%
1.0 Samplet 21.00f 6.05] 2152 0.24 0.00 0.57 0.01 95.0%
51 Sample2 22.90 4.81 8.79 3.88 0.06 3.89 0.09 71.6%
9.0 Sample3 2274, 418 5.09 3.56 0.07 9.31 0.18 78.2%
25.0 Sampled 23.39] 4.20 1.48 0.78 0.07 21.59 0.21] 103.8%
Reactor Sample 1.05 0.63 0.05  20.61 0.19 96.8%
Unaccounted Weight Loss = 16190
Table K.13 Fresh y-ZrP400 (8.4g) at 275°C in 350ml water and 1g MPDA
Time (h) Sample [Sample pH Corrected Mole Concentration (mmol/L) Mole
Weight (g) MPDA  MAP Comp.A' Resorc. Comp.B®| Balance
0.0 26.67 0.00 0.00 0.00 0.00| 100.0%
1.0 Sampiet 23.96] 550 2240 0.91 0.02 0.25 0.00 88.6%
5.0 Sample2 2179, 3.29 3.69 1.18 0.08 17.73 0.21 86.9%
9.0 Sampled 21.13] 249 0.3 0.28 0.05 2407 0.14 96.3%
25.0 Sampled 21.15| 248 0.05 0.09 000 2484 0.01 93.8%
Unaccounted Weight Loss = §8g

' Comp.A denotes 3,3-diamino-diphenylamine
Z Comp.B denotes 3-hydroxy,3'-amino-diphenylamine
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