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2.3 ZIRCONIUM PHOSPHATES 

Zirconium phosphates are layered compounds consisting of covalently bonded 

planar macromolecules. knol'm as lamellae, that are held together by van der 

Waals bonds between the adjacent layers Similar to aluminosilicates, the 

framework of zirconium phosphates is Ilegatively charged with cOlmteriolls, e,g , 

H' alld Na", balancillg the fixed charges present within the zirconium 

phosphates ~'lhereas the nxed charges present in aluminosilicates origillate by 

the isomorphous substi:u:ion of Si'> wi:h AI" the localised fixed charges present 

on the zircollium phospha:e layers are due to ionogenic phosphate groups 

attached to the pJanar macromolecule [Alberti and Costantino. 1996). Since the 

fixed IOnogenic phosphate groups on the macromolecular plane are essentiall'l 

constituents of mineral ortho-phosphoric acid, it would be intuitive that, like with 

rhosphoric acid, resorcinol of high yield and selectivity IS produced in the 

presence cf zirccllium phosphates. The ability for zirconium phosphate layers tc 

swell should allow for easy access of the illcomillg MPDA molecule to an active 

site Zirconium ;::>hosphates are also regarded as being thermally stable and 

highly '.',later insoluble compounds which further assists ill justifyillg their 

successful use as heterogeneous acids for the hydrolysis cf MPDA to rescrcino! 

2.3.1 ZIRCONIUM PHOSPHATE STRUCTURES 

The structures of the two most frequently studied layered zirconium phosphates 

are that of u"Zr(HPO,12 H,O and /-Zr(P04)(H 2P04) 2H 20. Both types of 

Zirconium phosphates are crystallille compoullds, compnslllg of plallar 

macromolecules that are racked and held :ogether via van der Waals forces 

beh'Jeell the adjacent layers, As illustrated in Figure 2 20, the distance between 

the barycentres of two adjacent macromclecular sheets 01 lamellae is Known as 

the 'd-spacing', 'interlamellar distance, 'illterlayer dis:ance', interlayer spacillg' cr 

'basal spacillg', The 'gallery height' or the 'free distallce' refers to the distallce 
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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, 19961_ 

Layer thickness { -r::: ~-------
t
~~~~~~~~~ 

d-spacing 
- -------------

Gallery height 

Interlayer region ------

c::==::::::::: 

Figure 2.20 Schematic illustration of some definitions and important 

characteristics of layered zirconium phosphates [redrawn from 

Alberti and Costantino, 1996] 

The lotal surface area A, (area per gram) of a layered compound is easily 

calculated from Equation 2 31 [Alberti and Costootino, 1996] Depending on the 

chosen dimensions of the unit cell. At,. represents the formula weight of the unit 

cell (glmol): ab the lamellar surface area of one side of the unit cell; and n the 

number of such sites exposed to the interlayer region. A'" is the Avogadro 

constan\. 

Since the total surface area cannot be determined by NrBET due to the 

contraction of the interlayer distance upon degassing, Equation 2.31 is vital for 

determining the surface area of layered CCHTIPOUndS. Clearfield and Djuric [1978] 

observed that the crystallinity of zirconium phosphates is related to the measured 

2.31 
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8FT surface area, with highly crystalline li-Zr(HPO~h H20 samples giving a 

surface area of 24mZlg as a result of only the outerr11ost lal11ellae being exposed 

towards Nz adsorption The surface area of low crystalline samples is 

approximately 72 to 237m"lg. ~or structures with unknown cell paral11eters the 

total surface area may be estimated by means of the density, ,i!, and the 

interlayer distance, d, of the layered compound [Alberti and Costantino, 19961 

The homogeneous distribution of active sites within Zirconium phosphates allows 

for the accura~e determination of the area available per active site also known as 

the 'free area' 

A ' FlY 
free area =' 

o',VA 

where nr- is :he molecular formula weight and {f the number of equivalents of 

active sites per /-:v 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 adsorb 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 il11por1ant parameter is the 'layer charge density', p,. describing the 

number of elementary charges per unit surface area. with C presenting the 

number of electrons per one Coulomb charge 

/ \ , = (free area) ; * C 

2.32 

2.33 

2.34 



Univ
ers

ity
 of

  C
ap

e T
ow

n

52 Chapter 2 - Literature Review and Proposals 

Crystalline layered a-Zr(HP04h H20 was first synthesised by Clearfield and 

Stynes [1964] by boiling amorphous zirconium phosphate gel in concentrated 

phosphoric acid (10 - 12moVL) for several days. Clearfield and Smith [1969] 

solved the monoclinic crystal structure of a-Zr(HPO.jz-H,O using single-crystal 

diffraction data. However, the preparation of high-quality a-Zr(HP0 4!<'H20 

crystals via the HF direct precipitation method allowed for the refinement of the 

a-zirconium phosphate structure yielding cell dimensions_ " '" 9.060A. b " 

5.297A (' = 15414A and p= 101.71°, space group P2,/" [Troup and Clearfield, 

1977]_ Accordingly, the interlayer distance equals 755A with the formula weight 

per unit cell :\4, equalling 4 times the molecular formula weight Fiji, The unit cell 

volume (725,7A") is calculated with the density equalling 2,78glcmO (Equations 

2.31 and 2,32), 

<I 
c <r, I c, , , 

t ___ -ec' __ 

Figure 2.21 Idealised crystal structure of v-zirconium phosphate with solid 

lines illustrating one of the cavities created by arrangement of the 

layers, protons and water molecules are omitted [Clearfield and 

Costantino, 19961_ 
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The layer structure of ct-Zr(HP04)::'H20 consists of zirconium atoms lying above 

and below (± O,25A) the mean plane [Clearfield, 1984] and are bridged by 

tetrahedral P03{OH) phosphate anioos. The phosphate groups are situated 

alternately above and below 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 distorted octahedron of oxygen atoms 

belooging 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 pointing towards the nearest neighbouring layer 

Figure 2.22 Schematic projection perpendicular to the clYstal axis c, showing 

negatively charged oxygen atoms of two facing sides of adjacent 

layers forming zeolitic cavities, with each cavity accommodating 

one water molecule. Shaded and open circles respectively refer 

to oxygen atoms lying above and below the intermediate plane 

[redrawn from Alberti and Costantino, 1974 and 1984]. 

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. 19691-

Consequently, as shown in Figure 2.22, the negatively charged oxygen between 

facing sides of two adjacent layers fonn an intermediate plane with the oxygen 

anions being arranged in a hexagonal fashion. Stacking of the layers, as 

illustrated 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 small 

cavities corresponds to the number of zirconium atoms. Each cavity 

accommodates 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 other 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, a-Zirconium 

phosphate unlike other clays, does not undergo infinite swelling when 

suspended in water. Troup and Clearfield [1977J ascribed this to the strong 

binding of the layers to the high degree of crystallite perfection. However, Dyer 

and Leigh [1972] attributed this phenomenon to the very high lattice charge or 

layer charge density, Ph " 412*10"e-lcm' [Alberti and Costantino, 1996J. 

Application of Equatkln 231 yields a lamellar surface area of 965m'g-', The 

corresponding 'free area' associated with each =P-OH group equals 24.oN 
(Equation 2.33). The total 1 maximum ion exchange capacity for (l-Zr(HPO.}:;:-H,O 

is 6,64mequiv, per gram, which is slightly less in the presence of impurities 

[Clearfleld,1993] 

2.3.1.2 STRUCTURE OF "{-Zr(PO.)(H,P04 )'2H,O 

The preparation of a second planar macromolecule, termed "{-zirconium 

phosphate, having the same chemical compositioo as (l-Zr(HPO.),H,O but 
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different structure was first reported by Clearfield et af. [1968] The synthesis of 

crystalline '~-zirconium phosphate involves a water soluble zirconyl salt in the 

presence of a mono-substituted dihydrogenphosphate, which upon refluxin9 for 

several days, yields a mono-substituted '(-zirconium phosphate salt [Alberti et al.; 

1989]. The hydrogen form of 'I-zirconium phosphate is then obtained by ion 

exchange, On the basis of solid-state 31p magic-angle spinning MAS NMR 

spectroscopy [Clayden, 1987] and studies performed on isostructural titanium 

phosphate [Christensen et ai" 1990] the correct structural formula, i.e" .~­

Zr(P04)(H 2P04)'2H,O, is suggested Therefore, the monoclinic '(-zirconium 

phosphate crystals consists of P04
J- groups in which all the oxygen atoms are 

bonded to zirconium atoms as well as HzPO'- 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 y-zirconium phosphate crystals 

large enough for X-ray structure determination required the use of X-ray powder 

diffraction resulting in slight deviations within the reported literature. The most 

recently accepted unit cell parameters for '~-Zr(P04)(HzP04)'2H20 are, a " 

5386A, " " 6636A. c " 24,806A and f3 " 98.70° [Clearfield and Costantino, 

1996], space group P2; and tI" 4 [Poojary etal., 1995]. Therefore, the interlayer 

distance equals 12,20A. the unit cell volume" 8764A3 and density " 243glcm~. 

The free area surrounding each P(OH);, group on the surface of the layers equals 

35,7N, i.e., 17.8A2 if the free area is associated with each OH group on the 

plane, Consequently, the lotallamellar surface area corresponds to 674m'/g. The 

maximum ion exchange capacity equals 6,27mequiv.lg and the layer charge 

density I":, is 560e-fern' 
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i' ) 

• - z, 

0- , 

Figure 2.23 

Chapter 2 - Literature Review and Proposals 

(a) Representation of layered -(-Zr(P04)(HzP04 ) 2HzO viewed 

down the b-axis with water molecules being omitted [Clearfiekl 

and Costantino, 1996]; (b) Polyhedral presentation of the -(­

zirconium phosphate structure down the a-axis, illustrating the 

hydrogen bonds between the water molecules and hydroxyl 

groups (dashed lines) [Poojary at aI., 1995]. 

A detailed 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.3- and H2PO.' phosphate tetrahedra. All four oxygen of the PO. 3- group 

bridge across zirconium atoms with one set of bridges running parallel to the e­

axis and another parallel to the b-axis, thereby joining all the zirconium atoms, 

setting up the raw framework structure, The central phosphate atoms within the 

framework phosphate group, i,e" P04
J

- group, are positioned alternately ca, 

O,65A above and below the mean plane of a particular layer, In turn, the 

zirconium atoms are located ca, 1,6A sequentially above and below the mean 

plane Thus, the framework phosphate tetrahedra are sandwiched between the 

zirconium octahedra, The H,P04- group is located on the outer periphery of the 
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layer utilising two of its oxygen to bridge across zirconium atoms in the 8-

direction. H~e otr,er tvo oxygen extend into the interlamellar region each oxygen 

bonded to one ion-exchangeab!e proton [Poojary et a/., 19941_ Figure 2.23(b) 

illustrates the manner in which the two different water mclecules, i.e , 'v'll and 

W2, are hydrogen bonded towards the POH groups and tcwards one another, 

producing a zigzag chain of water molecules tha: runs betw-een the 

dirlydrogenphosphate groups_ Consequently, unlike for a-Zr(HPO.h H20, 

hydrogen bcnds exis: between the layers of f-Zr(P04)(H2P04)'2H20_ Illustrated in 

Figure 2.23(b) are tvo four-membered rings created by hydrogen bonding The 

one ring involves 0(7), O(S), 0(W1) af1d 0(11'12); af1d the other ring cOf1sists of 

0(8), OevV2), 0(1/'1'1) and 0(W2) 0(7) and O(S) denote the charged oxygen 

present on the H"P04 0(\N1) and 0(W2) refer to the respectve oxygen residing 

within the water molecules [Poojary. 19951_ 

2.3.2 ADSORPTION !INTERCALATION PROCESSES 

The acid sites situated between layers and on the exterior surfaces of the 

zirconium phosphates allow for the adsorption cf Bronsted bases H:e term 

'intercalatiof1' commonly refers to the adsorption of components onto acid sites 

pcsiticned wiU,:in the Interlayer region of the zirconium pr,osphates 

Consequently, intercalation 'Involves the reversible insertiOf1 of guest species 

into the if1terlayer region of the zirconium pr,csphate host Although the Interlayer 

distance between a layered Zirconium phosphate host changes upon 

intercalation of guest molecules, the macromolecular layered structure is retained 

[Alberti and Costantino, 1996] H:e advantage of usin9 layered compounds as 

cpposed tc tr,e rigid 3 dimensional aluminosilica:es for the hydrolysis of 

resorcinol from t..·1POA is the accommodation of larger molecules in zirconium 

phosphates, due to an increase in tr,e interlayer distance. Tr,js may result in 

greater access of reactant MPOA onto active P-(OH) sites The initial separation 

of the layers during the intercalation process requires work to 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 apari. From the first law of 

thermodynamics, a change in the internal energy_ dl,', for the interlayer solu:ion is 

given by 

JU = "IS-pdV + "'G'dn' +dW L", r 

The partial molar Gibbs free energy and the number of moles of species i are 

given by C;,' and 11" respectively. The additional expression, fJ~, is the work done 

in spreadrng the layers of the zirconium phosphates to overcome the surface 

electrostatic forces that hold the macromolecular zirconium phosphate sheets 

together [Granquist and McAtee, 1963J_ Since the intercalation process in layered 

zircon'lum phosphates occurs discontin'Jously, the term 'activation energy'ls 

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 part'lcular 

Intercalation process to occur 

The driving force for the spreading of the layers essentia!ly involves electrostatic 

energetics that are created between the Bronsted 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 zirconium phosphate would depend 

firstly on 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 IS created between the proton rich 

interlayer region and the aqueous solution, This should be large enough to 

overcome the minimum work required in spreading the layers Consequently, the 

more basic Br0nsted bases (e,g_ amlnes) in solution lead to a greater potential 

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

2.35 
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the spreading of the macromolecular sheets becomes The minimum worf; 

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 -' J area of 

the parallel oriented molecules IS larger than the free area associated with each 

active site, not all the acid sites have been protonated and if the potential 

difference between the IIlterlayer region and the solution IS enough for anothe' 

Increase in the interlayer distance, more molecules IV111 be able to adsorb. An 

Increase in the interlayer distance allows for the mooe of adsorption to change 

from a parallel orientation to a more upright position. thereby reducing any sterle 

hindrance [Alberti and Costantino, 1984] The maximum number of molecules 

able to intercalate is thus dependent on the number of active sites present and 

also the number of basic Br0nsted functional groups situated on the incoming 

molecule The molecular dimensions of the intercalate 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 hydrolysis of the phosphate groups 

The rigidity or flexibilty of the macromolecular layers also determines the manner 

in which the intercalation proceeds [Alberti and Costantino 1996] The two 

extremes are schematically illustrated In Figures 2.24 and 2 25 

Figure 2,24 Simplistic schematic illustration of intercalation of neutral 

molecules into the interlayer region of a lamellar solid with ideallj 

rigid layers [redrawn from Alberti and Costantino, 1996] 



Univ
ers

ity
 of

  C
ap

e T
ow

n

60 Chapter 2 - Literature Review and Proposals 

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 

Consequently, the energy required for the initial penetration of the molecules into 

the interlayer region has to be large enough to enlarge the whole interJayer 

region at the same time. As soon as the final interlayer distance has been 

acquired during the initial intercalation of molecules, no more energy is needed 

for the enlargement and the rale of adsorption should increase considerably. The 

energy requirement in separating the layers is proportional to the attraction 

between adjacent layers, with the attraction being a function of the layer charge 

density Po',' and the interlayer distance [Alberti and Costantino, 1996]. 

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 Costantino, 1996J. 

During the intercalation process of guest molecules into solids with ideally 

flexible layers only the exterior portion of the intertayer region must be forced to 

expand. resulting in the coexistence of smaller and larger interlayer distances. 

Thus, there is the formation of a phase boundary between the intercalated and 

non-intercalated zones of the interlayer 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 /dlfp 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 

aqueous solutions, Intercalation will occur when the pH of the external solution 

remains constant and the solution pH will only change once the original phase 

has been completely converted into the new intercalating phase [Alberti and 

Costantino, 1996: Costantino et al .. 1986]. 

2.3.2.1 INTERCALATION INTO a·Zr(HP04).·H.O 

The zirconium atoms within a-zirconium phosphates are situated nearly in a 

plane with only phosphate groups connecting the zirconium atoms suggesting 

that the lamellae of a-Zr(HP04l<"H,O should be relatively flexible. Thus (r­

zirconium phosphate may be visualised as a solid consisting of layers 

approaching that of a flexible layered solid. Bending of the layers therefore 

occurs at a distance very close ta the intercalating guest moleaules (see Figure 

2.25) and organic compounds intercalate by the 'moving boundary' model. 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 is 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 inta anather. a new intercalate 

phase begms to form at the edge of the crystallite, resulting in more than two 

phases co-existing [Costantino et at. 1986] Similar behaviours are also 

observed upon desorption of the guest molecules or thermal dehydration of ({­

zirconium phosphate. 
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Figure 2.26 
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Scllematic depiction of n-alkyl-monoamine (e,g, butylamine) 

double layers being formed within u-Zr(I-lPO.); 11;0 at maximum 

amine loading [Clearfield alld Tindwa, 1977J 

(i) Intercalation of alcohols 

Very weak Bronsted bases such as alcohols, generally do not intercalate into 

crystalline a-zirconium phosphate due to the electrostatic van der Waals forces 

Ilolding tile (i-zirconium phosphate layers together. Intercalation can only occur if 

tile layer dislallce of 'J-Zr(IIPO.J, Ij"D (755A) is increased by forming 

polyhydrated zirconium phosphate salts (l-Nal-l(PO.); 51120 (10AA) that are then 

treated with HelD. to remove tile sodium ions [Costantino, 1979] Another 

method is by exfoliation wh:ch involves regenerating alkyl amine intercalated fi­

zircollium phosphate using HCI at pH-2 under vigorous stirrillg [Albelti et aI., 

1985] Also. more basic Bronsted bases SLlCll as pyridine [Yamanaka et al 

1976] and imidazole and benzimidamle [Costantino et ai, 1986] encoUllter 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Zirconium Phosphates 63 

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 [19791 studied the intercalation of n-propylamine and n­

butylamine irlto layered v-zirconium phosphate and showed that generally a 

maximum of one n-alkyl amine molecule is intercalated per acid site A number of 

phase transitions of ,,_zirconium phosphate occur during the IIltercalation 

process (see Figure 2,27) of both componelFts with the zirconium phosphate 

crystal becoming disordered durirlg some phases, only to re-crystallise at higher 

loading At maximum loading, a bilayer of the inclined rl-alkyl amine is formed, in 

which the hydrophilic moieties are directed towards the ilForganic layers, leaving 

the hydrophobic groups ilF their interlayer region, Total thermal removal of rl­

butylamine takes place between 28D'C and 48D'C [Dekimy and Szirtes, 1995] 

1'1 

Figure 2.27 

Ibl lei 

Commorl orientatiorls of n-alkyl-monoamilFes in the irlterlayer 

region of rt-Zr(HP0 4 li'H,O, (a1 alkyl chain axis parallel to the 

layer plane, (b) monolayer of exterlded molecules, (c) bilayer cf 

extended rrDlecules [Clearfield and Costantino, 1996] 

Penetration of ethylenediamine into the ct-zirconium phosphate structure occurs 

at an even IOI.,-er pH than for n-alkyl amines. As expectc-d, only half the number of 

moles of ethylerledlamine could be intercalated since then the intercalated 
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ethylenediamine constitutes tile same number of amine groups as the 

intercalated I"I-alkyl monoamines /\\ maximum loading, only a mOl1olayer of 

extended alkyl-diamine molecules is tlluS expected [Clearfield alld Cos/anti 110, 

1996] MacLachlall and Morgan [1990] have studied the maximum basal spacing 

for a range of compOlmds. Adsorpliorl of ammonia leDm the liquid or gas pilase 

Into the in terlayer region occurs in a simple step leading to the formation of " 0 

ZriHPO?,1-2NH, H,D fd '" g.4GA} [Clearfield and Costantino 1996] Upon 

desorptioll of 3mmollia a pariially-excllanged phase is obtained of composition 

Zr(HPO, h-NH:;-xH)O with x twing 0.5 or less [Clearfield [lild HUnter, 1976] 

Aniline also adsorbs strongly with 2 moles of aniline intercalating into 1 mole of 

I/_ -zirconium phosphate, forming a bilayer at maximum loading [Herzog-Cance et 

ai, 1992j, However, very large and bulky amine molecules such as crystal Violet 

require some assistance, e,g lower alcollOls, to intercalate into (J:-zirconium 

phosphate [Hoppe eta!. 1997)_ 

(iii) 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 (I-zirconium 

phosphate crystal. during tile desorption process the exterior layers assume a 

new basal spacing willl a smaller interlayer distance. Tilereby, tile guest 

molecules situated towards the centre of (J-zirconiL,m pllospllate lamella may 

become trapped IAlberti and Costantino, 1996) This is especially noticeable for 

larger crystals [Costantino et a!., 1997] To ensure that the distance between the 

layers do not contract it is often important to treat tile intercalated fl.-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 ct a,', [1987J 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 r-Zr(PO.){H,P04)·H,O 

The structural arra~gement of the zirconium atoms in "(-Zr(PO.)(H2PO.}·2H20 

makes the lamella more rigid. Consequently. the 'moving boulldary' concept is of 

far less importallce for the ',i-zirconium phosphate than the fJ-type. Primarily o~ly 

one interlayer distance is thus observed during each intercalation step However 

exceptions do occur especially for larger molecules, e.g. the i~:ercalatio~ of 6-(2-

aminopropylaminoJ-6-deoxY-I.l-cyc1odextrin [Kijima, 1990]. The more widely 

separated lamella (1220A) and Ihe more open interlayer arrangement of 

hydration water allows for easy access Of guest molecCiles illto the interlayer 

region (see Figure 223). The activa:ion energies required for the indi'/idClal 

phase transitions to occur dClrillg :he intercalation process IS therefore 

considerably less for the ':'-zirconium phosphate than for the ,,-zirconium 

phosphate. The adsorption of guest molecules principally occurs only on one of 

the Brons:ed acid sites per 02P(OH)2 group. This would results in the formation 

of a mOllolayer adsorption of extended molecules where :he steric hindra~ce is 

negligible. However. comparison of the free area (35.7A') around each 

dihyodrogenphosphate with that required for accommodating two extended alkyl 

chains in a trans-trans conformation (2'18 eN) results in the final intercalaied 

phase forming a bimolecular film of extellded molecules within the interlayer 

region [Clearfield and Costantino. 1996] Szirtes and Raieh [1991] sCiggest from 

XRD and IR patterns that during the illtercalation process some rearrallgement 

from ihel-zirconium phosphate to (t-zirconium phosphate may take place. It 

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

(i) Intercalation of alcohols 

In r-zirconium phosphate alkallo!s [Costantino. 1981] and benzylalcohol and 

diethyleneglycol [Szirtes and Raieh. 1991[ readily intercalate into the layered 

structClre [Costalltino, 1981]. A lcohol-intercalates, however, become ullstable if 

the newly formed compoCinds are dried in air at ambient conditiOIl [Costantino, 
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1981]. Exfoliation of the '{-zirconilJm phosphate crystal is achie'/ed in ;he 

presence of asetone In admixture wilh water at 55"C (Alberti et al. 1997]. 

(ii) Intercalation of amines 

Intercalated n-bLJ:ylamine exis;s as a bilayer '~-zirconium phosphate complex 

even at very low concentrations with only one mole n-butylamine adsorbing per 

mole -~-Zr(PO.)(H2PO.)2H20 Di-alkylamines intercalate as a monolayer with 

O.5molecules of n-alkylamines adsorning per one zirconium phosphate unit 

[Cos;antino 1981] A similar pattern is observed for aniline [Herzog-Cance et aI., 

19921 

(iii) Thermal desorption of guest molecules 

Even though the acid strength of the primary hydrogen on each 

dihydrogenphosphate group is greater than that of G-zirconium phosphate 

[Herzog-Gance. 1992], desorption of amine groups occur at a lower temperature 

[Dekany and Sziries, 1995] Desorption of the n-butylamine occurs between 

250'G and 300"C [Dekany and Szirtes, 1995] due to lesser diffusional constrains 

offered by the more open arrangement within the interlamellar region. The 

discrepancies would have to be attributed to the higher diffusional constrain:s 

experience by the guest molecules during desorption in a.-zirconium phosp/late. 

2.3.3 CHEM]CAL AND THERMAL PROPERITES 

The properties of zirconium phosphates vary according to preparati::lIl with their 

thermal and chemical properties being related to their crystallinity [Albertsson, 

1956], Due to the layered structures of zirconium phosphates, different types, ie" 

phases, of u- and '(-layered zirconium phosphates are obtained as a 

consequence of thermal treatments and intercalation-deintercalatiol1 processes. 

i,e" adsorption-desorption methods. These phenomena can be artrrbuted 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 trus tre interlayer distance [Clearfield and 

Costantino 1996] Since tre structure of tre constituent layers does not crange 

appreciably with the nature and amount of polar molecL.;les present in tre 

interlayer region or witr tre nature of the organic comoonents adsorbing onto 

tre active s:tes, or with the manner In which tre planar macromo!ecules are 

packed the prefixes c< and yare used to describe the tyoe of macroanions, Treir 

respective interlayer distances are given in parenthesis_ Consequently, u- and \'­

zirconium phosohate will be written as ([-Zr(HPO,:l,-H,O (7,55A) and f­

Zr(PO,:)(H 2P04)-2H,O (12,20A), respectively 

2.3.3.1 CHEMICAL AND THERMAL PROPERTIES OF {l-lr(HP04):.rH:;:O 

Clearfield and Stynes [1964] obseried the very high stability of crystalline fJ­

Zr(HPO,h-rbO towards hydrolysis of phosorate groups into aqueous solutions 

Tre hydrolysis of phosprate groups into solution is also cteoendent on the 

temperature and tre solution pH. with tre stability towards hydrolysis decreasing 

witr increasing temperature and pH_ According to Vesely et al. [1968], no crange 

in the zirconium ohosohate structL're nor chemical oroperty occurs if (1-

Zr(HPO.), H20 is treated at very high temperatures in slightly acidic (Q,1molfL 

Hel) solution Titration studies of v-zirconium :)hos:)hate against NaOH and 

CsOH show that the amount of prosphate released into solution IS minimal below 

a pH of 8 [Albertsson 1966;, However. it seems that the hydrolysis of 

phosphates into solution is also dependent on tre activation energy required in 

increasing the interlayer distance, since the quantity of phosphates leaching into 

solution is far higher duing proton-excrange with Cs- than with Na' that has a 

smaller ionic radiUS than Cs-, A large activation energy implies trat a large 

difference between the proton ricr interlayer region and the more proton deficient 

concentration of the bulk solution has to exist before the incoming ion can diffuse 

into the interlayer region of the compound (see Section 2 3,2) 
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l'lterestingiy, (l-lr(HPO.kH,O exhibits two differe'lt monohydrogen phosphate 

groups with differe'lt acid strel'gths ,+4.8>H,>+3_3 and -3,O>Ho>-5,6) as shown 

using Raman spectroscopy [Hattori et aL 1977) and titration methods [Clearfield 

and Thakur, 1980]. A detailed stLJdy of the infrared and Raman spectra of 

crystalline (X-zirconium phosphate is gillen by Horsley el 81 [1974] The v{OH) 

stretch bands assigned io the Bronsted acidity of the PQH groups is 3670 -

3660crn with the acid strength Increasing slightly by calcination or bulk 

dehydration [La Gil'€stra and Patrono. 1987]. Thus, the Bronsted acidity on (l­

Zr(HPQ")z-H,,O is less than the observed acidity for :he aluminosilicates, Upon 

heating the crystalline zirconium compound to 400°C the ratio of strong to weak 

Brflnsted acid s;tes increases while still maintaining the same number of acid 

sites [Clearfield ct Ell, 1980] Heatirtg above 400°C leads to condensation of the 

hydroxyl groups to pyrophosphate or P-O-P bonds (97Ocm-\ thus decreasing 

the number of acid sites [Hattori et ar, 1977], The amount of aCid sites decreases 

abruptly beyond 450°C and becomes negligible after a thermal treatment above 

490°C Hattori ct ai. [1977] showed by IR analysis of pyridine adsorbed onto the 

thermally treated [(-type that the strong acid sites formed are of Bronsted type 

and concluded that 'X-zi rconium phosphate exhibits acidity only whert the POH 

groups remam, 

The Interlayer w'ater situated withm the cavity of IT-Zr{HPO.!2'H20 is completely 

lost upon prolonged heating at 110' At around the same temperature the a,­

zirconium phosphate undergoes a phase change to ft-Zr(HP04)2 (7 41A) due to a 

re-arrangemertt of the layers relative to one another, It was proven that the 

endothermiC loss of crystal water and the endothermic phase change of ft­

Zr(HPO.), H20 (7,56A) to a-Zr(HPO.)? (7.41A) are kinetically and 

thermodyrtamiC8lly distinct processes [Clearfield and Pack, 1974] Heating [(­

Zr(HPO<) (7A1A) at 220"C leads to an endothermic, reversible phase transition 

to u.,Zr(HPO. )? (6.80A) {La Ginestra et at. 1987] that is stable up to temperatures 

cf ca 400'C _ 450°C Between 450'C and 600'C, the P-OH groups condense 
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irreversibly to form P-O-P bonds resultir,g in the abo'le mentioned loss in acid 

sites and (l·Z'(HPO,)2 (6 80A) transforms itself to [(-ZrP20-,' (6 lOA) [Costantino 

and La GlnestrR 1982] or simply ,,_-L-ZrP'IO, ('l denoting that the new phase is a 

layered pyrophosphate) [Clea:field and Costar,tir,o, 1996] 

2.3,3.2 CHEMICAL AND THERMAL PROPERTIES OF '(-Zr(PO.)(H,P04 k2H,O 

Structural examir,ation of -:-Zr(P04)(H 2POL) 2H'IO suggests that \'-ZlfConlum 

phosphate can be hydrolysed more easily than IJ-ziroonium phosphate since the 

interlayer phosphate groups are bonded to the metal atoms with only two bonds, 

Ne'/ertheless, '(-zirconium phosphate is verJ stable and reverts to 0_-zirconium 

phosphate only in the presenoe of zirconium complexing acids (HF) or in boiling 

H3P04 [Albert el ai, 1989] 

Interestingty, the calorimetric studies of amine adsorption O'l [(- a1d -:-titar,ium 

phosphate, whioh are iso-structures of 0_- and '(-ziroonium phosphates, revealed 

that at low coverage the differential heats of adsorption for the -:-titar,ium 

phosphate are higher tha'l on <x-titanium phosphate, This proves that the pK, of 

the ',-oompour,d (H 2PO. groups) is lower thar, that of the ,,_-compound (HPO/­

groups) [Espina et ai, 1998] Vibrational spectroscopic studies performed on 

aniline interoalated Ci- ar,d '(-ziroonium phosphates led to the same conolusion by 

observing tha: the N-H-"O hydrogen bonding is weaker for aniline adsorbed on 

'(-zirconium phosphate than on <x-zirconium phosphate [Herzog-Canoe et ai" 

19921 The Brons:ed acid'ic surface P(OHh groups are identified as having their 

\'(OH) stretch band at 360Ccm- 1 [La Ginestra and Patrono, 1987], suggesting that 

the Bronsted acid strength is comparable to that of the aluminosilicates 

However, the acid stre<1gth of the secondary proton O'l the P(OHh groups must 

be weaker than the primary proton, The pK,-value for ortho-phosphoric acid 

changes by 5units whe'l comparing the acid strength of the pr'mary to the 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 2 - Literature Review and FropOSil!S 

secondary proton Therefore, a similar behaviour is expected for the zirconium 

phospr.ates_ The large expected difference in tre pK.-values implies that organic 

compounds associate preferentially with tr.e primary proton situated on each 'r'­

Zr(P04)(H 2PO,1'2H20 group. Adsorption onto the secondary proton requires 

basic solution that can result in the destabilisation of P(OHh phosphate group 

[Herzog-Cance et al .. 1992] This is explained on the basis that upon the 

adsorption of two components on the same phosphale group the whole grouping 

is des tab iii sed since both negative sites are on the same phosphate group with 

the two adsorbed components tremselves approaching each other very closely 

thus causing steric problems [Clearfield 1993]_ Since the OH groups in 1-

zirconium phosphate structure are closely placed and the free area associated 

wiU', eacr, OH group is B9A", most guest molecules cannot occupy all acid 

centres due to steric hindrance [Clearfield and Costantino, 1996] 

The r.ydration water (2 molecules per unit formula) that align the adjacent layers 

of 1-Zr(PO.)(H2P04:1 2H"O via hydrogen bonding are completely lost between 

50°C and 100°C [Clearfield et al .. 1968]. This loss in crystalline water is 

reversible with the anhydrous form i e, ~'-Zr(PO")(H2PO,) !9.4A), being able to 

rerydrate fully at room temperature_ The condensaticn of acid r,ydroxyl groups 

begins at about 230°C. loosing ca_ 07 water molecules between 230'C and 

500°C_ The newly formed compound, i.e" '{-ZrP20, (S.26A) or -:,-L-ZrP20" is 

stable up to ca 600°C, witr. usually 30% of the hydroxyl groups remaining [Alberti 

et al., 1989] 
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The first rule of intelligent t inkering 

1$ \0 save all tle parts 

(Paul Ehrlich) 
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3. EXPERIMENTAL 

3.1 REAGENTS 

Meta-phenylenediamine (MPDA, purity > 98%) is obtained from AECI (South 

Africa). Mineral acids used for the homogeneous acid cataly~ed hydrolysis of 

meta-phenylenediamine (MPDA) are HzSO" (98 I'll '/0), H:,PO, (85 I'll. '10) and 

(NH")H 2 PO, p.a. (all purchased from Saarcheml. The~e materials are used 

without further purification. 

Zeolites H-ZSM-5 (SQdchemie AG, Si/AI" 13), H-ZSM-5 (Sudchemie AG Si/AI '" 

22). H-USY (Akzo Nobel Si/AI eo 5.6) and zeolite H-Be!a (Sudchemie AG, Si/AI '" 

144) are used. For comparison amorphous silica-alumina (Kalichemie AG, Si/AI 

'" 6 9) and ·:,-AJ,OJ (Kalichemie AG) are used Before use in reactions, the 

aluminosilicates are calcined in a furnace in air at 180cC for 2hours followed by 

another 12hours at 450°C. After calcination the solids are stored in a desiccator 

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

u-Zr(HP04)2 H20 (cr-ZrPl and f-Zr(H,PO.){P041'2H,O (y-ZrPl are donated by 

Daiichi Kigenso Kagaku Kogyo (Japan). The zirconium phosphates are either 

used as received or in calcined form 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 crystalline 

water between the layers, since heating layered zirconium phosphates results in 

the contraction of their interlayer distances [La Ginestra et al .. 1987] 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 y-ZrP400 re~pectively denote the u- and y-zlrconlum 

phosphates calcined at 400"C 
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3.2 SOLID CHARACTERISATION 

The following sections detail the physicochemical characterisation techniques 

L.;sed Since aluminosilicates and zirconium phosphates are quite different 

materials, different characterisation techniques are reqUired These are 

mentioned below. The aluminosilicates are, however, obtained from commercial 

venders with their dlemical compositions known. The same applies to crystalline 

zirconium phosphates 

3.2.1 ELEMENTAL ANALYSIS 

Atomic Adscrptior. (AA) measurements (Varian SpectfM-lt 0) are \;sed to check 

for both leached and extra-framework AI species after reaction. The final scllJion 

mixture is treated with He] to pH 1. After 10 minUes, the soll;jion is separated 

from the solids and ana~sed by AA for AI, The Ni, Fe and Cr content in the final 

reaction mix\L.;re is also analysed by AA to determine the state of leaching from 

the stainless steel reactor walls 

AA is also used to determine the Zr content in the reaction mixtl;re after the 

reactions with z:irconium phosphates. The phosphorCJ'..ls content in solution at the 

end of the reaclior. is measL.;red by the method described by de Kor.ing and Mol 

[t989] One blank and a series of test-tL.;bes cor.tainlng soiL;tions of kr.own 

phosphorL.;s concentratior.s are prepared and their volumes adjusted to 5.0ml 

with the pH adjusted to 0 L.;Slng sulphL.;ric acid To each test-tube 0 2ml of 5% 

ammoniL.;m molybdate and 03ml of the Fiske-Subbarow reducir.g solL.;tionls 

added After vigorous shaking and heating the soiuticns for 10minutes Ir. boiling 

hot water. the conter.! is cooled and diluted to 50ml in volL.;metric flasks The 

adsort:ance (Varian Superscan 3 spectrophotometer) of the blue molybdenL.;m 

cclour is read at 830nm agair.st the blank and a graph of adsorbar.ce versus 

,Lglml phosphorous is plotted. The soldions of unknown phosphorous 
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concentration are subjected to the same procedure as mentiOlled above and t'le 

obtained 830nm adsorbances are thell compared Wi!'l the previously obtailled 

graph 

3.2.2 SOLID STRUCTURE AND MORPHOLOGY 

3.2.2.1 X-RAY DIFFRACTION {XRD} 

The crystal1'lnity of the zeolites prior to alld after reactiOIl are examilled using 

powder X-ray diffractioll spectra by means of a Philips X-ray diffractometer 

(PW3710 mpd colltrol) generating Cu·Ku. radiation (1._ = 1 542A) in the 2-The:a 

region of 4 - 45° with a step size of 01° and operating at 40kV and 25mA 

A 2 Theta rallge of 3.5 38" is employed for the powder X-ray diffractograms 

performed on the zirconium phosphates Due to the possible swelling properties 

of the zirconium phosphates. XRD's are taken after every calcinatiOIl. rehydratioll 

and reaction s'ep. 

3.2.2.2 SCANNING ELECTRON MICROSCOPY (SEM) 

Electron micrographs are obtained using a Leica S440 Scanning Electron 

Microscope ISEM). Samples are mounted on aluminium stubs using a mixture of 

carbon alld water-soluble glue. Once dry, the mounted samples are coated with 

atomised Au/Pd. The following settings are employed with the pictorial settings 

used being predominantly a function of magnitude and sample conductivity: 

acceleration 'Voltage (5 -15keV). filament currellt (90 - 200pA). stage tilt (0'\ 

worKing distance (9 -15mm) and aperture size (30I.lm). 
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3.2.3 THERMAL 8T ABILITY 

Thermogravimetric (TGA) as well as differential thermal analysis (OTA) curves 

are obtained with a Stanton Redcreft STA-780 unit. A lotal of 25 0 -'- 005mg of 

the from the manufacturer obtained zirconium phosphate or alumioosilicate 

sample is flushed with nitrogen (flow rate" 30ml(NTP)/min) at room temperature 

fer 30minutes, prior to heating at 1"C/min to 550'C in nitrogen (flow rate = 

30ml(NTPjimin) The standard or reference is reagent grade calcirled [(-AbO:). 

3.2.4 ACIDITY OF SOLIDS 

3.2.4.1 AMMONIA TEMPERATURE PROGRAMMED DESORPTION (TPO) 

METHOD 

Ammonia TPO is carried out in a home-built equipment (see Figure 3 1 on Page 

(8) [V\/eber 1998] A total of ca 0.25g of the solid 'IS loaded Into a quartz cell 

Af1er online calcination of the solid in air (60ml(NTP)lmir<), the temperature is 

stabilised at 150°C under a constant flow of He (60ml(NTP)/min) Subsequently 

a 1 'Y, NHo/He mixture (flow rate = 60ml(NTP)/min) is passed over the solid for 

precisely 1 hour. The physisorbed ammonia is then flushed off the sample by 

f10lVing pure He (60ml(NTP)lmin) over the sample at 150°C for 12hours The 

temperature is subsequently raised at 10'C/min to the final temperature. The 

amount of ammonia desorbed as a function of the temperature is monitored 

using a thermal cor:ductiyity detector (TeO) with pure helium (flow rate " 

60ml(NTP)/min) as a reference. Ammonia exiting is trapped in sulphuric acid of 

kncwn concentration The total amount of ammonia chemisorbed IS determined 

by back-titration of the sulphuric acid with caustic soda 
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(i) Aluminosilicates 

A fresh aluminosilicate sample is loaded into the quartz cell and calcined in air 

(flow rate = 60mliNTP)imin) at 450°C for 12hours. A very low ramping rate of 

1"Cimin is used to increase the calcination temperature from ambient 

temperature to 450°C to ensure that the online treated aluminosilicates roughly 

resemble the kiln treated aluminosilicates (see Section 31) The NHj-TPD is 

carried out as described above. For every aluminosilicate, 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 ammonia adsorption on the aluminosilicates to 

be determined using the l':1ethod outlined by Cvetanovic and Amenomiya 11%7 

and 1973] assuming a perfectly linear heating schedule. 

(ii) Zirconium phosphates 

Due to the contraction of the interlayer distances of (x-ZrP and '{-ZrP 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 thermal:y. The NH3-TPD is carried out under flow of helium as 

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

(iii) Data evatuation 

Since the concentration inside the l%NH:;fHe bottle varies throughout its use the 

al':1I':1onia concentration exiting the gas bottle is checked regularr,- by flowing the 

gaseous l':1ixture (110'.1/ rate" 60ml(NTP)imin) for 1hour through a saturator 

containing aqueous sulphuric acid of known concentration. Thereby, the 

ammonia reacts with the acid while the remaining helium is vented. The resulting 

aqueous solution is then back-titrated with 01 N NaOH to determine the total 

amount of ammonia absorbed by the sulphuric acid. From this information, th€ 

true ammonia concentration exiting the gas bottle is determined. 

During each run, the catibration of the TCD occurs during the adsorption stage 0" 

ammonia onto the test sample Adsorption of ammonia onto the sample is 
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considered to be complete after 60minutes_ The difference in TeO counts 

between the baseline spectra and the average TeO counts measured towards 

the end of the adsorp:ion stage is used for the calibration_ The Calibration Factor 

is given by the difference in the TeO counts divided by the ammonia 

concentration exiting the 1% NH,/He bottle_ 

The desorbing ammon:a concentration, with tile concentration being l:me- and 

tempera:ure-dependent, is calcula:ed by frst subtracting the baseline spectra 

from the TPD spectra before div:ding it by tile Calibration Factor_ The total area 

under the TPD concentration versus time curve divided by the flow rale and the 

sample mass yiekJs the amount of acid sites available per gram of sample_ The 

integrated value (in terms of mmol/g1 is then compared;o the number of moles of 

ammonia tllat reacts with the sulphuric acid solution inside the saturator 

Tile mathematical model of Cvetanovic and Amenomiya [1967] is used to 

determine the heat of desorption_ This model is based on a matedal balance 

around the p'esorbed 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_ Incorporating the Clausius-Clapey'on 

equa:ion into the manipulated mass balance and de:ermining the maximum 

concentration of the presorbed gas in ;Ile carrier gas vvith respect to temperature 

(dC/dT = 0), tile Ileat of desorption is calculated using the following equation 

i",. represents the temperature at which the am:nonia concentration of the TPD 

cUl\le is a: its maximum, which is obtained at a certain linear heating rate jJ; M-t"", 

and .1S .. , ,_< are the respective enthalpy and entropy change due to desorption: a" is 

the coverage at L, and VI is the volume of the solid phase in the catalyst bed, 

'Nith F equalling :he flow rate of tile carrier gas Plotting (2 In T", - In fJ) versus 

3.1 
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11T~ gives the slope of the straight line (.1H .. " I R), thus allowing the determination 

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

3.2.4.2 TEMPERATURE PROGRAMMED DESORPTtON (TPD) OF 4-METHYL­

QUINOLINE 

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

The number of external add sites on the H-ZSM-5 (Si/AI '" 13) arKJ H-ZSM-5 

(S~IAI '" 221 are determined by temperature programmed desorption of previously 

adsorbed 4-methyl-quinoline [Weber, 1998], Weber proved that 4-methyl­

quinoline (d,;-;:>;" - 7,3A [Rollmann, 1991]) could nat enter the pores of H-ZSM-5 

(largest kinetic pore diameter of HZSM-5 = 5AA x 5.3A [Haag and Chen, 1987]) 

Calcination of the H-ZSM-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 2hours before 

being ramped to 450°C (9"Clmin), where it is held for a further 12hours After 

allowing the kiln to cooi down to 120°C. the H-ZSM-5 crucible is immediately 

transferred into a desiccator present in an oven at 80°C, This is done to ensure 

minimal contact of the zeolite with the swrounding water vapours A small flask 

containing the 4-methyl-quinoline is inserted into the desicca~or before the 

desiccator is sealed and allowed to cool to ambient temperature, The desiccator 

is kept in a dark storage space for 3days to allow for the adsorption of the 4-

methyl-quinoline A total mass of 19 H-ZSM-5 presorbed with 4-methyl-quinoline 

is then inserted into a quartz cell that Is heated to 150°C under flow of helium anc 

kept there for 48hours to remove the phys sorbed 4-methyl-quinoline, The solid is 

kept in place by means of a p!ug of quartz-wool. The adsorbed samples are 

heated to 1100°C at 10'C/min In 100ml(NTP)/min He Since4-methyl-quinoline is 

found to decompose primarily into a benzene fraction an desorption from H-ZSM-

5 the ion monitored is m/c " 78 since it IS the most abundant mass fraction 

obtained [Weber, 1998]. 
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Figure 3.1 Simplified schematic of the apparatus used for ammonia and 4-

methyl-quinoline temperature programmed desorption studies. 
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The mass fractions are quantified using a Hewlett Packard 5971A Mass Selective 

Detector, A small fraction of the total flow (split - 1/250) enters a 15m long, 

0.22mm I 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 

initiating the MS recording 1 ,5minutes after the ramping has commenced, 

(ii) Data evaluation 

Chemisorbed 4-methyl-quinoline decomposes upon desorption from the zeolite. 

The quantification of 4-methyl-quinoline by an ion-chromatography is quite 

inaccurate, This method is chosen to compare relatively the external acid sites of 

only the two H-ZSM-S zeolite compounds. The lide = 78 area count obtained for 

the two H-ZSM-S samples, i,e" SilAI = 13 and SiIAI" 22, IS presented as one 

relative ratio 

3.2.4.3 ADSORPTION STRENGTH OF WATER ON ALUMINOSILICATES 

The adsorption strength of water onto the aluminosilicates is determined using 

TGNDTA of the re-hydrated zeolite by means of the Stanton Redcroft STA-780 

unit. A total of 2Smg of the solid is placed Into the apparatus. flushed with 

nitrogen (30ml{NTP)lmin) for 4 - 5homs before being heated up to 4S0°C, The 

purpose of flushing the sample for an extended period is to ensure thaI 

essentially only the more strongly adsorbed (chemisorbed) water remains on the 

surface of the aluminosilicate sample, The temperature ramps (10°Clmin, 

SOC/min and 2°C/min) are varied to determine the average strength of adsorption 

by means of the method described by Cvetanovic and Amenomiya [1968] as 

shown in Section 3.2.4 1 The maximllm peak temperature /'" 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-(OH} bands. The infrared spectra are run on a 

Nicolet 5Z0X FT-IR Spectrometer at a resolution of 4cm- ' Self-supporting wafers 

(13mm8) are pressed {780MPaj, 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 1hour before taking a spectrum. 

To obtain the fulllR-spectrum from wavenumbers 4000cm,i down to 400cm " the 

previously fitted CaF2 windows have been removed. A large N,,·flowrate (ca 

200ml(NTP)/min) is applied to ensure the removal of any previously adsorbed 

compounds such as HiO. 

3.2.4.5 ADSORPTION STUDY 

(i) Experimental procedure 

The adsorption of meta-phenylenediamine (MPDA). meta-aminophenol (MAP), 

and resorcinol is investigated. Ca, 04g of the re-hydrated zeolite or zirconium 

phosphate IS suspended in with 15ml aqueous solutions of meta­

phenylenediamine (MPDA), meta-aminophenol (MAP), resorcinol. or ammonia, 

The concentration of these compounds in solution is varied Before sealing the 

sample flask, the heads pace is flushed with nitrogen to minimise the oxygen 

content inside the flask The sturry is stirred using teflon-coated magnets and 

allowed to equilibrate for 6days in darkness, The temperature is kept constant 

between 30°C and 90°C in an oil bath controlled at -2cC. Syringe filters (02,lm) 

are used to separate the liquid from the solid materials at the desired 

temperature The concentration of the adsorbent in the liquid is determmed using 

a HPLC, Phenol is used as the externat standard that is added to a known 
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----------------

volume of the sample taken from the syringe The HPLC is calibrated daily 'n 

order to keep the error as small as possible since the amOUr'lt adsorbed is 

calculated over a mass balance Ammonia concentratior'ls are determir'led by 

titration against sulphuric acid 

(ii) Data evaluation 

A negligible change in the liquid volume is assumed upon adsorption of a 

relevant compound onto a solid material. Consequently the amount adsorbed 

per unit of solid material is given below' 

mmol of r~kvam comp:mnd _ V., ..• J· (C .. "" C", ,, ) 

<mi\ of ~oliJ ma\en;)l uml or ~"lid mat~rial 

I':" "" is the volume of liquid added to the flask, whereas C-,,, .. ,,.,,, and ('",." are 

respectively the initial and final concentration of the relevant compound per 

\'otume of water given in mmol/ml For zeolites the unit of solid malerial shown in 

Equatior'l 32 represer'lts the mass of the dehydrated zeolites (in grams) The 

dehydrated mass of the zeolite per sample flask is calculated by multiplying the 

weigl18d out mass (ca, O.4g) witrl the ratio of the total zeolite mass taken out of 

the kiln at around 200'C over the total zeolite mass after re-ilydration Tile error 

in the adsorbed concentrations determined at low bulk solution concentration is 

greatest, unlike for high solute concentrations, For zirconium phosphates. 

however Hie lind uf solid milterial in Fquation 3.2 is given in terms of the number 

of moles of zirconium atoms present In the solid sample 

The method used in deriving the HPLC response factors for each organic 

compound and subsequently calculating the concentration of the liquid solution 

given the area 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 

Nz-BET surface areas and micropore volumes of the aluminosilicates and 

zirconium phosphates are determined Llsing an ASAP 2000 apparatus. Prior to 

nitrogen adsorption, tile samples are calcined at their respective temperatures 

Samples are then degassed at 8SK. The volumetric method is applied to 

determine the amount of N2 adsorbed and desorbed at a ceriain pressure 
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3.3 REACTOR CONFIGURATION AND EXPERIMENTAL 

PROCEDURE 

3.3.1 REACTION STUDIES 

83 

Reactions are carried out batch-wl!ie, in a BOOml Parr autoclave as shown in 

Figure 3,2 The impeller speed is kept constant at 1060 ± 10rpm for all reactions 

in order to minimise external mass transport limitations, At all Impeller speed 01 

1060rpm the liqUid flow is turbulellt since no vortex is visible, thereby ensuring 

that the power input i!i adequate A sampling tube allowed for on-line samplillg 

The Irit (02~lm1 at the end of the sampling tube prevented allY solid material from 

entering the sampling tube, thus preventing pipe blockages_ At recorded time 

intervals liquid (total volume Cil. 10ml) is withdrawn from the reactor and 

weighed In ensuring that the samples taken correspond to that of the reaction 

mixture, ca, Bml liquid is drawn belore the actual sample (pipe volume ca 3ml1 

No gas phase probes are taken since it will essentially consist of water and 

nitrogen_ Recording the total mass of liquid withdrawn from the reac'or allow!i for 

the MPDA, MAP and resorcinol concentrations to be corrected swce sampling 

affects the overall reactant concentraton mixture in!iide the autoclave Since 

sampling results in the lowering 01 the liquid level inside the reactor, additional 

water from the reaction mixture evaporates into the gas phase Essentially pure 

water evaporates into the gas phase since the boiling point of water is welt below 

that of the organic compound!i_ 8y consulting steam tables, however, the effect cf 

the removed liquid on the overall reaction system could be incorporated, as 

explailled in Section 3,3,1 3 For the worst case scenario, e,g, sampling 100ml 

resutt!i in a 4,55% higher concelltration as what would have beell observed II 

there is no !ianpling involved_ 

Noting the mass removed from the reactor system upon sampling aids in 

checking whether water is lost during the reaction due to a possi:;le 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 liquid losl to the 

surrounding The mass of waler losl is hardly evident 

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 firsl poisoned by means of heating up 10g of 

MPDA in waler 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 scrubbing has been applied, 
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3.3.1.1 HOMOGENEOUS REACTIONS 

Irlto the reactor cylirldeL 350m I of water arid 19 of MPDA is added. Thereafle·. 

the mineral acid (H::S04• H3P04) or salt (NHLH2P04) is weighed out and slowly 

added to the reactor vessel. The mass of the acid included in the reaction mixtu~ 

is calculated by assigning an acid to meta-poonylenediamine (MPDA) mole rati) 

(34 or 68). Subsequerltly, the sealed reactor is flushed for 8minutes by injectin~ 

nitrogen (1MPa) through the sampling tube. The frit produces fine dispersion of 

nitrogen, displacing the dissolved oxygen The nitrogerl escapes the reactor vi~ 

another valve (not shown in Figure 32) The sample tube valve is then closej 

before the other valve. thereby reducing the nitrogen pressure over the liquid t) 

o 1 MPa. The reactor is heated to either 225°C or 275°C. Depel1ding on the aci.j 

used. the samplil1g times are adjusted accordingly to allow for 5 to 6 sample~ 

being taken during the course of the reactiorl. The temperature, pressure an,j 

sample pH (taken at 25°C) is also recorded. After cooling the reactor to ambiert 

temperatures. the reactiol1 mixture is analysed 

3.3.1.2 HETEROGENEOUS REACTIONS 

(i) Aluminosilicates 

For every reaction, a total of 10 grams of too original aluminosilicate is added to 

the 19 MPDA in 350ml water. The mentioned 10 grams of alumil10silicates refers 

to the mass before any calcination at 450'C. The dehydrated mass is eithe' 

noted or compared to the TG analyses because the concentratiol1s of the 

relevant compounds are expressed in terms of the dehydrated solid mass. The 

sealed reactor is toon flushed with nitrogen to displace all the oxygen presen: 

inside the reactor. Reactor temperatures chosel1 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 al1d pH (taken at 25"C) for every sample is noted. ThE­

aqueous solution of too quickly cooled reactor is also al1alysed The spent solid is 
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recovered via cel1trifugatiorl and transferred into lL of hot. distilled water. The 

slurry is agitated to remove as many reaction-compounds as possible. After 

celltrifuging a second time, tile solid is dried at 50()C and then recalcined at the 

same temperature as used prior to the solid's first reaction 

(ii) Zirconium phosphates 

The mass of solid added to the 19 MPDA in 350ml water is initially varied from 19 

to lag Thereafter, all the reactions performed at the different temperatures are 

done using 109 of the original zirconium pllosphate. The calcined z:irconium 

phosphates also weigh 109 prior to thelf kiln calcination (see Section 3.1), For all 

reactions regarding zirconium phosphates, the mentioned mass corresponds to 

that before any calcination treatmellt The sealed reactor is flushed with nitrogen 

to displace all the oxygen present inside the reactor. Temperatures selected 

when using zirconium phospllates 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 aqueous solution 

of the quickly cooled reactor is also analysed. The spent solid is recovered via 

centrifugation and transferred into 1 L 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 

used prior to the solids first reaction The uncalcined zirconium phosphate is also 

washed in 1 L of water and dried. 

The zirconium phosphates are reused in a second reaction with the reaction 

temperature correspOllding to the temperature used during the first reactions 

The zirconium phospllate to MPDA mole ratio (mol ZrJ!(mol MPDA) for the 

second set of reactions (regenerated samples) are roughly identical to those 

used during the first set of reactions For the reactions cOllducted on the 400°C 

calcined zirconium phosphates, this is achieved by setting the mass ratio of the 

zirconium phospllate Immediately after calcination (regenerated / original) equal 

to the MDPA mass ratio (2r ~ reaction 11 " reaction). Similarly, the mass ratios of 
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zirconium phosphates w'thout any calcination step (reused / original) are kept 

equal to the MPDA mole ratio (2'" reaction / 1" reaction) by allowing the 

washed/dried (50 0Cl zirconium phosphates to stand in air (ambient temperatl<re) 

for ca 1day before recording its mass, 

3.3.1.3 DATA EVALUATION 

Conversion is reported as mo!e-% conversion of MPOA to MAP and resorcinol. 

Low quantities of bY-p'oducts such as diphenylamines are also present in the 

reaction mixture Tile conversion of MPOA is estimated based on the assL.;mption 

that MPDA IS converted to meta-aminophenol, resorcinol, 3,3"-diamino­

diphenylamine and 3-hydroxy,3'-amino-diphenyla~ine. The formation of other 

side products is neglected. This is confi'~ed using a total mole balance 

Attempts have been made to find 'esponse factors relative to phenol for 3,3'­

diamino-diphenylamlne and 3-hydroxy,3'-amino-diphenylamine. The peaks or the 

retention time of the two diphenyla~ines are determined l<sing HPLC-MS at 

AECI Ltd Since these comp0L.;nds cannot be lxlught, their response factors are 

determined l;sing an array of data from homogeneOl;s runs at h'gher MPDA and 

Hj P04 conceltrations AssL.;m:ng a perfect mole balal'ce existing between the 

mentioned compounds, the response factors are evaluated by least square 

metrods The heterogeneol;s reactions cannot be used in determining the 

response factors of the by-products since the amol;nt adsorbed onto the solid 

materials sl<liace is unknown A deta'ied desuiption of this method is given 'In 

APPENOIX-E 

The selectivity is generally given in terms of resorcinol with respect to MAP It 

may also be given as Ire ratio of resorcinol to the Sl;m of all tile o~her products 

prodl<ced 



Univ
ers

ity
 of

  C
ap

e T
ow

n

88 

where '~'JnA.'"ir>a! 

},f.lJA? 

J1.~" ., 

Mco"'J'..' 

,\1,::o,""..'i 

Chapter 3 - Experimental 

initial moles of MPIJA 

numbe, of moles of MAP 

number of moles of Resorcinol 

moles of 3,3'-diamino-diphenylamine 

moles of 3-hydroxY,3'-amino-diphenylamine 

either };h,,,, p, .UN, ." ,I,f,-"""I'" or . .If,.'':'.' ''' .'~ 

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 whole reaction system and not purely that of the liquid phase, Comparison 

of the boiling points of the different compounds reveals that the vapour phase 

consists of essentially water and produced ammonia. Since the liquid level 

decreases upon sampling, more water is able to evaporate into the gas phase, 

thus concentrating the organic compounds [Viljava and Krause, 1996)_ Given the 

assumption that the gas phase consists entirely of water, the vapour and liquid 

specific volumes obtained Irem steam tables could be applied in correcting the 

observed sample concentration, This is 'Illustrated in APPENDIX-F, It needs to be 

mentioned, though that the procedure only applies if the concentration is based 

on water, For the case of mineral acids, the concentration may be based on the 

moles of 'hydrolytic hydrogen' available at the beginning of the reaction, whe re 

the term 'hydrolytic hydrogen' refers to the number hydrogen atoms able to form 

hydronium ions and thus participate in the reaction VI/hen using solids, the 

concent,ation of the relevant compounds may also be written in terms of the 

solid's mass or the total number of acid sites available The diffe,ence comes in 

with sampling since the minerai acid is remo'/ed with the reaction mixture 

3.3 

3.4 

3.5 
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wtlereas the solid material remains with 1110 reaction mixture Correspondingly 

eacll case needs to be treated slightly differently_ A detailed calculation of mass 

balances and concentrations of the relevant compounds for homogeneous and 

heterogeneous reactions are shown in APPENDIX-F 

3.3.2 LIQUID SAMPLE ANALYSIS 

3.3.2.1 HPLC SAMPLE PREPARATtON 

Phenol is chosen as the external standard. 1ml of a reactor sample is combined 

with 1ml of a known phenol solut"lon (ca 3g/L) and subsequently (j"lIuted 

3.3.2.2 HPLC ANALYSIS 

The reaction compounds arc separated using a HPLC (column' Spherisorb 80-3 

00S-2. 1"'250mm. 10"'46mmj employing a mobile phase gradient. The initial 

mobile phase used during the first 4minutes of the analysis consists of 0.05vol% 

HoPO. and C.1vol% trietilylamine in de-ionised water This mobile phase is then 

gradually changed over a period of 2minutes to a mob'le phase consisting of 80% 

ceionised water (C.1vol% H,PO" 0_1\101% triethylamine) and 20°;;, acetonitrile 

(G.1\Iol% trietllylamine) After a further 1Gminutes. the mobile pllase is reversed 

back to the original mobile phase linearly over a period of 1minute A liquid flow 

rate of 1 Oml/min is used Tile total run time for one sample analysis lasts 

20m in utes The compounds arc analysed with an UV detector operating at 

28Gnm 

The method used to derive the response factors and consequently calculating the 

concentration of lile liquid solution given the area counts is detailed in 

APPENDIX-C 
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3.4 ERROR ANALYSIS 

Some of the error analyses (NH3-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 period, 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 w1% TGA-DTA 5% 
Crystallinity %-ratio XRD 5% 
NH3-TPD peak temp 'c TPD 3"e 
NH]-TPD tolal acidity mmoUg TPD 9% 
Lepidine-TPO total acidity mmollg MS·TPD 20% 
IR =' FTIR 4cm,1 

Surface Area m2/g N,-BET 10% 
Concentration mmollg HPLC 5% 

-------.- .. --.-~ -

Table 3.2 Error analysis of reaction work 

Measurement Units Error 

Pressure b" 5% 
Temperature 'e 1'e 
Reaction time mm <1min 
HPLC mollL 3% 

-_._ .. .. _.-
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Results and Discussion 

The great tragedy of Science - tile slaying of 

a beaullful hypotheSIS by an ugly fact 

(Thomas Henry) 
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4. RESULTS AND DISCUSSION 

4.1 REACTOR RAMPING I HEATING PROFILES 

The period required in bringing the charged reactor from ambient to reaction 

temperature forms part of the reaction till'e illustrated in all reaction result figures 

unless state,j otherwise The heating profiles to various final reaction 

temperatU'es, ie, 225"C 250'C, 275"C and 300°C, are shown in Figure 4,1, For 

each heating profile shown in Figure 4,1 the reactor is charged with 350m I water 

and 109 solids, 

~ 

P 300 -
~ 250 
;, 
Q) 200 
~ 

iii 150 
" " ~ 100 , 
~ 50 

0,00 

---~~--~~~ ~ ~ - -

0,20 040 060 0,80 1,00 

Heating period (hours) 

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

autoclave cha'ged with 350ml water and 109 solid acid 

A simplistic mathematical linear reaction profile is obtained by assLIITling a linear 

ramping rate (383 _ 10,5 "Clhour) from ambient tell'perature 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 illustrated in 

Figure 4 1, the reaction Il'ixture approaches the intended ,eaction temperature 
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only very slowly, often requiring <l further lhour to heat the reaction mixture by 

3°e to 5"C before attaining the fmal temperature 

4.2 REACTIONS IN ABSENCE OF ACIDS 

It is worth melljioning again that the autoclave walls as well as allY other tubing 

inside the reactor are poisoned by means of previolls reactions Witll MPDA (see 

Section 33 I) prior to tile start of tile true analytical work Cilarging tile 600ml 

Parr autoclave with 350ml of deoxygenated water and Ig of MPDA results in no 

detectable formation of resorcinol, even after 49hours (reactioil temperature" 

275"C) Hardly any observable challge in the cOlleentration of MPDA occurs 

during the course of the reaction Minor quantities of 3,3'-diamino-diphenylamine 

alld 3-hydroxy,J'-amino-diphenylamine (yields « 1 mole-S~) are detected 

ThiS is 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 57'" 

for an initial water to MPDA mole ratio of 2100:1, A 2100:1 water to MPDA mole 

ratio essentially corresponds to 19 MPDA in 350ml water, the conditions used for 

the blank run Considering these observations, it can be deduced that tile 

reaction rate in the absence of an acid is very small The assumptions taken by 

setting the activity coefficients equal to 1 during the thermodynamic analysis 

would not lead to such a large deviation_ 
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4.3 REACTIONS USING MINERAL ACIDS 

Mineral acids of different acid s\{engths, i,e, H2S04 (pK, = -2), HoP04 (pK. " 

2,12) and (NH4)H 2P04, (pK, " 74), are chosen to verify the conclusions of Greco 

(1969 - 1972] that polymeric ethers are formed in the presence of sulphuric acid 

for all {eaction conditions, resorcinol of high yields and purity is obtained in the 

presence of phosphoric acid, (NH.)H,,p04 inhibits the formation of polymers, and 

no conversion of MPDA occurs in the presence of {NH.)H 2PO. , The use of 

mineral acids also allows for establishing the influence of the acid strength on the 

product distribution, establishing the reaction order and kinetic model in the 

absence of diffUSion and adsorption I desorption constraints, and providing a 

basis for comparison with heterogeneous acids. A detailed reaction pathway for 

the hydrolysis reaction can then be proposed. 

4.3.1 REACTIONS WITH SULPHURIC ACID 

Figure 4,2 shows the MPDA, MAP and resorcinol concentration as a function of 

time when MPDA is treated with H,S04 at various temperatures The 

concentrations of the 'elevant compounds are expressed as mole-%, obtained by 

dividing the measured concentrations with the initial MPDA concentration, ie, 

264mmol!L. The pH of the reaction solution (pH reading taken at ambient 

tempe{alllres) remaifls constant throughout the reactions carried out at 225°C 

measuring 1 35 ± 0,06 in the presence of 3.39 mole H2S04 per mole MPDA and 

1.17 ± 0.04 In the preseflce of a 6.77 H?S04 to MPDA mole ratio. 
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~ 1 00 t\':;::---=::::::::=====:'~=:~-l " d o 80 MPDA 
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Reaction time, hours 

(8) 

40 

20 

o 1>"-------= 
o 10 20 30 

Roaction time, hours 

~ 100 1---:::-:==::;":;;::=;::==;====="'==--1 
Resorcinol o 80 

E 
60 

40 

20 

o 
o 

(e) 
MPDA 

MAP 

20 30 

Reaction time, hours 

Figure 4.2 ConGer,tration versus time (iri!. MPDA cor,c. = 26.4mmoIIL) at (AJ 

225°C (inl!. HzS04:MPDA mole ratio = 3.39), (8) 22SoC (iniL 

H,SO.:MPDA = 6 77): and (e) 275°C (ini! H"SO.:MPDA = 3 38). 
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The reactiorl 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 MAP that is subsequently convened to resorcirlol The MAP 

concentration profile goes through a maximum arid the resorcinol concentration 

profile foliows that of an S-shaped curve with the initial slope of the time­

concentration curve equalling zero. The time-concentration profiles in Figure 4.2 

further suggest that the reactions MPDA )0 MAP as weli as MAP ----lo resorcinol 

are essentialty irreversible since the MPDA concentration and MAP concerltration 

approach zero after prolonged reaction periods. The resorcinol yields measured 

after 24 hours of reaction time (heating period irlcluded) when using a H2S04 to 

MPDA mole ratio of 3.39 (T '" 225°C) is 93mole-% and in the presence of a 5.77 

H2S04 to MPDA mole ratio (T " 225°C) the resorcinol yield is 95mole-% 

Irlcreasirlg the reactiorl temperature to 275'C while maintaining a constant H2S04 

to MPDA molar ratio of 3.38 leads to a resorcinol yield of 95mole-% (Figure 4.2C) 

after 24hours. 

The maximum obsenled yield of MAP (21 mole-% after 2 hours) when using a 

Hi S0 4 MPDA molar ratio of 3 39 (at 225°C) is less than that at a higher initial 

Hi S0 4 to MPDA molar ratio (31 mole-Yo after 2 hours). This suggests that the 

reaction rate is dependerlt Orl the initial acid concentratiorl. 

Also, the rate of formation of resorcinol increases with an increase in the 

H2SO.:MPDA ratio An increase in the reaction temperature to 275°C (Figure 

4.2C) from 225°C (Figure 4.2A) has a marked effect on the obsenled reaction 

rate further suggesting that the reaction is virtually irreversible 

Mole balances (see APPENDIX-G) conducted over all sample points reveal that 

betweerl 95% and 100% of the initial MPDA can be accounted for (only one 

sample point returns a 86% accountability, which is quite likely due to arlalytical 

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 formatioll of insoluble phenyl-etllers since the formatioll of 

pllenyl-ethers is typically regarded as being irreversible (see SeGtion 2 1) 

Figure 4.3 shows the yield-time profiles of minor intermediates 3,3'-diamino­

diphenylamine and 3-hydroxy3'-amino-diphenylamine. The yield profiles of 3-

hydroxy,3'-amino-diphenylamirte traverse througll a maximum of between 0.7 

and l.2mole-% (corresponding to ca. 1.5% - 2.3% of initial MPDA) and approach 

zero after prolonged reaGtion periods. The initial rate of formation of 3-llydroxy,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 monomer-dimer reaction to be reversible as illustrated in 

Figure 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 hydrolysis rather tllan tile reversibility 

of the reaction leading to its fOlll1ation from MPDA The formation of 3,T-amino­

diphenylamine is clearly a minor reaction pathway 

2" cc:C---­
.: 2,0 (A) 
]H 
e 

~'~.~~"~_-== I 
o ,~ 20 3iJ 

Roaction Umo, hou", 

"~'~I (8) ~ u , 

2.5 

' : 2.[­

~ 1.' 
e 
;iH 
• 
~ 0 ~ 

Ie) 

20 

Ro.ctioo time, 00<..", 

Figure 4,3 Yield versus time (init MPDA conc. '" 264mmo1/L) profiles for 3,3'­

diamino-diphenylamine (x) aoo 3-hydroxy,3'-amino-dlphenylamil1€ 

(e) for reactions at (A) 225°C (init H2S04 'MPDA molar ratio = 

339): (8) 225°C (init. H2S04 ,MPDA = 6.77), and (C) 275°C (init 

H2S04 :MPDA = 3,38), 
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4.3.2 REACTIONS WITH PHOSPHORIC ACID 

Figure 4.4 shows the MPDA, MAP and resorcinol conC8ntrat'loI1 as a function of 

time in the presence of phosphoric acid Mofe balances conducted over <111 

sample points reveal that all tile initial MPDA (within experimental errors) can be 

accounted for throughout tile reactions (see APPENDIX-G) At 225"C the mole 

balance averages 98,9 ± 2.4~/" At 27SoC the mole balance amounts to 99.4 1 

O,9~/" The pH for tile reaction at 22SoC (pH taken at ambient temperature) 

~ 
" 

100 
• 
0 80 
E Resorcinol (A) 
, 60 
0 

• " 40 " 
MAP -, • 20 " , 

0 
u 0 

0 10 20 30 

Reaction time. hours 

~ , 100 , • Resorcinol 
0 80 
E (8) 
0 
0 

60 MPDA 

• " 40 " - MAP 
0 • 20 " , 0 
u 0 

0 10 20 30 

Reaction time. hours 

Figure 4.4 r;oncentr<1lion VRrsus time (iniL MPDA conc = 2fi4mmollL) with an 

initial HPO, to MPDA mole ratio of 6,77 and reaction temperature 

set at (A) 22SoC and (8) 27SoC respectively 
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remained constant at 1.72 ± 0,02, whereas the pH measured during the reaction 

a1275°C (pH taken at ambient temperature) remained at 2.06 ± 0.06. 

The yield versus time curves of 3,3'-diamino-diphenylamine alld 3-hydroxy,3'­

amino-diphenylamine are shown in Figure 4,5. The yield-profiles of both dimers 

traverse through a maximum and approacl1 zero concentration after prolonged 

reactioo periods (after 25hours). The low concentrations 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 concentratioo-time curve of 3-hydroxy,3'-amino-diphenylamine equals zero 

(see Section 4,3 1), For the reaction at 225°C and 6,77 H3P04:MPDA mole ratio 

(Figure 43A), 3,3'-diamino-diphenylamine reaches a maximum after Col, 7,5 

hours (yield " OAmole-%), while the maximum for 3-hydroxy,3'-amino­

diphellylamine occurs after ca. 7,5 hours (yield" 1 ,7mole-%), Durillg the reaction 

at 275°C and a H3P04,MPDA mole ratio of 6.77, 3,3'-dlamino-diphenylamine and 

3-hydroxy.3'-amino-diphellylamine go through a maximum between reaction 

times 1.0 hour alld 5,1 hours, however, due to the absence of sampling points 

within this time frame, more accurate maxima for tIlese dimers cannot be 

established, As already mentioned in Section 4,31, the sIlape 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. 

" " , " (A) 
• 0 " • i " 

(B) 

" 
0 " , 
> 00 ----
" 

" ::~ 
, 
> 

• 
0 >0 " " 0 '0 N W 

R .. ction time, ttoo " 

Figure 4.5 Yield versus time plots (init MPDA cone, = 26Ammol/L) for 3,3'­

diamino-diphenylamine (xl and 3-hydroxy,3'-amino-diphenylamine 

(e) for reactions with an initial H3P04 to MPDA molar ratio of 6,77 

and temperatures' (A) 225"C and (8) 275°C 
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4.3.3 REACTIONS WITH AMMONIUM-DIHYDROGEN PHOSPHATE 

Figure 4.6 shows the MPDA MAP and resorcinol concentration-time profiles III 

the presence of ammonium dihydrogen phosphate, i.e. (NH.)H 2P0 4 which is a 

considerably weaker mineral acid than phosphoric acid The initial (NH 4)H 2P04 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. 

'" 100 • " (A) • MPDA 
0 80 
E 
0 
0 

60 

-• 40 • -0 • 20 0 
0 
0 
U 0 

0 10 20 30 40 50 

Reaction time. hours 

" 100 , 
• 
0 80 
E 

Resorcinol 
(8) 

0 
0 

60 

• • 40 • -0 • 20 0 
0 
0 
U 0 

0 1 0 20 30 40 50 

Reaction time, hours 

Figure 4.6 ConcentratIOn-time plots (initial MPDA conc '" 26.4mmoI/L) lor 

reaction temperatures (A) 225"C (ini! (NH 4)H 2PO,:MPDA mole ratio 

"6.76) and (B) 275"C (init (NH.)H 2PO.:MPDA '" 663): (.), (_) and 

(A) respectively denote the species MPDA, MAP and resorcinol 
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Mole balances conducted over all Ire sample points again show that most of the 

initial MPDA can be accounted for in terms of reactant MPDA and products MAP, 

resarei nol. 3. 3'-d iami no-d iphenylarr,ine and 3-hydroxy, 3' -ami no-diphenyla mine 

For the reaction carried out at 225"C the mole balances averaged over all 6 

sample points is 99.3% ± 4.0% The average mole balance for the reaction at 

27ScC is 98.6% ± 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 phosphoric or sulphuric acid. At 275°C, a 

reasonable conversion of MPDA to resorcinol is observed, and the pH changes 

from 5,81 to ca. 6.42 (pH reading taken at ambient temperature) during the 

course of the 48 hours of reaction During this time the resorcinol yield increases 

from 0,5% (after 1 hour) to 78% (after 48 hours). 

He concentration-time profiles in Figure 4,6 are similar to those in the presence 

of sulphuric and phosphoric acid, albeit at a considerably lower reaction rates. 

After 24 hours of reaction time, the resorcinol yield at 225"C is ca. 6% while at 

275°C the resorcinol yield is ca, 57% The maximum MAP concentration at 

225"C occurs 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 resorcinol 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 yield-time profiles of 3,3'-diamino-diphenylamine and 3-hydroxy-3'-amino­

diphenylamine are illustrated in Figure 4,7, The very low yiekls rreasured for 3,3'­

diamino-diphenylamine coupled witi' the associated errors in analysis result in 

irregularities and make it very difficult to interpret the overall yield-time curve for 

this compound The maximum concentration of 3-hydroxy-3'-amino­

diphenylamine at a reaction temperature of 225cC cannot be established since its 

maximum IS likely to occur far beyond the sampled 26 5 rours reaction period. 
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However, at 275°C a clear-cut maximum yield 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 yield of 3-hydroxy-3'-amino­

diphenylamine is O.8mole-% (see APPENDIX-G). 

" H 

, " (AI " ; 
" 1 • '" • 

, 
" ~ '" • 

• 00 " " co " 0 " " "' 
, 

Reoction tim e, hour5 Reaction time, hours 

Figure 4.7 Yield-time plots (ini\. MPDA cone. "26.4mmoUL) for 3,3'-diamino­

diphenylamine (x) and 3-hydroxy,3'-amino-diphenylamine (.) for 

reactions at (A) 225°C (ini\. H,S04:MPDA molar ratio" 3.39); (B) 

225°C (ini!. H,S04:MPDA " 6.77); and (C) 275°C (ini!. 

H2SO.: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 < 200mmoI/L). resorcinol is 

obtainable in high yields (resorcinol yield >95% for H2S04 and H3P04) 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 [1969 - 1972], it can be concluded that the acid strength and the 

acid concentration affect the production of polymeric ethers. Furthermore, 

contrary to the reports of Greco [1969 -1972], as shown in Figure 4.6, resorcinol 

can be produced in the presence of (NH 4)H,P04 , albeit at a considerably lower 
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reaction rate. Therefore, the reactioo rate at a particular temperature is strol1gly 

dependent on the acid strength oflhe ml'leral acid. 

The cO'lVersion of MPDA to resorcinol in the presence of mineral acids 15 a 

consecutive reaction with the intermediate product beillg MAl-' The reaction 

MPOA ---+ MAP ---+ resofCInol can be regarded as being irreversible. The initial 

zero slope observed tor the concelltratioo-time curve of 3-hydroxy-3'-amino­

dipheneylenediamine reveals that it is produced consecutively, either from 2 MAP 

molecule or from 1 MAP and 1 MPDA molecule. After prolonged reaction periods 

the concerllration of 3-hydroxy-3'-amino-diphenylellediamine tends to zero The 

cleavage of the dlmer is 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 compooents. ie, assumi'lg a reversible monomer-dimer 

reaction after which the monomers are further hydrolysed towards resorcinol as 

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

4.4.1 CHARACTERISATION OF UNCALCINED ALUMINO­

SILICATES 

1G3 

Typically. 10grams of an aluminosilicate is firs! calcined at 4S0"C and then 

rehydrated before being used for reaction studies All results are based on the 

calcined. dehydrated form Consequently. the weight lost during the calcination of 

an aluminosilicates (H-USY (SiIAI " S 6) H-Beta (SiIAI = 14.41 H-ZSM-S (SiIAI " 

130). silica-alumina (SiIAI " 69) and H"ZSM-5 (Si/AI = 22)) needs to be 

determined Two methods are applied. viz. TGA 111 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 Nrflushing at 20°C zeolite H-ZSM-5 

(SiiAI = 13) experiences a considerable weight loss which is unusual for ZSM-5 

zeolites The initial weight loss is likely due to the evaporation of some volatile 

compounds_ Consec:uelltly, high standard deviations are measured for H-ZSM-5 

(SiIAI" 13) in Table 4,1, Oilly 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 calcillation 

where the samples are weighed out before calcination and thell immediately 

afterv...-ards 

\/'.feight losses during shallow bed calcination in air for silica-alumina, H-USY and 

H-ZSM-5 (SiiAI " 13) diffe' from the TGA results, The weight loss upon sha:low 

bed calcination shows a greater we'lght loss than by TG analysis_ The 

discrepancies between the two methods can vary cOrlsiderably. e,g" the weight 

loss of the kiill treated silica-alumina is ca, 9.4%wlw while the weight loss 

determined by TG ana~sis is only 6.2%wlw. A similar trend is observed for H­

USY (204%wlw vs, 176Y,,'.viw) and H-ZSM-5 (SiIAI " 13) i18,3%w/w vs 

165%wiw) The different caicinat'lon atmospheres can explain this phellomelloll_ 
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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 aluminosilicates 

Aluminosilicate Percent Weight Loss 

Kiln'" (no. of measurements) 

silica-alumina 62 9A:tl.4 (5) 
H-USY 17,6 20A-O,7 (7) 
H-Beta 7.0 6.5 _ 0,6 (9) 
H-ZSM-S (SUAI = 13} 165 18.3 ± 3.3 (6) 
H-ZSM-5 (SiIAI = 22) 5,6 5.7 = 0.3 (2) 

, , N::-flowrate: 30ml(NTP)/mir. 
'2) calcined in air shallow 2:eoliie bed 

Reasons for the percent vleight loss of H-Beta being slightly larger for the TG 

analysis (7 O%w/w) than for ihe kiln treated H-Beta (6.5%wlw) car be ascribed to 

handling errors, The siandard deviation calculaied for the kiln treated H-Beta 

(O.6'X1W/W) would, howe'/er, still cover ihe 7 O''/"w/w weight loss measured during 

the TG analysis. Both methods used for determining the percent weight loss for 

H-ZSM-5 (Si/AI = 22) are essentially identical at 5.6%w/w. This Indicates the 

absence of adsorbed organic species on this material. 

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 (SiIAI " 

13} and H-ZSM-5 (SVAI = 22) are shown in Figure 4.8. Generally, ihe powder 

patterns compare well with those found in literature. However, 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 0,1° limits 

the peak details. 

The powder patterns of H-U8Y compare well with the simulated powder patterns 

of the Faujasite family [Treacy at ai" 1996; pg 643] Significant FI\UIEMT 

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 small c!),stallites, 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 pattem of 50% 

stacking fault probability [Treacy et ai" 1996, pg. 641] compares well with the 

spectra given in Figure 4,8, The powder patterns of ZSM-5 show similarities to 

the simulated patterns with some overlapping of closely spaced reflections. 

8 

o 

USY 
-.J'----J-L,-J~'cA-~I~.~,.I~~c..j 

B", 
~---==="!L_" .~ .. '_----I 

ZSM~~~_13_) __ ._ ... _jl'v.~.~~~~c..j 
ZSM-5 (Sif~1 '" 22) 

__ -----'1;-, 

o 5 10 15 20 25 

Degrees 2-Theta 

30 35 40 

Figure 4.8 XRD patterns of USY, H-Beta, Z8M-5 (SiIAI" 13) and ZSM-5 (8i/AI 

"22) using CU-K(I radiation and step size" 0,1°, 
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(ii) Crystallite particle size, particle size distribution and morphology 

The crystallite particle sizes of the zeolites are determined from electron 

micrographs_ The crystallite particle sile of USY ranges from 041;m to Q.6l1m 

Figure 4 9 SllO\o\IS no deposit of amorpholls materials, only some agglomeration 

of crystallites The Sl18pe of the crystallites is of a cubic nature 

Figure 4.9 Electron micrographs of USy, 

The crystallite particle siles for Bela are generally smaller tllan 0 3!11ll (Figure 

4,10). No accurate estimation of the average crystallite particle size could be 

made because of strong agglomeration of the crystallites No distinct sl18pe can 

be observed for the crystallites of H-Beta_ 

Figure 4.10 Electron micrographs of Beta 
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Illustrated In Figure 4 11 are the crystallites of ZSM-5 (SilAI "' 13) , The shape of 

the crystallites ca n be described as being long and rectangular (coffin-liKe; dCfY'!t.1 

= 1-Sf.1m) with some crystallites having pointed (tetrahedr2l1) ends, showing 

monoclinic symmetries The crystallites agglomerate Into particles 

Figure 4.11 Electron micrographs of ZSM-S (SIIAI = 13) 

The average crystallite particte sizes for ZSM-5 (SilAI =22) is ca 0 5~m (Figure 

4.12). The shape of the ZSM-5 (SifAI ::: 22) crysla ll ~es is similar 10 that of ZSM-5 

(SlfAI" 13). The ZSM-S (SifAI "' 22) crystallites do agglomerate into particles 

figure 4_12 Electron micrographs of ZSM·S (StfAI := 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 heal of 

adsorption is determined using the method developed by Cvenlanovic and 

Amenomiya [1967 and 1973J. The heat of adsorption is assumed to be 

independent of coverage. The maximum peak temperature f", required for the 

application of the CVentarlOvic and Amenorniya method corresponds to the point 

g 
z 
w 

Sili~a~~.a __ ~--~ 

H-ZSM-5 

:::::::::::=SSillca-AIU mina 
--~--, 

~>. 

H-Beta 

H-USY 

200 300 400 500 

Temperature (e) 

. Figure 4.13 TGA and DT A curves of reJevant aluminosilicates with ramping rate 

set at 10"C/min (N,-flowrale equals 30ml(NTP)/min). 
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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 SiiAI ratio 

The DTA curves show a minimum between 100°C and 150"C which corresponds 

only to a certain 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 desorptlorl of water onto the alumirlosilicates. 

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

Aluminosilicate H,O remaining adsorbed ,JHb of water {RL)'"' 

after4-5h Nrflushing (kJ I mol) 

(mmol H,O / g) 

silica-alumirla " 2.24 46 0,885 
H-USY " 6.32 45 0.972 
H-Beta " 4.27 3ib: 0.944 
H-ZSM-5 (Si/AI = 13) ca. 3.35 27 0932 
H-ZSM-5 (SiIAI " 22) 

(a) Square of the Pea,eson Product Moment Correlation of a st.caight line fitted through 11Tn 

vers~s rln(T~) - In(r~mp ll g r~te) acco.cding to eqlJiltion 2,1 
(b) Includes a ,eampn g rate at 20'C/min In additbn to 2, 5 and 10"Clmin 

It IS of interest to compare the heat of vaporisation, iJH".",,, of water with that of the 

heat of desorption, .:1H,x"" -values determined for the 4 different alummosllicates 

Between temperatures 100°C and 150°C, the heat of vaporisation of water lies 

between 40.6kJ/mol (at 100°C) and 38.1kJ/mol (at 150"C) [Sandler, 1989) Th", 

temperature range is chosen since it includes most of the data points (points 0' 

inflection) used to calculate the L1ff"., -values. The LlH,;..,-va[ues of water adsorbed 

on silica-alumina and H-USY is clearly greater than the ;t!!.,.,.".-values, whereas fo' 

H-Beta ,1!!"", is comparable to L1ff"", of water, while .:1n~., of water for H-ZSM-~· 
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(SiIAI = 13) is considerably Jess than /IH,.,,:. of water. It can thus be concluded thaI 

a favourable interaction exists between water alld 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-Bela is less than that of H-USY or silica-alumina, however. since the 

difference between.1H,h and ,JI!.", .. , is relatively small the overall interaction may 

be regarded as being ideal Although H-ZSM-5 (SiIAI = 13) has a very low SilAI 

ratio, strollg repulsion forces are likely to exist between the water molecules and 

H-ZSM-5 (Si/AI" 13) resulting in a low .1fldc" 

4.4.2.3 STRENGTH OF ADSORPTION OF NH3 ON ALUMINOSILICATES 

The heat of adsorption / desorption of gaseous NH J is determined by means of 

temperature programmed desorptiO/l (TPO) using the method described by 

Cventanovic and Amenomiya [1967 and 1973J A strong interaction of the 

product NH) with the Br0nsted acid site is required to drr.e the reaction MPOA to 

resorcinol forward (see Section 2.1 2 I). The NH, TPD spectra (see Figure 4.14) 

shows the rate of NH, desorption versus temperature and time for silica-alumina 

(Si/AI'" 6 9), H-USY (Si/AI" 5.6), H-Beta (Si/AI " 14.4) and H-ZSM·5 (Si/AI = 13) 

Although the temperature ramping rate chosen in Figure 4.14 is WOC/min. the 

NH,.-TPD for everyone 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 = 0.25g and He,-flow rate = 63ml{NTP)/min. 

Only a single high temperature desorption (HTO) peak is observed for NH J 

desorption from H-USY, H-Beta and H-ZSM-5 (Si/AI = 13) under the experimental 

conditions used The absence of low temperature desorption (L TO) peaks would 

indicate that the zeolite samples shown in Figure 4.14 contain no physisorbed 

ammOllia The NH,. desorption spectrum from the silica-alumina sample has a 

shoulder at a temperature above that of the peak maximum temperature ( T~" ,,) at 
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309°C, Blank run TPD spectra show no H20 loss due to dehydroxylation of 

previously calcined silica-alumina (at 450°C) while ramping from 150aC to 450°C. 

Thus, the high temperature shoulder cannot be attributed to dehydroxylation, 

0.010 , 500 , 
/ 

~ 0,008 400 U • '--~ U Silica-Alumina 
"C! 0,006 • • 300 • , 

0 , -~ 0 .. "ZSM-5 {SvAi = 13) • ~ E • • 0.004 :/ 
... - - 200 • 0 E ~ • - E • Beta 

0 • 0.002 '':; 100 ~ 

0.000 0 
0 20 40 60 80 100 

Time (min) 

Figure 4.14 NH3-TPD spectra of silica-alumina. ZSM-5 (Si/AI " 13), Beta and 

USY (ca, 0,25g (hydrated), 63ml(NTP)/min helium, 1Q°Clmln), 

The dashed line in Figure 4,14 indicates the time period after which the 

temperature remains constant at 450°C. At that time (dashed line) the NH3 

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°C/min, the peak maximum temperature, T .. , of H-USY (289°C) is lowest, 

followed by silica-alumina (309°C), H-ZSM-5 (SiiAI " 13) (312°C) and H-Beta 

(338"C). It is, however. interesting that T", observed for H-ZSM-5 (SiiAI " 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 desorption Ire-adsorption 

effects in the channels are usually greater for ZSM-5 (crystallite sizes 1 "m -51Im) 

than for Beta zeolites (crystallite sizes < 0.3)lm), Similar to the discrepancies 

observed for the maximum peak temperature of H-ZSM-5 (Si/AI" 13) the shape 

of the NH3-TPD desorption curve from H-ZSM-5 (Si/AI" 13) should consist of a 
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more leading edge, especially since the H-ZSM-5 (Si/AI" 13) sample consists of 

large crystallites ranging between 1fJ.m and 5f1m [Gorte, 1982: Jones and Griffin; 

1983; Rieck and Bell, 1984]. 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, 1983: Rieck and Bell, 1984]_ 

Table 4.3 The heat of desorption of NHl onto the alumino-silicates by the 
method ofCventanovic and Amenomiya [1967 and 1973] 

Aluminosilicates 

silica-alumina 
H-USY 
H-Beta 
H-ZSM-5 (SilAI" 13) 
H-ZSM-5 (Si/AI " 22) 

AI content 

(mmoll g) 

211 
2.52 
1,08 
1.19 
0.72 

No. of acid sites .JTf"'i> of NH~ (R'Y') 

(mmoll g}(b) {kJ f mol} 

1.70±0,14 62 0_974 

216:+:0.07 44 0_965 

o 83±0.09 75 0.998 
1,04±0.13 89 0.999 

(~) Square of the Pesrson Proouct Moment Correlation of s ,trsigh/lines fitted through tIT", 
versus 2'ln(T~ )" Ill(ramping rate) accordn g to equatioo 3.1 

(b) Based relative to the respective dehydrated aluminosi.licate mass 

Table 4,3 presents the heat of adsorption of NH~ calculated by fittin9 a straight 

line throu9h lIT", versus 2*ln(T,,) - In(ramp;"g ral~) The slope equals /lH / R as 

desCribed by the method Cventanovic and Amenomiya [1967 and 1973). The 

square of PearsOll Product Moment are all greater than 0,95 implying a good 

straight line fit through ali points. The NH3 heat of desorption is calculated as 

being greatest for H-ZSM-5 (SilAI " 13) (89kJ/mol), followed by H-Beta 

(75kJ/mol), silica-alumina (62kJ/mol) and H-USY (44kJ/mol). 

The number of acid sites obtained by NH3-TPD of the silica-alumina, H-USY, H­

Bela and H-ZSM-5 (Si/AI" 13) samples. which are repeated 3 times at different 

ramping rates (10°C/min. SOC/min and 2°C/min), are 1,70 +- 0.14, 216::+: 0.07. 

0,831. 0,09 and 104 ± 0,13, respectively The number of acid sites predicted 
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---~--.~ 

from the Si/AI ratio of the aluminosilicates (assuming only framework AI-species) 

are, however, greater than t~ equivalent experimentally determined number of 

ackl sites, Nevertheless, Figure 414 shows that the NH3-TPD spectrum of all 

aluminosilicate samples do return to the baseline before reaching 450°e, 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 to 

desorb during the given time period of 60 minutes whilst keeping the temperature 

at 450°e, Another possible explanation includes the removal of chemisorbed NH, 

while flushing the freshly adsorbed NH J at 150°C (instead of 100°C used by 

Hidalgo et aI" 1984) for 12 hours before commencing with the TPD spectrum 

4.4.2.4 QUANTIFICATION OF EXTERNAL ACID SITES OF ZSM-5 SAMPLES 

The number of external acid sites on H-ZSM-5 (Si/AI " 13, dorystal" 1-5~lm) and H­

ZSM-5 (Si/AI " 22, dory<t. = ca. 0 5flm) are determined by means of temperature 

progcammed desorption (TPD) of 4-methyl-quinoline to check whether the 

reaction rate of MPDA to resorcinol depends on the crystal diameter. Weber 

[1998] showed that 4-methyl-quinoline adsorbs only on the external surface of H­

ZSM-5. 

Since the thermal removal of 4-methyl-quinoline on H-ZSM-5 causes the 4-

methyl-quinole to react upon desorption, the mass fractions obtained via TPD are 

not the same as those obtained by direct injection of 4-methyl-quinoline into the 

Injector port of the detector [Weber, 1998]. Consequently, the determination Of 

the external ackl sites on the H-ZSM-5 zeolites is only relative. The most 

abundant ion in the spectrum of 4-methyl-quinoline-TPD is m/" " 78, which is 

ascribed to benzene being formed from the decomposition of the qUinoline (m/e = 

128) radical [Weber, 1998] The 4-methyl-quinoline TPD spectra (based on the 

response signal of the most abundant fraction, viz. benzene is m/,. " 78) for H­

ZSM-5 (Si/AI = 13) and H-ZSM-5 (Si/AI = 22) are presented in Figure 4 15. 
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Figure 4.15 4-Methyl-quinoline TPD spectra of ZSM-5 (Si/AI = 22) (lop curves) 

and ZSM-5 (Si/AI" 13) (bottom curves), (1 Og, 100ml(NTP)/min He, 

1Q°C/min, m/~ " 7B) The experiment is repeated to check its 

reproducibility: compare dashed boxes (A) and (8). 

The 4-methyl-quinoline TPD for both H-ZSM-5 zeolites are repeated to check for 

their reproducibility. All 4-methyl-qulnoline TPD spectra tend to show two peaks 

i,e" one low temperature desorption peak (L TO peak) and one high temperature 

desorption peak (HTO peak) respectiyely. For zeolite H-ZSM-5 (SiIAI " 22), both 

TPO-spectra reyeal distinct L TO peaks and HTO peaks The L TO peak maximum 

temperatures of the two spectra are 434vC and 440"C. and the respective HTO 

peak maximum temperatures are 903"C and 867°C The HTO peaks are 

comparable to those obtained by Weber [1998]. viz. 803 _ 820°C. 

The L TO peak of the H-ZSM-5 (SiIAI " 13) zeolite of the two spectra occur at 

610"C and 655°C. Oue to the low amount of 4-methyl-quinoline desorbing from 

H-ZSM-5 (SiIAI " 13) the high temperature desorption peak tends to be non­

reproducible. 
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The areas under both the LTD peak and HTD peak for H-ZSM-5 (SiiAI = 22), 

however, are consideral:::ly larger thall tre equivalellt areas for H-ZSM-5 (Si/AI = 

13), From the areas given by the HTO peaks in Figure 4. 15A and Fig~re 4,156, 

the rato of tile number of external acid sites on H-ZSM-5 (Si/AI '" 221 (HTD peak 

from 700'e - 1100()C) relative to H-ZSM-5 (Si/AI '" 131 is determined The area 

under the HTP peak for H-ZSM-5 (Si/AI = 13) is also arbitrarily taken from 700'C 

-1100°C to remain consistent with the HTP peak for H-ZSro..'1-5 (Si/AI = 22) 

Subsequently. the relative numl:::er of external acid sites (H-ZSM-5 lSi/AI", 22) I 

H-ZSt.,'1-5 (Si/AI '" 131) calCJlated for Figure 4,15A and Figure 4 15B equals 16.4 

and 15 2 respectively. AlthoJgh detenllining tile relative external acid sites via 4-

methyl-q~inolille does not prove itself as being very reproducible, the 

measurements do show very large differences in the number of external acid 

sites for tile two ZSM-5 zeolites, 

4.4.2.5 PORE VOLUME ANALYSIS 

The pore volume of silica-alumina, H-USY H-Beta. H-ZSM-SISi/AI '" 13) and H­

ZSM-5 (Si/AI '" 22) are analysed using ni:rogen adsorption (Nc-BET: as described 

in Section 3.2 S. Microporous and mesoporous surface areas are also obtained 

(Table 4.4) Because NrBET cannot measure pore sizes below -'- 17A, the 

micropore s~rface areas and pore volJmes are taken as being obtaill€d from 

pores less than 17A and the mesopore surface areas alld pore volumes as 

being obtained from pores larger than 17A The mesopore volumes given in 

Table 4.4 are further subdivided into 17A <: dpoo e <: ± 115A alld dp, ,,, ,. 11SA The 

combined mesopore S'Jrface area (dW" " 17A! gives an indication of tile external 

surface area of the sample. The nitrogen adsorption (coupled with desorption) 

isotherms for samples silica-alumina, H-USY. H-Beta H-ZSM-5 lSi/AI = 13) and 

H-ZSM-5 (Si/AI '" 22) show a hysteresis for all five samples This is especially 

true for silica-alJmina and H-Beta, indica:ing that mesopores are present. 
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H-USY is found to have the largest total surface area (607m2!g) and H-ZSM-S 

(Si/AI=13) the smallest (303m2/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 

(199mL/g) of all the zeolites analysed. The smallest mesopore surface areas are 

that of ZSM-5(SiIAI=13) (26m 2/g) and ZSM-5{SilAI=22) (28m2/g)_ 

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

pore size distribution. In contrast, the ZSM-S zeolites show hardly a distribution in 

the mesopore range. Although few data points are taken in the mesopore region, 

reproducibility of Nradsorption on H-Beta and H-ZSM-5 (Si/AI = 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 dpore > 11SA, the incremental pore volume remains constant with 

respect to the pore diameter. Similar trends are observed for H-USY, H-ZSM-5 

(Si/AI = 13) and H-ZSM-5 (SiIAI = 22) where the downward sloping curve (17A < 
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dpo<o < 115A) tends to be a carry-over from the micropore volumes before 

levelling out to a cortstant irtcremerttal pore volume for dpo," > 115A. Only the 

spectrum obtained for H-USY shows a secortd peak between dpo<e " 115A and 

dr«~ = 398A before levelling out. H-Beta is the only alumirtosilicate that shows 

large (ca 0.02cc/g) incremental pore volumes for dP<l"' > 11SA 

o 10 
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Figure 4.16 Pore size distributiOll of silica-alumirta (X), H-USY ( ). H-Beta (t). 

H-ZSM-5(Si/AI=13) (,\) artd ZSM-S(Si/AI=22) (_). 

4.4.2.6 ADSORPTION STUDIES OF SOLUTES ON ZEOLITES 

Figures 4 17 through to 4,22 show the adsorptiort of dissolved MPDA, MAP, 

resorcirtol artd ammollia onto the zeolites H-USY H-Beta artd H-ZSM-S (Si/AI " 

13) The adsorbed amount is plotted agairtst the mole fraction of the solute ill 

solution at various adsorption temperatures. The method used for predicting the 

adsorptiOll isotherms at reactiort temperature is by means of batch adsorption 
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experiments at low' temperatures As outlined in Section 3.245, tile <lmount of 

zeolites (ca. OAg) used per 15ml of aqueous solution corresponds roughly to the 

amount of zeolite used during the reactioll (10g zeolites per 350m 1 of solution) 

The Ilumerical adsorption data are giver! i'1 APPENDIX-H 

(i) Adsorption of MPDA on zeolites 

Figure 4.17 illustrates the adsorption data of MPDA on zeolites H-USY H-Beta 

and H-ZSM-5 (Si/AI " 13) at temperatures 30e, 50"C 70'e and 90'C The 

adsorbed amount;s plotted again5! the 1110le fr<lction of the solute in solution 

~ 2.0 
m 
~ • 0 

H-Beta E 1 6 
E 
~ 

0 1 2 • c H-USY 0 " 0 08 u • " y " OA 0 j,,- • H-ZSr.,'-5 (Si/AI" 13) - ,..,:tJ • u D 
< 00 

0,000 0,001 0002 0,003 0,004 0.005 

MPDA(aq), mole-fraction 

Figure 4.17 Adsorption-equilibrium data :or aqueous MPDA on USY, Beta and 

ZSM-5 (Si/AI = 13) at30'C (+), 50'C (_ ),70° (AI and 90'C (XI 

Irrespective of the adsorption temperature tile <lmount of MPDA adsorbed (see 

Figure 4,171 is larger for H-Beta than for H-USY whicll ill turll is larger thall for H­

ZSM-5 (SiiAI = 13)_ III fact. for each 2:eolite considered tile MPlJA adsorptioll 

isotherm5 at temperatures 30"C 50"C 70°C and 90'C tend to overlap and thus 

the adsorption is seemingly ~emperature independent From the initial slope of 

the adsorptioll curves and taking into consideration tile differences in the total 
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MPDA uptake, it can be deduced that the strength of adsorption follows t~e order 

H-Beta > H-USY > H-ZSM-5_ The difference in the MPDA adsorption strength 

between H-Seta and H-USY oan be expected based on the NH1-TPO results 

(Section 442.3) The heat of desorption of ammonia is higher for H-Beta 

(75kJ/mol) than for H-USY (44kJlmol)_ The observed adsorption streng th of 

MPDA on H-ZSM-5 lSi/AI" 13) contradicts the NH:l-TPD study since a strong 

Interaction between the base MPDA and H-ZSM-5 lSi/AI = 13) would have been 

expected given that cl/T" .. ,(NH 3 ) on H-ZSM-5 (Si/AI = 131 equals 89kJlmoi The 

solution pH measured during the adsorption of MPOA onto the zeolites is ca 6,0 

for H·Beta, 7,0 for H-USY and 85 for H-ZSM-5 (Si/AI = 13) with the pH 

increasing only slightly with increaSing MPOA bulk concentrations. Extracting any 

direc! correlation between the dJferent adsorption systems may not be entirely 

correct Since the pH of the bL,lk solution affeots the equilibriL,m H"O -I- Ct H4 (NH2h 

= [C€H4(NH2)(NH 3)], -I- OH- (pK. of MPoN -= 8,89 [Adrien and Se~eant, 1983]) in 

the bulk solution_ 

Table 4.5 

looiHe 

H-USY 

H-Beta 

H·1SM-5 
(Si/AI = 13) 

Comparison of MPOA adsorption capacity observed during 
liquid phase adsorption with the number of acid sites and BET 
pore volume 

MPDA ~ds c~p"city AI content 

(mmeiig: (m..-nd'g) 

1 c' n' 
" 1,06 

CO 1_ 1 9 

Cumuiotive BET pore Volume':' : 
(&quo,' mmei MPDA per grar'1 zeoFte,1 

d~,_ "1?A c;",, " 1"5A d,,,. " 3~<JO!\ 

" , ; 3.5 

" 3,6 " 
" " " 

"I c_,">J~"i" ,,-e .~ , ... ". ,:.' e"Ie'01 not 0,. B T ",, ~,,-, :, "" tip i<d 'Y -,"10 <Ie,,"" c( "i"j ~.'t' CA at 70"C 

1 'l,1 ?n·,nd 'n"l 

In Table 4_5 a comparison is made be\1Neen the experimentally observec 

adsorption capacity during liql.lid phase adsorption and the number of Bronstec 

acid sites found within each type of zeolite The number of Bronsted acid sites is 

taken as being directly related to the aluminium content Since the NH,·TPD study 
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showed a good relationship between the number of Brl'lnsted acid sites and tr,e 

zeolilic aiumirlll,m content The BET-study ailows for a crude estimation of tr,e 

maximum amount of MPDA able to fit into tr,e zeolite pores_ Three different 

boundary conditions are crosen fOI establishing tr,e volume that Ire MPDA 

molecules occupy, j,e., d",.. < 17A, d,,,," < liSA and d" . < 3000A Tre density 

chosen for MPOA is 111al at 70'C (10 17mmolfml [Oaubert and Danner, 1989]) 

The average maximum observed amount of MPDA adsorbed during Ire liquid 

prase adsorption study onto H"USY for isotherms 30'C. 50"C, 70"C and 90'C is 

ca. 0 95mmol MPDA per gram derydrated H-USY zeolite, This is considerably 

less ti18n lre total amount of Bronsted acid sites (2.52mmol/g) available on H" 

USY or the predicted amount of MPDA able to reside witr,in the do"," < 17A 

region (2 6mmol MPDAlg), assuming that a strong interaction is likely to exist 

between the basic MPDA molecules and tile Bronsted acid sites, It can, however, 

be argued that tile hydrophilic nature of H-USY allows for a strong l'Iater-faujasite 

Interaction (as shown in Section 44 2. 2) and the relatively weak Brl'lnsted acid 

strength relative to the otrer zeolites (see Section 44.2,3) could lead to a water­

MPDA phase within the zeolite structure. 

Unlike for H·USY, the maXlmL;m adsorption capacity of MPDA on H-Beta (ca 

1 50mmol/g) is considerably larger than the number of Bronsted acid sites 

(1 08mmol/g) available for H-Beta and approximately identical to the treoretical 

amount MPDA able to reside within Ire dpor< < 17A region (1 7mmol MPDAlg) 

Easy penetration of MPDA molecules into tile three dimensional channel system 

of H-Beta is expected since H-Beta is a large pore zeolite (aperture "7.6A x 

64A) consisting of very small crysta!lites «0 3~lm), Nevertheless, an MPDA 

adsorption capacity greater than the number of acid sites available on I-I-Beta 

implies trat the H-Beta must act as some form of concentrating vessel with the 

MPDA-water concentration in the region (17A < dpro < liSA) being greater than 

the concentration in the region (115A < dr"'" < 3000A) which in turn is greater 

than the bulk solution concentration It is Improbable that physisorbed MPDA 
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molecules reside directly on top of the chemisorbed MPDA monolayer given that 

steric hindrance does exist within the mlcropore region. Thus, the notion that the 

MPDA concentration in the capillary region (17A <: dw o <: 3000A) is greater than 

In the bulk solution must be correct The TGA and the NH3-TPD study 

complement the observed phenomena since the wator-Beta interaction is weaker 

than that between water and H-USY while the interaction of base NH3 on H-Bota 

is considerably stronger than on H-USY and thus a greater attraction is observed 

for MPOA onto zeolite H-Beta than onto H-USY. 

Comparisoll of tho observed MPOA adsorption capacity 011 H-ZSM-5 (Si/AI = 131 

(ca o 30m mol MPDAlg) With the number of Bronsted acid sites (1 19mmol/g) 

and/or the theoretical amOimt of MPUII able to fill in tho microporo region 

(1 3mmol MPOAlg), it seems 1I1at MPDA moleculos do not enter the pore 

structure as readily as originally thought The hydrophobic characteristics of the 

H-ZSM-5 lSi/AI = 13) 7eolito as shown byl Gil (sec Section 4.4 2.2) al1d tho very 

strong adsorption of NH,! onto II-ZSM-5 (Siilll = 13) (see Section 44 2 3) would 

furiher suggest that the MPOII adsorption C<lpacity shouid be larger than 

0.30mmol MPDAig if tho aqueous MPUII molocliles are able to penetrate the 

ZSM-5 pore structure (aperiure = 5 3A x 5 GA), Although gaseous MPDA (6.6A x 

4 SA:- can enter the pore structure of ZSM-5 the hydrated MPDA (at least at 

30"C due to little lattice vibration) IS restricted with the difference between the 

usually strol1ger acid sites located betwoen tho chanl1el intersections and the 

acid strongth of the preViously MPDA adsorbed external surface acid sites being 

too small to strip the MPDA of its hydration water, Alternatively, tho il1itial strong 

driVing force existing betweell tho MPDi\ moieCllles and H-ZSM-5 leads to the 

external surface acid sites il1toracting very strongly with the MPDA. which results 

In pore mouth narrowing / blocking [parton el al 1989] wit'l only a limited 

amount of MPOII being able to diffuse into the pore channels Considering the 

relatively smali external SLrface area observed for H-ZSM-5 (Si/AI = 13) by 4-

methyl-quil10line adsorption (Section 4.4 24) and the large H-ZSM-5 crystallite 

si7es 11,L,m - 5,:lm) shown Figure 410. some of the MPDA must. however, 
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penetrate the pore channels of H-ZSM-5 (Si/AI = 13) since the mesopore volume 

(17A < dpore < 3000A) for H-ZSM-5 (SiIAI" 13) can only take on a maximum of 

Q.2mmol MPDNg (see Table 4,5). Since the activity coefficient of water in MPDA 

is dose to unity it is however unlikely that pure MPDA will surround the H-ZSM-5 

(SiIAI " 13) and therefore, approximately half of the observed MPDA molecules 

adsorbed onto H-ZSM"5 (SiiAI " 13) must reside within the zeolite pore structure. 
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Figure 4.18 Adsorption-equilibrium data with the focus primarily on the initial 

slopes of the adsorption isotherms of aqueoos MPDA on (A) H­

USY, (8) H-Beta and (e) H-ZSM-5 (SilAI " 13) at 30°C (t), 50°C 

(.), 70° C!I} and 90°C (X) 

Unlik.e 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 adsorption 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 8ronsted 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, M',. The extent that certain 

degrees of freedom are either lost or gained after the confinement of the MPDA 

molecules to an aluminosilicate 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, .18"" could be either positive or negative. Making use 

of Equation 4.1 then shows that the heat of competitive adsorption, .JII'~I, could be 

exothermic as is usually the case for gas phase adsorption or endothermic as is 

the case for aqueous MPDA onto H-USY (Figure 4 18A) 

Ni, = .\h~. T.\S 

Considering the favourable interaction of water with H-USY and its the relatively 

weak acid strength, .:l('o 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 ill'" to be of the same magnitude for both zeolites 

presently considered, :Jh,,; for H-USY will be greater than for H-8eta This 

corresponds exactly to the observations in Figure 4, 18A and Figure 4.188, where 

/V,,,, for MPDA on H-USY is > OkJ/mol, while .Jh,,,, of H-8eta tends to .LOkJ/moL 

Extending the above-mentioned thought to the case of H-ZSM-5 (Si/AI = 13), an 

exothermic ,1I1.h l is expected since the associated very strong Bronsted acid sites 

and the water repelling characteristic of H-ZSM-5 (Si/AI = 13) should return the 

lowest .J<:J,,-value relative to all zeolites considered. However, the conciuslOll of a 

negative &,;,/ only holds for the 50°C to the 70°C isotherm if the 30"C and 90"C 

isotherms are excluded This would imp~ 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 90°C isotherms, the 

30°C isotherm (Figure 418C) 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 (Si/AI" 13) surface, the S-shaped isotherm at 

30°C can only be explained on the baSIS that MPDA (d"",Ioc'~. equats ca. 6.6A x 

4.8A) cannot enter the pore channel system of the medium pore zeolite (d. , ortl-<e '" 

5 3A x 56A). 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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6AA 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 66A x 4.sA The 

formation of the S-shaped curve is thus justified by noting thai H-ZSM-5 (SiIAI " 

13) must act as a concentrating agcmt and the low solubility 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 2SoC = 0055 mole fraction [Perry, 

1989]) may to a certain degree have an influence on the adsorption 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 0 e and 

OCfC, the 50'C isotherm reaches a plateau at low X/.'lP DA, The varying shapes in 

adsorption isotherms as well as the existence of a negative ,j}1", i between the 

50°C and 700e isotherms and a positive Ll\.1 between isotherms 700e to 900e 

must be due to a number of factors The anomalous temperature dependence 

can be attributed to chemical transformations that the adsorbed MPDA species 

undergo on tne zeolite surface This finding is expected 10 be more prevalent on 

the surface of H-ZSM-5 (SiIAI " 13) due to its the hydrophobic nature and Its 

strong Bn:msled acid sites It remains unknown whether tne 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 lead 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 heterogeneous acid, the adsorbents need to be aesorbed into 

water to make comments on the reversibility of the adsorption-desorption 

process Since amine compounds interact strongly with the surface acid sites, a 

substantiill amount of water is required to desorb most of the previously 

adsorbed amine compounds The concentration of the original ildsorbent and the 

possibly transformed compounds required for their roughly complete desorption 

would be too low to be accurately detected by iln HPLe 
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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 arKI70°C 
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Figure 4,19 Adsorption-equilibrium data for aqueous MAP on USY. Beta and 

ZSM-5 (SilAI:= 13) at 30cC (t) and 70° C'..), 

The adsorption isotherms at the two different temperatures are grouped together 

for the sake of presenting an overall adsorption 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 isotherms. However. the 

adsorption isotherm obtained at 30°C show a marked increase in the adsorption 

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 only 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 solution, According to Sidgwick and Callow [1924]' the 

solubility of MAP in water at 32,6°C is 3,69wt%, which converts to a mole fraction 
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of 0,006285. Since the melting point of MAP is between 122°C and 123Q C, MAP 

within the pores may exist as a solid, Consequently, only the data below the 

equilibrium bulk solution mole-fraction of 0.0035 is relevant for the adsorption 

study 

From the initial slopes of the MAP adsorption isothenns, the strength of 

adsorption of MAP on H-Beta is greatest followed by H-USY and H-ZSM-5 (SiiAI 

" 13). Also the adsorptiO/l 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 is 

weaker. This can be attributed to the difference in basicity of the two components 

(pK, of MAP+ = 9.63 versus pK. of MPoN = 8,89 [Adrien and Serjeant, 1983]). 

The lower average solution pH of ca. 6 0 for MAP on H-Beta, 6.7 for MAP on H­

USY and 7.5 for MAP on H-ZSM-5 (Si/AI = 13) relative to the pH's measured 

during the adsorption of MPDA is another confinnation 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 

Zeolite AI Content Adsorption Capacity (mmoVg) Ratio MAP: MPDA 

Im~jg) M<' MPDA Ads. Capad y 

H-USY 2,52 0.45 0,95 0; 

H-Beta '''' 1.10 '''' " H-ZSM-5 (S VAI ~ 13) '" 0.30 0,30 " 
Since the dimensions of the MPOA 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 MAP/g 

and H-ZSM-5 (Si/AI = 13) ca, O,3Ommol MAP/9 compared to O.9Smmol MPONg, 

1,50mmol MPONg alld O,30mmol MPDAi9 for the respective zeolites. The 
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comparison IS tabulated in Table 4,6, Tile biggest difference between tile 

adsorption capacity of MAP and MPIJA on a pariicular zeolite is that of H·USY 

with twice the amount of MPIJA adsorbing per gram of zeolite than MAP. On H· 

Beta, the am:)unt of MAP adsorbing is ca 70% of that of MPDA on H·Seta while 

the adsorption capacity of MAP on H·ZSM·5 (Si/AI" 13) is equal to that observed 

for MPDA These trends can again be explained on the basis of the competitive 

behaviour between MAP and water molecules interacting with the zeolite walls 

Since rl'1AP IS less baSIC than MPDA the MAP molecules chemisorb less strongly 

onto the surface of the zeolites than MPDA molecules. Thus. the decrease III the 

surface free energy, .J{." after replacing the previously sorbed water with MAP is 

less pronoun~ed than is case with MPDA The lower bulk solution pH measured 

for the MAP·water·zeolite system combined with a lesser change in.11; , allows 

for greater adsorption of water. Consequently the ratio of the adsorption capacity 

of MAP relative to that of MPDA on the Individual zeolites must show the lowest 

fraction for zeolites possessing tile strongest interactions with water This is 

precisely what is observed with the adsorption capacity ratio of MAP MPDA being 

0.5 on H·USY (,Jl!./,< of H20 = 45kJlmoll, 0.7 on H·8eta (iJII./" of H20 = 

38kJ/mol) and lOon H·ZSM·5 (Si/AI = 13) (&1./" Of H20 = 27kJ/mol) (see 

Section 4 4 2.2) A very strong hydrophilic interaction exist between water and H· 

USY followed by an almost ideal lactvity coefficient - 1) water·surface illteraction 

on H·Beta Tile interaction of water with HZSrl'1·5 (Si/AI" 13) IS hydrophobic. As 

a result, the change In the adsorplion capacity of MAP and MPDA on H·ZSM·5 

(Si/AI = 13) is similar. This could have two implications. Either the weaker MAp· 

zeolite surface interaction allows for easier penetration of the MAP molecules Into 

tile zeolite pore structure (see Table 4 5 for roughly estimated amount of MPDA 

molecules able to reside in the micro pores of H·ZSM·5) due to easier adsorption· 

desorption of MAP while migrating toward the intersecting channels The other 

implication is that if the same amount of MAP enlers Ihe pore structure of MPDA 

the amount of water present In the nearest proximity of H·7SM·5 (Si/AI = 13) for 

both adsorption systems is minimal For the case of MAP adsorbing 011 H·Beta, it 

is interesting that the adsorption capacity of MAP on H·8eta (Table 4,6) equals 
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the amount of aluminium aloms per gram of solid Although this would point 

towards one MAP molecule being bonded to one Br0nsted acid site (assuming all 

aluminium being framework aluminiLll1), this may 001 necessarily be the case 

even though theoretically all molecules (if idealJy 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 sterie constraints and in admixture with 

water molecules it may be unlikely that each Bmnsted acid is occupied by the 

amine functional group of one MAP molecule. It must be remembered, that 

adsorption of the non-ionic MAP can also occur by the adsorption of the hydroxy­

group onto the hydroptlobic oxygen anions of the zeolite surface [Narita el aI., 

1985; Niwa el al., 1997]. As already discussed during t~ adsorption study of 

MPDA, endothermic coupling reactions may also occur with MAP molecules 

being linked via t~ oxygen or nitrogen atom. 

" '" " • (A) • (B) f (e) 

I" 108 

E. 02 

" " O.t " 3 0.2 i i 
" " 10, ] 0.' " I o· 
~ 02 • • 

" " • < • 
M 00 M 
~·oo ~E-o. ; E-OJ oc*oo ~. 1 E-03 OE+OO ~-O' ' E-OJ 

M"P 1"'11, "",Io_"','.m 

Figure 4.20 Adsorption-equilibrium data with the focus primarity on t~ initial 

slopes of the adsorption isotherms of aqueous MAP on (A) H-USY. 

(B) H-Beta and (C) H-ZSM-5 (SiIAI = 13) at 30cC (.) and 70° (.'I) 

Figure 4.20 focuses on t~ initial slopes of the MAP adsorpt;on isotherms The 

MAP adsorption isotherms show identicalty the same temperature dependence 

for H-USY 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 Br0nsted acid site strength gives rise to a positive /Ih,,,,_ 
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Since the Bronsted aCid site strength of H-Beta is greater than tilat for H-USY 

and surface-water interaction on H-Beta is less strongly influenced, &7",; for MAP 

on H-Beta should return a less positive value than for the case of MAP adsorbing 

onto H-USY This is observed in figures 4.20A and 420B Since MAP is less 

basic than MplJA .~h"i for MAP adsorbing on a particular zeolite should 

theoretically be greater than that for MPrJA adsorbing Stated differently, the 

adsorption of MPDA onto a zeolite is more exotilermic than the respective 

adsorption of MAP Although, IIle qualitative analysis of tile adsorption isomers 

prevents any value being ascribed to tile relevant .Ji!"i-terms, it is of interest to 

note that as was the case for MPDA adsorbing on H-Beta the ,:1/'-,,-, for MAP on H­

Beta is ±OkJ/mol (similar to that obtained for MPDA adsorptionl_ Therefore, the 

adsorption of a weaker base onto H-Beta has a lesser Impact on the .1./"",-value 

tllan initially estimated Having similar.lh""rvalue for the adsorption of MplJA anc 

MAP would imply that tile MAP-surface adsorption strength is affected less 

strongly by the weaker base and thus the MAP molecules must primarily adsorl 

onto Bmnsted acid sites via the -NH; functional group Tile cllange in the 

adsorbent from MPlJA to MAP seems to affect the adsorption capacity mor€ 

strongly than tile surface-acid base interaction, This implies that although the rate 

of adsorption of MPDA (initial slope) is greater tllan that of MAP, tile adsorptior 

strength between tile amine functional group and tile Bronsted acid site remains 

essentially the same 

The adsorption isotherm of MAP on H-ZSM-5 (Si/AI = 13) is illustrated in rigure 

420C Althougll the isotherms of MAP on H-USY and H-Beta IS that of a 

langmuir isotherm, the adsorptior isotherm for MAP on H-ZSM-5 lSi/AI = 13) 

has a tendency to be slightly S-sllaped, Sirce not enough data points are 

available for the true identification of the shape of the MAP on H-ZSM-5 (SI/AI = 

13), the Interpretation is only speculative_ The initial slope of the adsorption 

isotherm at 70°C of MAP on II-ZSM 5 (SiiAI = 13) is corsiderably flatter 1I1an that 

of MPrJA on H-ZSM-5 (Si/AI = 131 Consequel'tly, the strength of adsorption of 

MAP is less than that of MPDA 
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(iii) Adsorption of resorcinol on zeolites 

The adsorption data of resorcinol onto H-USY, H-Beta and H-ZSM-5 (Si/AI " 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 resorcinol to 

have a much lower adsorption affinity then MPDA or MAP, The overall pattern of 

H-8ela adsorbing more solutes than H-USY and H-ZSM-5 (Si/AI " 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 forH·USY and 7.0 for H-ZSM-5 (Si/AI = 13) 

- 2.0 

~ 
1 6 E 

E -
0 1.2 ~HB't' " 0 H-USY 0 

0.8 ~ ./ • ~ 
~ 

" 0.4 0 • ~ H-ZSM-5 (8ifAI-13) < 0.0 

0.000 0.001 0,002 0.003 0004 0.005 

Resorcinol(aq), mole-fraction 

Figure 4.21 Adsorption-equilibrium data for aqueous resorcinol on USY (I). 

Beta (+) and ZSM-5 (Si/AI" 13) (O) at 70°. 

The flatter slopes of the resorcinol 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 [Adrien 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 .Jh",.rterms return much more positive 
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(endothermic) values than those obtained during the adsorption of MPDA arKJ 

MAP_ 

(iv) Adsorption of aqueous NH, on zeolites 

rlgure 4 22 presents the adsorptIOn Isotllerms of ammonia onto H-USY, H-Beta 

and H-ZSM-5 (Si/AI} at ((J°Cl he error in those measurements is expected to be 

greater for the volatile ammonia due to ammonia escaping from solution, The 

amount of ammonia lost in the headspace of the sampling flask is estimated by 

use of a phase equilibrium program [Sandler. 1989) 

~ 50 
rn 
~ 

0 USY E 4 [J 

E • 
~ 

u 30 rC c + 0 eto u 2 0 ~ • c;. -
~ 

10 V c' ZSM-5 (Si/AI- 131 " 0 • V< c 
~ 
~ 00 

0000 0,002 0004 0,003 0,008 0,010 0,012 

Ammonia(aq), mole-fraction 

Figure 4.22 Adsorption-equilibrium data for aqueous ammonia on USY (II), 

Beta (+) and ZSM-5 (Si/AI = 13) (0) at 70" 

Contrary to pre'/ious adsorption studies where H-Beta is shown to have the 

greatest uptake of MPDA, MAP and resorcinol, the amount of ammonia adsorbed 

is greatest for H-USY followed by H Beta and H-ZSM·:) (Sv'AI = 13) The latter 

trend is more in line witll tlk' obtained NH3-TPD results with regards to the 

amount of Bronsted acid sites available 
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Table 4.7 Comparison of the adsorption capacity during liquid phase 
adsorption of MAP and MPDA on relevant zeolites 

Zeoi,te ,1H"., {kJlmol) AI Content V,. (d"".< 17A) Max. NH" .. : Adsorbed 

NH,-TPD (mmoVg) (mlig) in Figure4.22 (mmollgl 

H-USY " 2,52 0.26 " 
H-Beta " "" 0.17 " H-ZSM-5 (SiiAI = 13) "' '" 0,13 U 

Comparison of the amount of NHY,oq) adsorbed on the zeolites with the zeolites' 

respective aluminium content (assuming framework AI) shows that considerably 

more NH3 is adsorbed than predicted by the aluminium content of these 

substances H-USY adsorbs 1.8mmol/g more NH:;':. qj than that predicted by its 

alumirlium contei'll, followed by H-Bela (1 7mmol/g) 81'ld H-ZSM-5 (Si/AI = 13) 

with O.Smmollg. Comparisol1 of the excess amounts of aqueous NH, adsorbed 

with the N2-BET determil1ed pore volumes (dp",. " HA) suggests a linear trend. 

The greater the zeolite surface area the more ammonia tends to adsorb. This 

would imply that NH:li, q, must adsorb onto other weaker acid sites that are, to a 

large extent, a function of the zeolite surface area. The acid sites of considerably 

weaker Brf1l11sted acid site strength can be ascribed to silanol (Si-OH) groups that 

generally correspond to an I.R band at 3720-3740 em" [Topsoe et a/., 1981]. 

Adsorption of ammonia on the silanol groups is favoured over water because of 

the basic nature of ammonia and its molecular diameter beil1g of similar 

dimensions to that of water. Since the interaction of ammonia with water is quite 

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 

133 

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 concentratkm-time reaction profiles with the 

concentration given in terms of mole"%, derived by dividing the corrected mole 

concentration by the initial number of moles of MPDA used (see APPENDIX-F). 

In addition, each figure (Figures 4.23 to 4.27) includes a mole balance versus 

reaction time (dashed line) that displays the total 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-ZSM-5 (SiIAI " 13) are reported at reaction 

temperatures 225"C, 275°C and 300"C. whereas reactions with H-ZSM-5 (Si/AI " 

22) and silica-alumina are conducted solely at 300°C A lest 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 solulion being expressed in terms of the 

number of moles of a component in solution per unit volume. i e. in terms of 

mmoUL. 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 

also included in the appendix. 

4.4.3.1 REACTIONS WITH H-USY 

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

calcination amounts to 10g of zeolites, are shown in Figure 4.23. According to 
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Table 4.1, 10g of uncalcined H-USY converts to 7.009 after calcination Since 19 

of the dehydrated H-USY contains 2,52mmol of Bn'lnsted acid sites (Table 4.3), 

this means that a total of 2Q.lmmols of fixed Bmnsted acid sites centres are 

added to the reaction mixture. The concentrations of the relevant compounds 

MPDA, MAP and resorcinol are expressed as mole-%, obtained by dividing the 

measured concentrations by the initial MPDA concentration, i.e., 26.4mmollL. 

Consequently, at the start of every reaction the ratio of Bmnsted acid sites 

relative to the initial amount of MPDA is ca. 2 2 The amount 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 Br0nsted 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 I desorption 

limitations. All three reactions show a strong initial decrease in the concentration 

of MPDA, but thereafter (after 9hours at 225°C, 5hours at 275°C, 1hour at 3DO"C) 

remain relatively constant at ca. 60mole-% 

The MAP concentration profiles move through a maximum, which is not well 

defined. Once reaching the maximum, the MAP concentratioo only 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 

equalling ca. 23mole-%. The MAP concentration (at 275°C) reduces to ca. 

15mol-% after a reaction time of 49hours (not shown in Figure 4.23B). At 300°C 

(Figure 4 23C), the maximlJT1 MAP concentration (25mole-%) occurs between 

reaction times 1 hour and 5hours. Observing the MAP 
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Figure 4.23 Concentration profiles of MPDA (+), MAP (_) and resorcinol C ... ) 

(given as mole percent of organic compounds relative to the initial 

moles of MPDA) versus reaction time over zeolite USY at 

temperatures (A) 22SoC, (B) 27SoC and (C) 300°C. 
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concentration profiles at reaction temperatures 22SoC, 27S"C arid 300"C, there is 

a lendel1cy for the maximum to shift to shorter reactiOil times with increasing 

temperatures, even though the maximum detected MAP concentration is around 

25mol-% at all measured temperatures. 

Similarly to the reaclion with mineral acid, the resorcinol concentration-time 

profile is that of an S-shaped curve, This indicates that resorcinol is formed by 

mearlS of a consecutive reaction with MAP being the intermediate product The 

Yield of resorcirlOl after 25hours increases with increasing temperature 

The mole balances (dashed lines in Figure 423) move through a definite 

minimum after lhour (82mole-%, 84mole-% and 90mole·% for reactiol1s 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 arJd 300°C decline towards the end of the reaction 

to 88mole-% and 89mole-%, respectively Judging from the mole balance, most 

of the organic components can be accounted for, The initial modest decrease it"! 

the mole-balallce-time curves can be attributed to MPDA adsorbing onto the H­

USY surface resulting in a decrease in the bulk solution. During the course of the 

reactioll, the amount of organic compounds adsorbed seems to be greatest for 

the reactioll at 225°C, followed by 275°C, At 300°C, acceptable mole-balances 

are observed between reaction times 5hours and 9hours (> 98mole-%) although 

a poor mole-balance is retumed after 25hours (87mole-%). The formation of 

polyethers may account for this, 

Judging from the reaction profiles of MPDA, MAP and resorcinol a l1umber of 

possible reactiol1 pathways is feasible, Firstly, for the case of a cOllsecutive 

conversioll of MPDA to MAP to resorcinol the reaction must be cOl1sidered as 

being reversible sil1ce the cOllcentration of the relevallt components tend to 

equilibrate without the reaction going to completion (see Figure 4.23) Assuming 

a simple first order reactiot"! alld ill the absence of diffusional cOllstraints, the final 
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concentration of the different reactants tend to suggest that tile equllibriulll 

cOllslClnts, i,e , for the conversion of MPDA to MAP and of MAP to resorcinol are 

quite close to unity. The equitibrium cOllstant of MPDA to MAP is. however, less 

than unity (max one order of magnitude) since the final cOllCentration of MPDA is 

greater than that of MAP, The equilibrium COllslClnt of MAP to resorcinol should 

be greater than unity (max Olle order of magnitude) since the resorcinot 

cOllCelltration after reactiOll is greater than tllat of MAP, Regardless. tile 

observed equilibrium cOllstants deviate considerably from the large equilibrium 

constants obtained during the thermodynamic analySIS whell assuming that 

ammonia reacts with the mineral acid Therefore, this vlOuld Impty tllat some of 

the ammonia is tikely to desorb from H-USY into sotution, which is plausible since 

the solution pH changes from 6.3 to 7,6 (at 225'C), B.B (at 275'C) and 8,6 (at 

300'C) during the course of the reactioll, No aqueous alumina could be detected 

by means of AA measurements, e'lell after the addition of concentrated HCI (see 

Section 3.2.1.2) 

A second possible reason for explaining the observed MPDA. MAP alld 

resorcillol concentration in Figure 4,23, 'White still maintaining the reaction 

irre"'orsibllity aspect as characterised during the reactions with mineral acids, is 

that the rate constallts of the consecutive reactions are seemingly time 

dependent. I,e, the catalyst deactivates. rhe fact that the initial MPDA 

concentration al all three reaction temperatures decreases quite rapidly and then 

remaillS constant at 40'/, conversion suggests that the reaction rate constant for 

MPDA -> MAP decreases with reaction tillle. Tile saille must be true for the 

reaction rate constant for MAP ~ resorcinol The MAP concentration hardly 

decreases after attailling its maximum The fact that the reaction rate constants 

cllange with reactioll time thell Implies that other factors are involved Since for a 

irreversible reacjiOll, the product ammonia must be chemisorbed permanently on 

tile H-USY surface (see Section 2 1 2 1), a low MPDA conversion points towards 

a reductiOll ill the number of BHJilsted acid sites I e, the amount of NH3 

produced relative to the initial number of Bronsted acid sites is quite low, 
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Figure 4.24 Yield profiles of 3,J-diamioo-diphenylamine (xl and 3-hydroxy,3'­

amino-diphenylamine (el versus reaction time over zeolite H-USY 

at temperatures (AJ 225Q C, (8) 275"C and (el 3QOoC 

During the cOllVersion of MPDA to resorcinol, minor amounts of 3,3'diamino­

diphenylamille and 3-hydroxy-3'amino-diphenylamine are produced Although the 

measured amounts of diphenylamines are minor, an interesting phenomenoll is 

observed. At 225Q C, more of 3-hydroxy-3'-amino-diphenylamine than 3,3'­

diamino-diphenylamine is produced with the maximum observed concentration 

being 0. 15mmoi/L and O.02mmoI/L, respectively (see Figure 424) However, at 

higher temperatures the concentration of 3,3'-diamino-diphenylamine is greater 

than that of 3-hydroxy-3'amino-diphenylamine, which was not observed for 

reactions involving mineral acids. For reactions with H-USY, the maximum 3,3'­

diamino-diphenylamine concentration at 275°C equals 0.23mmo11L, while the 

maximum cOrlCentration at 300"C is 0,16mmo11L. The respective maxima 

observed for 3-hydroxy-3'-amino-diphenylamine are only O.OBmmoI/L and 

O,03mmoIIL. Thus, it seems that at higher reaction temperatures the formation of 

3,3'-diamino-diphenylamine is preferred over the formation of 3-hydroxy-3'amino­

diphellylamine, which is Ilot the case ill the presence of mineral acids. Although 

the mole-balance for the last reaction point at 300QC is relatively low (Figure 

423C) and the di" or poly-phellylamine concetrations could be higher, the 

maximum amoullt of HPLC detectable diphenylamines at any given time during 

the reaction makes up less than 1,2% of the initial amount of MPDA molecules. 

The cOllcelltration-time profiles, however, do not seem to follow the same smooth 
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trend as described for the mineral acids Tilis observation can possibly be 

ascribed to diffusional effects in the II-USY pore structure. Nevertheless, tile 

maximum amount of MPDA being converted to diphenylamines in the presence 

of H-USY « 1 2%) is considerably less than that Observed when using mineral 

acids « 4 5%) This would imply enh,mced shaped selectivity occurring in the 

presence of II-USY relative to the mlller<ll acids_ The interaction of MPDA with 

the 'inert' wall of the sbinless steel reactor combilled with the presence of only 

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

4.4.3.2 REACTIONS WITH H-BETA 

The concentration-time profiles for tile conversion of 19 MPDA to resorcinol in 

the presence of zeolite H·Beta (mass H-Beta equals 1 Og prior to calcination) and 

350m I water are illustrated In Figure 4.25. According to Table 4.1, 10g of 

ullcalcined H-l:3eta amounts to 935g immediately after calcination Sirlce the 

number of Br0nsted acid sites on the H-Beta sample is 1 .08mmol/g (Table 4.3), 

the amount of fixed Bmnsted acid sites added to the autoclave totals 10.1mmols 

III COlltrast to the reactions with H-USY. at the start of every reaction willl H-Beta 

the ratio of I:3ronsted acid site centres relative to the initial number of moles of 

MPDA is ca 1 1 Since each MPDA molecule contains two amine functional 

groups that need to be replaced by hydroxyl groups the total number of I3r0nsted 

acid sites is slightly more 1I1an Ilalf tllat required for tile full conversion 01 MPDA 

to resorcinol if H-Beta is to act purely as a regenerable reagellt Thus, it is 

expected that hydroxyl groups replace only half the number of amine fUllctional 

groups 
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Figure 4.25 Concentration profiles of MPDA (+), MAP (_ ) and resorcinol (b) 

(given as mole percent of organic compounds relative to the initial 

moles of MPDA) versus reaction time over zeoiite H-Beta at 

temperatures (A) 225°C, (8) 275°C and (e) 30Qoc. 
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The concelltratioll-time profiles for reactions with zeolite H-Beta at 225°C, 275°C 

alld 300°C are showll in Figures 4.25 At lower reaction temperatures (i,e .. 

225°C). the most striking difference between the reaction profiles for the 

conversion of MPOA to resorcinol in the presence of H-Beta relative to that of H­

USY is given by the mole-balance and the MPOA collcelltration-tirne profiles, Fo­

the reaction carried out at 22SoC. a strong initial decrease in the MPDf. 

concelltration combined with poor mole-balances shows that an illilial stronq 

uptake of MPDA by H-Beta must occur during the 1-hour ramping period, The 

largest amount of MPOAIS 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 Shours 

and rearning the final temperature of 22SoC. the mole-balance still indicates tha~ 

only 40,3% of the initial amount of MPDA can be accounted for, Towards the ellc 

of the reaction (22S°C), the mole-balance shows a value of 48 3%. At reactior 

temperatures of 275"C and 300"C, the mole-balance versus the reaction timl:' 

curves also show a strong initial decrease in the number of accountable organic 

compounds relative to the orig'lnal quantity of MPDA After a reaction time OC 

1hour, the mole-balallces for reactions at 27SoC alld 300"C are 77mole-% allc 

90mole-%, respectively However, III contrast to the reaction at 225°C, thE 

percentage of organic comporlents relative to the initial quantity of MPDA usec 

for reactions at 27S QC and 300°C after 25hours reaction periods are botr 

97mole-%. 

Takillg into consideration the excessively low mole-balance calculated durirlg thE 

225°C reaction, a further sample is takerl during the 27S"C reaction durillg thE 

ramping period (after 0 7hours) with the correspolldlllg autoclave temperaturE 

equallirlg 200"C for which the mole-balance reveals a value of oilly 22-mole% . 

This implies that the strong adsorptioll of MPDA 011 H-Beta around 200°C is like!)­

to be responsible for the undershoot irl the MPDA concentration observed al 

225"C The explanation is also in agreemellt with the strong adsorption of MPDA 

on H-Beta observed durillg the adsorptiorl studies given irl Section 4.4.2.6 
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All three reactions carried out at different temperatures show a very strong initial 

decrease in the concelltration 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-equilibrium is attained quite quickly. This in effect distorts the 

MPDA concentration-time profile, Consequently, Figure 4 25A shows a decrease 

in the MPDA bulk concentration from the initial 100mole-% to 20mole-% after 

O.5hours The MPDA concentration in the bulk solution stabilises at 28mole-%, 

after a reaction period of 9hours Although strong adsorption during the ramping 

period also occurs at reaction temperatures 27SoC and 300°C the MPDA 

concentration·time profile is comparable to the usual exponential decrease 

observed for reactant concentration-time curves, After 2Shours the concentration 

of MPDA in solution is 3mole-% and 1mole-% for reactions at 275'JC and 300"C, 

respectively, 

The maximum MAP concentration at 22SoC is COl 7mole·% and is attained after 

Shoms. However, within the 25hours reaction time span, there IS no evidence for 

the MAP concentration decreasing after reaching a concentration of 7mole-% 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 MAP being the intermediate compound The excessively large 

maximum MAP concentration of ca 4Smole-% occurring immediately after the 1-

hour ramping period is unexpected The very high concentration of MAP in the 

bulk solution during the start of the reactions at 275°C and 3DO°C suggests that 

after the initial strong adsorption during the ramping period (T < 2DD°C) MPDA 

desorbs immediately from the zeoli~e as MAP. Consequently the first hydrolysis 

step of MPDA and desorption of MAP over H-Beta occurs at temperatures 

slightly above 225°C Since small amounts of MAP and resorcinol are formed at 

that temperature (Figure 425A) Below 2DQ'JC, MPDA on H-Beta can be 

regarded as being solely adsorbed without any reactions taking place The large 

amount of MAP desorbing is in line with the suggestion in Section 4426 that 
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typically only one amine group of tile two amine functional groups on each MPDA 

molecule chemisorbs with a Bmnsted acid site on H-Seta 

The resorcinol concentration-time profile follows that of an S-sllaped curve A 

small amount of resorcinol IS produced at 225°C with the concentration of 

resorcinol in the bulk solution towards the end of the reaction 125hoursl being ca 

6mole-%, It is of interest to note that during tile reaction at 225"C the number of 

moles of components that can be accounted for Improves in proportion to the 

amount of resorcinol produced Therefore at 225°C the overall reaction does 

seems to proceed towards tile 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 resorcinol yieid The resorcinol yield measured at the end of the 

reaction (25hours) is 83% at 275'C and 87% at 300°C The initial part of the S­

shaped resorcinol-time cUlVes for reactions at 275"C and especially at 300°C 

does not have a zero slope. Considering that 1 hour is required for heating the 

autoclave to reactioll temperature. a possible explanation regarding the reaction 

pattern in Figures 4.258 and 4 25C is that some of the MPDA is likely to react 

twice while residing in the pore structure of H-8eta only to emerge into the bulk 

solution as resorcinoL Stated differently. some MPlJA is hydrolysed to MAP 

Wilich remainS in the pores to be hydrolysed further to resorcinol. which then 

emerges into the bulk solution 

According to Section 4.4 2.6, the MPDA on H-EJeta adsorption study would have 

rather predicted that the MPDA molecules chemisorbs only via one amine 

functional group Considering tile findings of the adsorption study a second 

explanation for the rather sharp initial increase in the resorcinol concentration is 

tllat because the MAP concentration is so large at the start of the reaction (Col 

45mole-%) some MPDA molecules inside the pore of H-Seta can react further to 

form resorcinol before dif'using into the bulk solution Thus. the MPDA molecule 

adsorbs via one amine group. converts to MAP and aesorbs from the surface. 

then readsorbs onto another Brpnsted acid site via the second amine group until 
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resorcinol is formed. which desorbs into the bulk solution. Therefore. while the 

resorcinol concentration profile alone sLlggests 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 

4.4.2.6), the ith>.j upon adsorption of MPDA or MAP via its amine group is 

essentially the same. Thus the chance for the \INc 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 to only one for MAP 
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Figure 4,26 Yield profiles of 3)'-diamino-diphenylamine (x) and 3-hydroxy,3'­

amino-diphenylamine (e) versus reaction time over zeolite H-Beta 

at temperatures (A) 225°C, (B) 275"e and (e) 300"e 

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 is atways 

greater than that of 3,3'-diamino-diphenylamine, At the low reaction temperature 

of 225°e, 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'­

amino-diphenylamine (1,Q5mmolfL) is produced with only 0 17mmoUL of 3,3'­

diamino-diphenylamine being formed over a reaction period of 25hours. Thus 8% 

of the original 19 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'-diamino­

dip henylami ne and 3-hydroxy-3' -am i rto-d i phenyl-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 

conversion of MPDA in the presence of mineral acids, 3-hydroxy-3'-amino­

diphenyl-amirte is likely to be produced from MPDA and MAP, with MAP being 

produced first However, the formation of 3,3'-diamino-diphenylamine, as 

obsel"lled 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'-diamirto-diphenylamine, it is likely that the large 

concentration of MPDA in the pore structure, which is not necessarily 

chemisorbed to the H-Beta surface (see Table 4.5), leads to the formation of 

diphenylamines At reacllon temperatures 275°C and 30QoC the diphenylamine 

concentration-time curves of 3,3'-diamino-diphenylamine are fluctuating with the 

maximum concentration at 27S'C and 300°C being O.19mmoifL and Q,21mmoIIL, 

respec tively, The concentration-time profiles of 3-hydroxy-3'-amino-dlphenyl­

amine clearly proceed through a maximum, O.21mmolfL at 27SoC (between 

Shours and 25hours) and 0,27mmoliL (after 4hours) at 3QOoC The maximum 

conversion of MPDA to diphenylamines during the course of the reactions carried 

out at 27SoC and 300°C is ca, 3%, 

During the course of the reaction at 22S"C, the solution pH changes from 7.7 

(measured after 05hours) to g,O at the end of the reaction. Likewise for the 

reaction at 27SoC, the sample pH changes from 7.3 (after 1 hour) to 9,8 (after 

25hours), For the reaction at 300°C, only one sample pH reading (9,7 after 

24hours) is taken The distinct smell of ammonia could rtot be detected, 

However, considering that a total of only 10 1mmols of Br0nsted acid sites are 

present in the reaction mixture at any given time (see above) and that the amount 

of acid sites required for the obsel"lled yields in MAP, 3-amino-3'-hydroxy­

diphenylamine and resorcirtol require 2.0mmol (at 22S°C), 16,5mmol (at 275°C) 
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and 16.8mmol (at 300°C). clearly shows that more hydrolysis type reactions lake 

place than is allowed by the tolalnumber of Brollsted acid sites if H-Beta is to act 

solely as a regenerable reagellt. Therefore, some form of 'catalysis' does seem 

to take place since some of the ammonia formed on the Br(ilnsted 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 ammonia can also be sorbed onto the silanol 

groups_ However. the sorption of ammonia onto silanol groups cannot explain the 

high pH measured in the sample solutions 

4.4.3.3 REACTIONS WITH H-ZSM·5 (SiIAI '" 13) 

Reactions of 19 MPDA (9.2Smmol) and 350ml water in the presence of H·ZSM·5 

(Si/AI = 13) which amounts to 109 of zeolite prior to calcination, have been 

carried out at temperatures 22SoC. 275"C and 300'C (Figure 4.27). A total of 10g 

of un calcined H-ZSM·5 (Si/AI " 13) on average leads to 8 17g after calcination 

(see Table 41) The number of localised Br0nsted acid sites added to the 

autoclave amounts to 9.2Smmol (see Table 4.3) Thus, the ratio of MPDA versus 

the number of Bmnsted acid sites added to the autoclave equals 1, although for 

an irreversible reaction the ratio should equal 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 

MPDA remains poor. increasing slightly with increasing temperature 
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Figure 4.27 Concentration profiles of MPDA (+), MAP (_) arKI resorcinol (D. ) 

versus reaction time over ZSM-5 (Si/AI " 13) at (A) 225°C. (8) 

275°C arKI (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 resorcinol (8mole% at 22SoC; 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'-amino-diphellylamine (yield < 

O,5mole-%) is observed At higher temperatures of 27SoC and 30QoC, no dimer 

formation is observed. 

The absence of an illitial dip ill the shape of the mole-balance alld MPDA 

concentration-time curves during the 1-hour heating period suggest that 

diffusional constraints due to the medium pores chanllels (5.3A x 5.6A) lowers 

the rate at which equilibrium is reached. However, the adsorption study predicts 

that at low temperatures a total of ca. 1 Smmol (16%) of the initial MPDA added 

to the reactor adsorbs on H-ZSM-S lSi/AI" 13). Since, after 0 6hours the 

observed MPDA uptake on H-ZSM-S is low. it can be concluded that MPDA does 

not enter the pore structure very quickly. 

During the course of the reaction at 22SoC. the pH changes from 7 S (after 

O.6hours) to 7.9 (after 25hours). Likewise at 27SoC and 300°C. the pH changes 

from 8.6 (after 1.lhours) to 8,7 (after 24hours) and 8.S (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-ZSM-5 (Si/AI" 13) is generally ca, 

lunit greater than that measured when using other alUminosilicates, A similar 

observation was made during the adsorption study (Section 4.46.2). 
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4.4.3.4 REACTIONS WITH H-ZSM-5 (SiIAI "22) 

To confirm that the poor reaction performance observed during the conversior, of 

MPDA to resorcinol in the presence of zeolite H-ZSM-5 (Si/AI = 13) is endemic to 

the whole ZSM-5 group. a reaction is conducted over zeolite H-ZSM-5 (Si/AI = 

22) at 300°C The characterisation on H-ZSM-S (Si/AI = 22) is not as ir,-deptll as 

the characterisation of H-ZSM-S (Si/AI = 13). Assuming that the zeolite H-ZSM-S 

(Si/AI " 22) consists entirely of framework aluminium species and taking Table 

41 II1to consideration, a total of ca_ 6.8mmol Br"nsted acid sites (10g zeolite 

before calcination) are added to the autoclave prior to reaction The amount of 

MPDA (9.2Smmol) and water (350m I) added to tile reactor remain iden:ical to 

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 (Si/Ai " 

22), a zeolite consisting of a lower aluminium content than :he previously used H­

ZSM-S (Si/AI" 13). The moie-ba'ance as a function of time 51101'15, as expected. 

an initial decrease (after 1 hour) towards 80% before recovering slightly to 85% 

(after 9hours)_ Interes,ingly, towards the end of the reaction, the mole-balance 

decreases to only 71 'Yo, implying tllat after a reaction perioo of 25hours only 71% 

of the origir,al 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 zeolite 

surface than the base MPDA, ar ircrease in the mole-balance was expected 

towards tile end of the reaction No 3,3'-dlamino-diphenylamine is 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 

original MPDA) whi~e being still virtually undetected after a reaction period of 

9hours The increase in the production of 3-hydroxy-3'-amino-diphenylamll1e 

together with the decreasing mole-balance towards the end of the reaction points 

to a possible formation of polyethers after a prolonged reaction period 
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Figure 4.28 Concentration profiles of MPDA (+), MAP ~ and resorcinol (Ii.) 

versus reaction time over H-ZSM-5 (S~IAI " 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 previously with H-USY (Section 4.4.3,1), the 

shape of the concentration-time curves of MPDA. MAP and resorcinol tend to 

suggest that either the zeolite deact;vates or the reactions are reversible since 

the concentration of MPDA and MAP do not approach zero after a prolonged 

reaction period, Likewise, the concentration of resorcinol does not approach 

100%. Instead, the resorcinol concentration tends to a constant 49mole-%. The 

maximum MAP concentration occurs after Col, 3hours (31 mole-%) and the final 

concentration is ca 13mole-'/" The concentration of MPDA in the bulk solution 

towards the end of the reaction (after 25hours) is ca, 7mole-% The amount of 

Br0nsted acid sites that is required for attaining the observed MAP and resorcinol 

yields is 10 2mmol when assuming that the reaction is irreversible, This amount 

is considerab!y more than the 6 Bmmol present on 10g of zeolite H-ZSro.,t-5 (Si/AI 

" 22). It may be safely concluded that the tendency towards ar, incomplete 

conversion of MPDA to resorcinol ;s due to a lack of available Bronsted acid 

sites, since the reaction MPDA ). MAP > resorcinol returns very low resorcinol 

yields in the absence of mineral or solid acid co-reagents A certain amount of 

the p:oduced ammonia needs to desorb into aqueous solution to allow for the 
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conversion of other amino-benzene until an equilibrium is attained between the 

ammonia-adsorbed-on-zeolite system is in equilibrium with the ammonia-in 

aqueous-solution system. Once the ammooia concentration in the bulk solution 

reached a concentration of 3.4mmol (10.2 minus 6 8mmol) per 350m!' the rate 0' 

ammonia desorption becomes very low and the reaction comes to a standstill 

The product spectrum of the reaction MPDA to resorcinol in the presence of H­

ZSM-5 (SilAI = 22) suggests that all the Br0nsted acid sites of a ZSM-5 zeolite 

are utilised and accessible, at least at 300°C. to aqueous molecule having the 

dimensions of a meta-substituted benzene molecule. This is unlike the 

conclusion arrived at in the presence of H-ZSM-5 (SiIAI = 13). 

During the course of the reaction the solution pH steadily changes from 7 7 to 8.9 

after 25hours. As In reactions over H-Beta, this points towards the presence of 

ammonia in the aqueous 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 coefflctents = 1), and the coosequent presence 

of ammonia in the aqueous phase. Considering that in the absence of a chemical 

promoter no MAP or resorcinol is formed at 275"C after a reaction period of 

25hours (Section 42), it can further be concluded that zeolites act as a catalyst. 

even though its catalytic function is very limited. 
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4.4_3_5 REACTIONS WITH SILICA-ALUMINA 

I he absence of micropores in the amor;Jhous hydrogen exchanged silica­

alumina enllanCeS tile accessibility of reactant MPDA and the intermediate rl'1AP 

onto tile Bronsted acid sites of the ~Iulllnosi!icate Taking Table 4,; and 43 into 

account, the total amount of aCid cites ;Jresent 011 10g of prev'ously uncalclned 

si!ica-alumina amounts to 19 71llmol nterestlng~ however, the mole-balance 

versus time curve during tile reacti,)n at 300'C reveals til at most Of tile relevant 

components in tile aqueous pilase can be accounted for througllOUt tile reaction 

(>90%) Tilis is des,oi~e the fact thet theoresence of;9 7rnrno! of Bronsted acid 

sites would lead to a large uptake of ~, .. IPDA on the rnesoporous s.lIca alumina 

during tile ramping period Hardly any /, .. IPDA is adsorbed onto the surface of 

si!ica-a!ulllina during tile 1-hourrarnoing period 
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Figure 4.29 Concentration-timeorofiles of ~','PDA (+), ~','AP {. and resorcinoi 

(Ii versus reaction time over H-exchanged silica-alumina at 300°C 

According to Figure 4,29 MPDA at a reaction temoerature of 300"C IS comerted 

relatively quickly during the initial reaction ;Jeriod Howe'-/er, after ca 41l0urs tile 

rate of rl'1PDA comers ion slows down conslcierably Between 9 and lShours 

reaction time, an additionai l'/c of the original MPDA is converted, tllUS signalling 

the end of tile reaction Tile concentration-tirne 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 period of 25hours, the 

concentration of 3.3'-diamino-diphenylamine equals 0 llmmol/L and that of 3-

hydroxy-3'-amino-diphenyl amine is 0.27mmoI/L. The identified dimer products 

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

The most striking observation made with the reaction in the presence of silica­

alumina is that only 8,43mmol Bmnsted acid sites are required for the product 

spectrum obtained in Figure 4 28 after a 25hour reaction period at 300°C. The 

total amount of fixed Bronsted acid sites added to the autoclave is 19.7mmol 

Consequently, a near complete conversion of MPDA to resorcinol would have 

been expected especially since silica-alumina consists solely of mesopores (dpore 

> 17 A) that would eliminate any significant diffusional restrictions. 

4.4.3.6 REACTIONS WITH y-ALUMINA 

The reaction with y-alumina at 225°C (see APPENDIX-H) shows that no MAP « 

o 2mole-%) nor resorcirwl « 0 3mole-%) is produced in the presence of 1 Og of y­

alumina. The formation of dlmers could not be detected «002mole-%). The 

concentration of MPDA in the bulk solution is only 98mole-%, which Implies that 

some MPDA «2%) is adsorbed onto 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 resorcinol during the reaction at 225Q C suggest that the 

reaction MPDA > MAP > resorcinol over an aluminosilicate can only proceed in 

the presence of very strong Br(3nsted 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 C8111101 be solely explained on the basis of the reaclion 

results If the aluminosilicates 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 (S.3A x 5.6A) at 300°C as 

illustrated by H-ZSM-5 (SifAI " 22) (Section 4.4.34), further questions still arise 

regarding the poor utilisation of the total number of Bronsted acid sites on H-USY 

(Section 4.4 3.1) H-ZSM-5 (Si/AI " 13) (Section 44.3.3) and silica-alumina 

(Section 4.4.35). One simplistic method of characterisation of the spent 

aluminosilicates is to compare their respective colours. After reaction, the 

aluminosilicates H-USY, H-Beta arld hydrogen-exchanged silica-alumina are dark 

auburn in colour whereas zeolite H-ZSM-5 (SiiAI = 22) has a light auburn colour 

and H-ZSM-5 (SifAI = 13) is even paler. This suggests that ZSM-5 is less 

poisoned by organic components than the other aluminosilicates. Interestingly. 

the colour of '~-alumina after reaction is grey and not brown as for the 

aluminosilicates. 

The aluminosilicates recovered from reactions at 300°C are calcined under the 

same conditions used for the calcination of tile aluminosilicates prior to the 

reactions. They are subsequently characterised by X-'ay diffraction; SEM and 

BET The number of Bronsted acid sites present on the aluminosilicates after 

reaction could not be quantified using NHyTPD. 

4.4.4.1 STRUCTURE AND MORPHOLOGY 

Ii} X-ray diffraction 

The X-ray diffraction patterns of spent (reaction temperature = 300cC), recalcined 

USY, Bela, ZSM-5 (SiiAr = 13) and ZSM-5 (SiiAr = 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 crystalline USY becomes 

totally amorphous during the course of the reaction at 300°C The crystallinity of 

Beta also decreases appreciably during the course of the reaclion, although 

some of the characteristic Beta diffraction peaks are still visible, which indicates 

only a partial collapse of the framework The ZSM-5 (both, for Si/AI " 13 and 

SlIAI" 22) zeolites retain their characteristic X-ray fingerprint (peak position and 

intensity) after the reaction. 

8 USy 

Beta 

ZSM-5 (SilAI " 13) A 

~,,~,~~~yl~~~~~~ 

ZSM~r~I" 22) ,~ __ 

o 
o 5 10 15 20 25 30 35 40 

Degrees 2-Theta 

Figure 4.30 XRD patterns of spent and recalcined USY, Beta, ZSM-5 (SiIAI " 

13) and ZSM-5 (SiIAI" 22) applying Cu-K" radiation with step size 

equal to 0.10 

Zeolite crystallinities after the reactions at 30aoC 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 Beta [(2-Theta " 22.4°) Camblor and Perez-Pariente, 

1991], and the three largest peaks in the range 22_25° are selected for ZSM-5 

[Hardenberg et a/., 1992] After reactions at 300GC, the XRD spectrum of spent 

USY shows no peaks. Table 4 8 coofinns the above interpretation with total loss 
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III the crystallinity of USY, ca. 60,){-, loss in crystallinity for Beta and virtually no 

loss in the crystal structure of ZSM·5 

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

USy 

Bela 

ZSM-5 (Si/AI = 13) 

ZSM-5 (iiiAI = 22) 

(ii) Crystallite morphology 

% zeolite crystallillity 

a'ter reaction 

o 
37 - 44 

95-100 

95-100 

The electron micrograph of the spent zeolite USYvlslially confirms its lOla 1 1055 III 

crystallillity after the reaction at 300"8 The shape of the cubic crystallites 

(particle sizes between O.4"m and O.6fLm) observed for USY prior to reaction 

(FigJre 49 in Section 4.4.2 1) is totally absent Lipari examlrlatioll of the sperl! 

USY Figure 431 ileft) The compound shown on the left-hand side of Figure 

4.31 is amorphous. 

Figure 4.31 Electron micrographs of USY (left) and Beta (right) after reactions at 

300°C 
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A change in the morphology of Beta after the reaction at 300cC (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 ZSM-S samples after 

the reaction at 3000 e (Figure 432) are identical to the respective scanning 

electron micrographs in Figure 4,8 (ZSM-S (Si/AI = 13)) and Figure 4.12 (ZSM-S 

(Si/AI = 22)). 

Figure 4.32 Electron micrographs of ZSM-S (Si/AI = 13) (left) and ZSM-S (SiIAI = 
22) (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-S (Si/AI " 

13) and ZSM-S (SilAI = 22) after reactions at 300'e are analysed using nitrogen 

adsorption (Nz-BET) Table 49 tabulates the SBET as well as the microporous and 

mesoporous surface areas, Because N,-BET cannot measure pore sizes below ± 

17A, the micropore surface areas and pore volumes are taken as being obtained 

from pores less than 17A and the mesopore surface areas and pore volumes as 

being obtained from pores larger than 17A. The mesopore pore volumes given 

are further subdivided into 17A < dr,' . < 11SA and dro ,. ;> 11SA. The combined 

mesopore surface area (d,,,c ;> 17A) gives an indication of the external surface 

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

Sil i:;a· H·USY H·BeI8 H·ZSM-5 H·ZSM-5 

Alumina S,AI = 13 SoAI = 22 

BET surface area (m'lgl 33 ~ 2 51 ± 7 151 1:10 285 - 11 298 ~ 7 

M,cropore ~ urrace area (m ' lg) , " '" m "" 
Mewpore surface area Im'lgl " " " 36 W 

Pore yol ume Icc/g) 0.001 0010 0,051 o 110 0.121 
:~_ < 1 7AJ 

Pore ~olume Icclg) 0,020 00:>6 0 025 0020 0.020 
i i 7"-' 0", < 1 1 i 5"-:, 

Pore volume (cc/g) 0.1 54 0.114 0.054 0.032 0.025 
(d x ,,> 115"-1 

... _--------- --_._- -

Of the spent heterogeneous acids, the aluminosilicates with the largest total BET 

surface area are H-ZSM-5 (Si/AI = 13) (285m 2/g) and H-ZSM-S (Si/AI = 22) 

(298m 2/g), The smallest BET surface area is that of spent silica-alumina 

(33m 2/g). followed by H-USY (61m2/g) and H-Beta (lS1m2/g)_ The micropore 

surface area of the spent H-USY (22m2/g) is very small in comparison to that of 

the spent zeolite with the largest micropore surface area, i.e_, H-ZSM-5 (Si/AI = 

22) (268m 2/g) The mesopore surface area of all the spent aluminosilicates range 

between 30 and 42n/lg. According to Table 4,9, the spent silica-alumina and H­

USY contain hardly any pores having a pore diameter less than 11SA. Only 

above dr«. = lISA do the spent aluminosilicates show a pore volume of 

o 15cc/g and 0.11ee/g, respectively. The spent H-Beta, however, contains some 

micropores (pore volume = O.05ccfg), while the mesopore volume (dpo,. > HA) 

only amounts to a total of O.O&c/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-S zeolites consist of a micropore volume (ca, 

o 12ccfg) greater than the mesopore volume (ca. O.OSee/g)_ A pore size 

distribution of the spent aluminosilcates is presented in Figure 4 33 
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r~iIt' X 
~.' ..... 

100 1000 10000 

Pore Diamter (A) 

Fig ure 4.33 Pore size distribution of spent USY ( ), Beta (* ), ZSM-5 (Si/AI=13) 

('\). silica-alumina (X) and ZSM-5 (SiIAI=22) (. ) 

Comparisons of the NrBET 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 experience 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 (SBET), microporous and mesoporous volumes of the respective 

aluminosilicates after the reaction relative to that before the 300°C reacllon, As 

mentioned above, the mesoporous volume is subdivided into a 17A "" d, or~ "" 

115A and a d por~'" 115A region. 
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Table 4.10 Comparison of SBET surface area, and selective pore volume 
data of spent silica-alumina, USV, Beta, ZSM-5 (SiIAI = 13) and 
ZSM-5 (SiIAI- 22) 

Zeolite Ratio of alilmir<l"ilicate~ after reaction relatrve to before reoctbn at 300'C 

S", · d",~~17A 17A~d;;~.<f15A d_>-115A 

Sil~a·A lum ina 009 004 8.56'" 

"" 0.10 0,04 1.20:': '" 
""<e 027 0.31 013 0.22 

ZSM-5 (Si.IAI = 13) 09' 085 1 11 :,:' 3.56i':' 

ISM-5 (SUAI = 22) 900 0.92 1.1&'" 1 9i" 
:.:. The pore voi'ume of the original allXl1inosl ~ cate be:ween the -g-rven range~ (dpo<') i~ less than 

O.03cclg 

Silica-alumina, H-USY and H-Beta endure considerable structural changes 

during the course of the reaction with the S""T surface area for the respective 

spent aluminosilicate being only 9%, 10% and 27% of their original surface area, 

Only the ZSM-S's retain their surface area. The destructIOn of the micropore pore 

volume (d po::<o < 17Al 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. ZSM-

5 (Si/AI " 13) and ZSM-S (Si/AI" 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, ZSM-S (SiIAI " 13) 

and ZSM-5 (SiiAI = 22) Similarly, the mesopore region 17 A < dpmc < 11SA which 

is predominantly present in the original silica-alumina disappears fully. resulting 

in mesopores of diameters greater than lisA Interestingly, H-USY shows hardly 

any change in the pore volume between diameters 17 A and lisA and above 

lisA the pore volume changes only by a factor of 2 which if compared to the 

amount of micropore volume lost during the 3OO'C reaction points towards a total 

disintegration of the zeolite pore structure. The 17A < dpore" 115A and dp"," > 

115A regions of H-Beta both tend to decrease by a factor of 8 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 < dpofo 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 (X-zirconium phosphate (a-ZrP) and 'r'­

zirconium phosphate t,-Z~P) as heterogeneous regene~able reagents for the acid 

hydrolysis of MPDA can enhance the accessibility of reactant MPDA to surface 

acid sites. The great advan:age of using layered compounds as opposed to the 

rigid 3 dimensional aluminosilicates's the fact that the i!lterlayer distances of the 

zirconium phosphates increase to accommodate la~ger molecules, thereby 

ensu~ing greater access of the reactant MPDA O!lto active P-(OH) sites 

Furthermore, the macromolecular zirconium phosphate planes consist of fixed 

ionogenic phosphate Woups similar to mineral ortho-phosphoric acid Therefore. 

it is likely that, as with phosphoric acid, a high yield of resorcinol can be produced 

in the presence of zirconium phosphates, The stability of crystalline a-zirconium 

phosphate towards the hydrolysis of phosphate groups :nio aqueous solutions 

[Clearfield and Stynes 1964] further supports the investigation into their use for 

the sY!lthesis of resorcinol from MPDA 

4.5.1 CHARACTERISATION OF ZIRCONIUM PHOSPHATES 

Typically, 1 Ograms of :he obtained ",-zirconium phosphate (u-ZrP) or ','-zirconium 

phosphate (-;t-ZrP) was used for each reaction. The use of the 400°C pre-calcined 

zirconium phosphates also amount to lDgrams prior to their respective 

calcination, and allowed for monitoring the stability of the th~mally treated CI.-ZrP 

and '/-ZrP and their reuse in subsequent reactio!ls, Calci!led forms of the original 

'x-Z~P a!ld 'r-ZrP are termed u-ZrP400 and 'r"ZrP400 respectively to denote their 

calcination at 400°C, Si!lce zirconium p'losphates consist of ionogenic phosphate 

g~oups and resemble the regular structure of an inorganic salt quite closely 

certain properties of the zirconium phosphates, e,g. number of Br0nsted acid 

sites, are k!low!l prior to characterisation (see Sectio!l 2 3) 
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4.5.1.1 THERMOGRAVIMETRIC DIFFERENTIAL ANALYSIS 

Thermogravimetric (TG) and differential temperature analysis (DTA) curves of u­

Zr(HP04)2·H 20 (7.55A) and ,-Zr(P04)(H2P0 4)·2H 20 (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. 

o 
o 
z 
w 

• 
o -, 

-;€ -4 - -6 
-8 

:E -10 
.~ -12 
3: -14 

-16 
-18 

o 

V c.~h,t, 

VoTA 
v-Zirconium Phosphate 

~ 

'\ "\ 

\ 
,iZ-Zirconium Phosehate 

~ 
~ -~-- -v-Zirconium Phosphate -" '--

TGA 

100 200 300 400 500 600 

Figure 4.34 TGA and OTA curves of relevant zirconium phosphates with 

ramping rate set at 1°C/min (N2-flowrate " 30ml(NTP)/min). 

As observed in Figure 4.34. u-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. 1hour under the flow of nitrogen. The prolonged 

flushing period for ·(-ZrP prior to the temperature ramping is due to the continued 

loss of weight throughout the flushing period with seemingly no pseudo­

equilibrium state of constant weight being attainable. 

After the flushing period, the TG curve of u-ZrP shows a minor weight loss 

between ambient temperature and 100Q C (O.4%). This is followed by a large 

weight loss (5.7%) between temperatures 100°C and 150°C. Belween 150"C and 

ca. 430°C, the TG curve for u-ZrP remains virtually flat with the weight loss 

equalling less than 0.1%. Beyond 430°C, u-ZrP experiences a second substantial 

weight loss that lasts beyond the temperature of 550°C. The DTA curve of u:-ZrP 

shows a large endothermic peak at 129°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 u-ZrP are, however, 

thoroughly researched with the most recent detailed study being given by 

Costantino at al. [1997]. The endothermic peak at 129°C is only partly due to the 

loss of 1mole of crystal water per mole of a-Zr(HP04J2H20 (7.55A), which in 

theory (molecular weight) accounts for a weight loss of 5.0% This is in good 

agreement with the total weight loss (5.3%) between ambient temperature and 

150"C, implying that 0.3% of the sample weight loss remains unaccountable 

According to Costantino et al. [1997], at around the same temperature (129°C), 

a-Zr(HP04h·H ,D (7.55A) undergoes a phase change to a-Zr(HP04h (7.41A) in 

which the interlayer distance of a-ZrP becomes altered (see Section 2.3.3.1) It is 

proven that the loss of crystal water and the phase change to a-Zr(HP0 4)2 

(7.41A) are kinetically and thermodynamically distinct process [Clealiield and 

Pack, 1975]. The second endothermic peak (252°C) is due to another reversible 

phase transition to a-Zr(HP04h (5.8A). The weight loss experienced by a-ZrP 

upon further heating beyond 430°C is due to the slow formation of a layered 

zirconium pyrophosphate a-ZrP20, (5. 1A) with the loss of an additional mole of 

water per mole of (t-ZrP [Costantino and La Ginestra. 1982]. 
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The TG cUl\le for 1-ZrP sho'l,'s a total weight loss of 11 3% even before the 

thermoanalytical study has reached a temperature of 100°C. Betweel1 the 

temperatures 100°C and 300°C, the \Neight ~ss is minimal (0.6%). An additional 

weight ~oss of 3.2% occurs bel,veen 300°C and 400'C, followed by a gradual 

decrease In the TG cUl\le beyond 400cC, The inihal decrease of 11 31; obsel\led 

for '/-Zr(PO.,)(HzPO,,),2H,O (12.20A) is due to the loss of two moles of crystal 

'.''1ater per formula weight to form ';,-Zr(PO.,)(H!P04 ) (9AA), This is sllpported by 

the presel1ce of an el1dothermic peak at 55'C (DTA cUl\le). The endothermic 

peak at 351C is due to the condensation of P-(OH) hydroxyl gro'--lps [Alberti et 

81. 1989] A tayered ','-ZrP,O, i8.26A) ior ':'-L-ZrP,O)) strllcture should result that 

is stable till ca. 600"C [Costantino and La Ginestra, 1982' Alberti eta!., 1989] 

Table 4.11 Observed weight loss at 180°C and 400°C of U.- and ';,-zirconium 
phosphates 

Zirconium Phosphate 

a-ZrP at 180c C 
~-ZrP at 180°C 

u.-ZrP at 400'C 
',-ZrP at 400'C 

,, 1 Nrflowratej'OmliNTP)lmin 

TGA" 

6.3 
11 .4 

6.4 
15.0 

Percent lI-1eight Loss 

Kill1,7: (110 ofmeasuremel1ts) 

62±03 (3) 
11,5 ± 0,4 (5) 

72 ± 0,5 (5 ) 
15.6±05 (4) 

",' calcination at 180'C last for 12hours calcination at 400'C in'lolves 12hours at 
180°C followed by 12hours at 400'C; calcination in air al1d shallo'.-'I ZrP bed, 

Table 4 11 compares the thermoanalytical results 'Nith the zirconium phosphate 

weight losses experienced during calcin<ltion \Nhere the samples are ,-,veighed 

O'--lt before calcination and then immediately afterNards. As sho'>'ftl in Table 4,11 

the observed weight loss for the 12hollr kiln treated zirconium phosphates at 

lS0°C compare q:Jite well wrth the TGA data This implies that the weight losses 

incurred by c,"ZrP (6 3%) al1d ';,-ZrP (11 4%) after prolonged heating at 180°C are 

in reasol1able alignment with those determined by TG analysis The weight 
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losses are in agreement with :he theoreticaily predicte.j weight losses of ((-ZrP 

(60%) and "i-ZrP (11 ,3~',) upon removal of the hydra:ion water, 

Weight losses determined manually by means of a kiln ~t 400°C for a-ZrP and '/" 

ZrP differ from the TGA results with the kiln treated zirconium phosphates 

showing greater percent weight losses than by TG analyses. The discrepancies 

are due to the condensation of the P-(OH) hydroxyl groups and the formation of 

P-O-P bonds, This also tends to be a common observation for 'f'ZrP if "ept at 

400'C for a prolonged period of time [Clearfield and Thakur, 1980], thus resulting 

in the partial transformation of ((-Z'(HP04)2 (6,80A) to (,:-Z,P,O; (610A), 

Consequently, only the 400°C kiln treated ,,-ZrP shows a loss of 0,16 moles of 

water per mole of ((-ZrP as a result of P-(OH) hydroxyl condensation. For j'-ZrP 

the prolonged heating at 400"C resuits in 4.4% of the weight lost being due to the 

panial transformation of ,-Zr(P04)iH 2PO.) 19.4A) to ~'-ZrP,O; (826A) as opposed 

to the 3,6% observed during the TG analysis Cons'idering the TGA results, the 

amount of water lost as a result of the condensation of P"(OH) hydroxyl groups 

are 0.63 moles per mo'e of ','-ZrP whereas the kiln treated ',,-ZrP shows a loss of 

0.71 moles of water per mole of j'-ZrP, 

F rom examination of the 400'C kiln treated zirconium phosphates, it is calculated 

that (l-Zr(HP04).H 20 and ,-Zr(PO.)(H2P04; 2H 20 lose ca 032moles and 

1 42moles of Bronsted acid sites per mole of zirconium phosphate, respectively. 

Consequently, the amount of Br0nsted acid sites on (,:-ZrP400 and ',,-ZrP400 is 

1 68moles and 0.58moles per mole Zr, Since the unit mass of Zirconium 

phosphate changes cons':s~ently with temperature as water IS lost, any 

concentration term regarding the involvement of zirconium phosphates is 

expressed relative to the numiJer of moles of zirconium atoms 
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4.5.1.2 STRUCTURE AND MORPHOLOGY 

(i) X-ray diffraction 

The d-spacing of (t-ZrP and ,(-ZrP, as well as the rehydrated ct-ZrP400 and "f­

ZrP400 as determined from XRO are summarised in Table 4.12. The d-spacing 

and relative intensities of ct-ZrP and y-ZrP are in agreement with those found in 

literature [Clearfield and Pack, 1975; Alberti et ar, 1989]. Furthermore, the very 

high peak intensities observed during the XRO-powder patterns of a-ZrP and y­

ZrP (Figure 4 35) reveal that these compounds are highly crystalline. The extent 

of broadening of the peak width due to the XRO-apparatus was not detelTTlined. 

Table 4.12 d-Spacing and relative intensities of the X-ray powder patterns 
of a-ZrP and y-ZrP as well as the 400°C calcined equivalents ct­

ZrP400 and y-ZrP400 

a-ZrP 1-Z,P o:-Z,P400 y-ZrP400 

'-d (A) Ill.; d (A) II I, d(A) If /" d (A) /II" 

7.55 n 12.21 100 745 100 828 .0 

'" " 5.81 " '56 " 518 61 

'" H 4.63 , 443 " 3.86 100 
,56 100 4.47 , 3.68 " 3.31 '" 352 " 4.34 10 '''' " 2.69 " 3.30 , 3.74 " 2.58 " 3.21 6 000 " 2.50 " 308 , 3.31 " '" 10 3.20 , 
2.62 " 3 10 • 
2.40 10 307 , 

2.69 H 

The (l-ZrP400 has a similar XRO powder pattern to that of (1-Zr(HP04 l< (741A) 

[Clearfield and Pack. 19751- Comparison of the d-spacing and relative intensities 

of ct-ZrP400 with those of (1-Zr(HPO~)2 (7A1A) reported in the literature 

[Clearfl€ld and Pack, 1975] suggests that the layers of (1-ZrP400 are slightly 

distorted. This phenomenon may be due to the fact that not all of the (l-Zr(HP04);, 

(6 80A) has been transfolTTled back to (l-Zr(HP04), (741A) within the given 3day 

rehydration period. Although the thermoanalytical investigation predicts some 
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p-o-p bOlld formation, the XRD-spectrum of ct-ZrP400 shows no traces of the 

pyrophosphate phase, i.e., a-ZrP207 (B.1A) The lower peak intensities of ((­

ZrP400 when compared to a-ZrP (Figure 4.35) suggest a slightly more 

disordered uilit cell arrangemellt within the a-ZrP400 crystallite. 

The structure of y-ZrP400 perfectly matches that of layered ·r-ZrP207 (8 26A) 

[Costantino and La Ginestra, 1982J. This is despite the fact that not all the P-(OH) 

hydroxyl groups on y-ZrP400 condense to P-O-P bonds during the 400°C kiln 

treatment (Section 4.51.1) The retention of some slable hydroxyl groups 

(O.5Bmoll (mol Zr)) has also been observed by other authors [Costantino and La 

Ginestra, 1982; Alberii et al., 1989]. At higher diffraction angles the peaks are 

generally broader than those of the original y-ZrP. This implies that during the 

calcmation the crystallites of y-ZrP in the direction normal to the diffracting plane 

break up into smaller crystals [Reynolds Jr., 1989] The lower peak intensities 

fu riher suggests that y-ZrP400 is less crystalline than the original y-ZrP. 

28 
a-ZrP400 

/'-
a-ZrP 

_,l , A 

y-zr~\ 
'~L.L~ 

y-ZrP l , 
" o 

o 5 10 15 20 25 30 35 40 

Degrees 2-Theta 

Figure 4.35 XRD-spectra of u.-ZrP400. a-ZrP. y-ZrP400 and y-ZrP using Cu-Ka 

radiation and step size" 0.1°. 
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(ii) FT -IR analysis 

FT-IR of {l-ZrP recorded at 25°C, 180°C and 400aC are similar to those reported 

by Horsley et a/. [1974] Due to the method used in obtaining the FT-IR spectra, 

the band at ca, 230Ocm-' is attributed to varying concentration of CO2 present in 

the air and is not part of the "{-ZrP FT-IR spectra, The peaks at 3590cm-', 

3510cm-', 3150cm-' and 16l8cm-1 are attributed to the lattice water molecule 

{see (l-ZrP at 25"e) and disappear upon dehydratkln (see u-ZrP at l80Ge and 

400°C) The band at 328Ocm-1 is attributed to a (P)-O-H streching mode that 

disappears during the formation of pyrophosphate groups at >400"e. Since the 

absorbance at 328Ocm-1 for a-ZrP at 4000e does not diminish, it can be 

concluded that no P-O-P bonds are produced while keeping u-ZrP at 400"e for 

lhour, This is further confirmed by the absence of any band at 970cm-\ which is 

characteristic of pyrophosphate groups_ Associated with the bands at 3280cm·1 

• 0 
0 • 
~ 
E • 0 • ~ 

'" 0 

, ' 
4000 

a-ZrP 

. 
/ 

" 
/', 

a-ZrP at l80 0 e 

/'" / , 
1 , 

• 
'1/ 

o.-ZrP at 25°e 
, ' 
, 
I 
I, , 

~ 
\ I , 

/ 

3000 2000 1000 
Wavenumbers (cm-1) 

500 

Figure 4.36 FT-IR spectra of the original {l-zirconium phosphate recorded at 

ambient temperature, 1800 e and 400°C 
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~-~~---

are the weak bands at 2300cm-1 (atmospheric CO, interference with this band) 

and 2100cm _ which correspond to weak (P)-O-H streching vibrations_ Not to be 

confused with tile 970em-- band (pyrophosphate) are the bands at 980cm­

(attributed to vibrations of the orthophosphate group) and 935cm-' (observed for 

(I-ZrP in the absence of crystalline water, I.e u-Zr(HPO,!" 17.44A)) The \'(OH) 

stretch bands assigned to the Bronsted acidity of tile POH groups (3670 -

36GOcm-') with the aCid strength Increasing sliglltly by calcination [La Ginestra 

and Patrono. 19871 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 

i-ZrP could be found In literature and thus the spectra glvell ill Figllre 437 

cannot be compared Therefore, tile interpretation of tile peaks are solely based 

on the band identifications given by Horsley et ai, 11974] on (J-lrP Similar to 

• 0 

" 

~------

I )11 
/ ' " . ~ 
y-ZrP at 400"C , 

• " E 
, 

• J;ll l, c 
• " 

, 
" r 

, 

,/./''\~ ' ' 

" 0 '-ZrP at 180'C 

.~'. r 1'\ " 

,-lrP at 25'C 

4000 3000 2000 1000 
Wavenumbers (cm-1) 

/ • 
, ., 

+ 

500 

Figure 4.37 FT-IR spectra of the original ~,'-lirconlum phosphate recorded at 

ambient temperature, 1130'C and 400°C 
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u-ZrP the band at ca 2300cm 1 is attributed to CO, present in the air and could 

interfere with an absorption band originating trom ';-ZrP, The band at 1630cm- 1 

observed for (J,-ZrP at 25"C may be ascribed to lattice water molecules since no 

significant condensation of P(OH), would occur at 180°C The narrowing of 

bands between 3600cm- and 2800cm- could also partially be ascribed to lattice 

water molecules, In conformity to the FT-IR of u-ZrP, the bands between 

3500Cll'-' and 3250cm- 1 may be attributed to (P)-O-H stretching modes The 

,(OH) stretch bands assigned to the Bronsted acid'ity of the P-(OHh groups 

(3600cm-') [La Ginestra and Patrono, 19871 are not obser'/ed Since the band at 

1400cm-' does not change when heating '(-ZrP from ambient temperature 

throllgh to 400"C the associated absorption band could be due to the vibrations 

of the P04 groups, The strong bands between 1250cm 1 and 950cm 1 are 

possibly due to the phosphate (PO. and O,P{OH),} groups present on ',-ZrP For 

,-ZrP recorded at 400°C. the characteristic band (asymmetric) attributed to the 

formation of pyropllOsphates (970cm 1) cannot be found The likely reason is that 

the pressed ~i-ZrP wafer is too tllick' thinner wafers proved difficult to handle_ 

Nevertheless, the -/-ZrP spectrllm at 400°C shol'ls a band at 760cm-', which IS 

ascribed to the symmetric vibration of the P-O-P bridge [Ram is et ill" 19881, 

(iii) N,-BET surface area 

The BET surface area of ,j-ZrP and ,,-ZrP is 7,7±0 1m'/g (repeated once) and ca 

167m2/g, respectively The large rato obtained when dl'/iding the theoretically 

predicted (exfoliated) surface areas (Equation 2 31) of (f-ZrP (960m 2/g) and ~i-ZrP 

(674m'lg) by the respective BET surface area indicates that the zirconium 

pllOsphates are reasonably crystalline For example, for ff-ZrP a BET sllrface 

area of 24m'/g is due to a highly crystalline compollnd whereas tile surface area 

of a low crystalline u-ZrP is >72m'/g (Section 23_11 The surface area of the 

400°C calcined equivalents <l-ZrP400 (ca 88m"/g) and ,'-ZrP400 (17 Om"/g) IS 

greater than the original zirconium phosphates, probably due 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 400aC zirconium 

phosphates would be slightly greater than the ones given in this section since the 

molecular weight of the original u-ZrP (301g/mol) and ~-ZrP (319gfmol) is larger 

than the respective molecular weights of ,t-ZrP400 (280glmol) and y-ZrP400 

(270g/mol). The change in the molecular weight is due to 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 a-ZrP (Figure 4,38 left) are flat 

platelets that are ca, O.1.llm in thickness, The platelets are oval in shape with an 

average dimension of ca. 0.7 x 0,5f1m According to the manufacturer 

specification the particle agglomerates (grain size) are less than or equal to 

200mesh. This would correspond to cJ-ZrP agglomerates smaller than 74f1m, 

After calcination of a-ZrP at 400°C (cJ-ZrP400), the crystallite dimensions remain 

unaffected (Figure 4,38 right). 

Figure 4.38 Scanning electron micrographs of a-ZrP (left) and a-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 smaller 

than 74"m (2.00mesh). The 400'C kiln-calcined "-ZrP (-:'-ZrP400} is similar In 

appearance to the original ',--ZrP Nevertheless the slates of -;,-ZrP400 Illay on 

average be smaller than those of -,'-ZrP 

Figure 4.39 Scanning electron micrographs of '.·'-ZrP (left) and I-ZrP400 (right) 

4.5.1.3 ADSORPTtON OF SOLUTES ON ZIRCONtUM 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 

mole fractions of the organic compounds In solution This gives an indication of 

the accessibility of the acid sites. The adsorption isotherms are determined by 

means of batch adsorption experiments As outlined in Section 3,2.4 5 the 

amount of zirconium phosphates (ca. OAg) used per 15ml of aqueous solution 

roughly corresponds to the amount of zirconiulll phosphate used durillg the 

reaction (10g zirconium phosphate per 350ml of solutioll) Due to loss of water of 

crystallisation and loss of water through cOlldensation of P-(OH) groups in " 

ZrP400 and -;-ZrP400. the adsorbed concentration is expressed as per mole 

zircollium instead of per unit mass 



Univ
ers

ity
 of

  C
ap

e T
ow

n

174 Chop/cr 4 - Rcsults and Discusslol! 

(i) Adsorption of MPDA on zirconium phosphates 

While the adsorption isotherms at 3UC and 70°C tend to overlap, the adsorption 

isotherms at 50"C are generally below tile isotherrns at 30°C and 70°C_ This 

phenomenon is observed quite often during the adsorption of organic compounds 

from aqueous solutions on activated carbon [Chiou and Manes, 1974] In the 

presence of activated carbon the usually expected consstent decrease Witil 

Increasing temperature is disrupted at temperatures in dose proxlrnlty to the 

solute melting point (MPOA melting point occurs at 61'C [Daubert and Danner 

1989]) This phenomenon has been explained in terrns of tile relatively more 

efficient packing of organic molecules In carbon pores when present in liqu'id 

state at ternperatures above the melting pOint [ChIOLI and Manes. 1974] 

However tile explanation given by Ciliou and Manes [1974J is disputed by Ravi 

cl ill. [1998] by proving that these adsorption effects are noticed during the 

adsorption of only sorne organic compounds from aqueous solution 

Only thr. adsorption data of MPOA on 't-ZrP, (t-ZrP400_ ~i-ZrP and -;,-ZrP400 at 

70°C will be presented in this chapter_ The raw adsorption data for the remaining 

isotilerrns (mole-fraction of the solute MPOA in aqueous solution) are given in 

APPENOIX-J 

The amount of MPDA adsorbed from aqueous solution onto the Zirconium 

phosphates is largest for u-ZrP, wilieh is followed by u-ZrP400 and ','-ZrP_ The 

uptake of MPDA on f(-ZrP400 and -:'-ZrP is in turn larger than that observed for -,­

ZrP400 From the initial slope of the curves (see Figure 4.40) it can be dedllced 

tilat MPOA ilas a high affinity for adsorption onto ,,-ZrP, u-ZrP400 and -,-ZrP The 

rnaximum initial uptake of MPOA onto ({-ZrP (0 60 " 0_69 mol/mol(Zr») is greater 

than that of Cf.-ZrP400 (0.42 "CA8 moll(mol Zr)) and ,/-ZrP (ca 0.48 mol/(mol Zrll 

For "-LrP and o-ZrP400, a plateau is reaciled relatively quickly after the initial 

strong uptake of MPOA --ZrP shol'/S a rapid initial uptake of 0.48 rnol MPDA per 

mole Zirconium phosphate, followed by a rnuch slower continuing adsorption, 

which is indicative of another -r'-ZrP mode of adsorption, In contrast to tile 
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adsorption isotherms ef the aforementio'1ed ,'·ZrP400 possesses a low tendency 

to adsorb MPDA. 

~ 
1.0 N 

0 
E o 8 u-ZrP - -;,-ZrP 
0 

==----
• E 0.6 e:, 

u (x-ZrP400 
0 
0 
u 
n • ~ 

X " 0 \,-ZrP400 
" n 0.0 4 

0000 0,001 0,002 0,003 0004 0005 

MPDA (aq), mole-fraction 

Figure 4.40 Adsorption-equilibrium data for aqueeus MPDA on G.-ZIP (+), ct­

ZrP400 (c\), '(-ZrP (.) and -/-ZrP400 (x) at 70°C, 

Both amine groups present en MPDA are capable of i-lteracting vo'ith an acid s'lte 

present on the zirconium phesphates, as shown previously by Clearfield et al. 

[1979] during the adsorptien of ethylenediamine. The MPDA molecule should not 

destabilise upon adsorptic'1 i co-ordinaten of both amine groups, ccnsidenng 

that the resonance theery vedicts ne destabilisation of the second amine group 

(in mela-pesitien) by an attack cnto the first onho-, para-directing NH,,-group 

Censequently, the maximum amount of ~~POA able to adsorb is equivalent Ie half 

the number of available s'ltes on a-ZrP, ~,'-Z~P, u-ZrP400 and -,,·Z,P400 if the acid 

sites are cicse enough The five units difference in the pK,-values of the twc 

protons en the d'ihydrogenphosphate [Clearfield, 1993] present in '~-ZrP implies 

that the maximum ameunt of MPDA adsorbed onto y-ZrP is essentially halved 

once more, Accordingly. the maximum ef MPOA expec:ed to intercalate onto ct­

ZrP is 1 0 mcl/(mol Zr} and onto ~1-ZrP is 0.5 mol/(mol Z'j, The condensation ef 

Bronsted acid s'l:es upon prolonged heating of G.-ZrP at 400'C, results in a 16% 
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recuction of ac:d sites on (f-ZrP400 relative to C1.-ZrP, Thus, the Oll":"1ount of MPDA 

adsorbing onto the layers of u-ZrP40C :8 roughly 0.84 1":"101J(1":"101 Zr). likewise for 

j'-ZrP40C it is calcL:lated thaI a total of 71% of Br0nsted acid sites are lost per 

1":"10le of -/-ZrP due t::J condensation of the hydroxyl groups a: 400"C. Thus 1'­

ZrP400 has 2*(1-0,1')" 0,58 lllol/(r:-1ol Zr) acid 8::e5. Based on the assumption 

tha~ all the first hydroxyl groups are lost per dihydrogenphosphate group before 

the removal of the secone set of hydroxyl groups it Ga." be determined that 0,29 

moles of MPDA :nteracts with 1 1":"10le of ~i-ZrP400 

The area covered by or.e PO:;(OH) grQup in ct-ZrP is Cil 24N with the cleses! 

acid to acid distance on a partcular layer being 53A [Alberti ard Costantino, 

1974 and 1984J. Therefore, consider:r.g the dimer.sions of MPDA ard assuming 

fla t penetration of MPDA molecules into the layers of lX-ZrP, a possible reason for 

observing ca 066 mole of MPDA adsorbing :nstead of the theoretical 1,0 r:1ole 

MPDA per mole of zirconiur:1 poosphate could be that sjeric hindrarce is cregjed 

by the already adsorbed MPDA Calcinir.g a-ZrP at 40CoC results in an ircrease 

in the ratio of stror.g to weak acid sites [Hattori et al 1977, Clearfield and 

Thakur, ~ 980J. Therefore it is expected that the ar:1ount of MPDA adsorbing onto 

u-ZrP400 is equal to 0 S4 r:1ole MPDA per mole of Zr, The initial MPDA uptake 

on (I-ZrP40D is only 0,45 mol'(mol Zr) This observation could be ascribed to the 

added steric hindrances created by the preserce of P-O-P bords ir «-ZrP400. 

The initial uptaKe of MPDA by -,-ZrP is essentially the same as predicted in 

theory, with the nUr:1ber of MPDA molecule adsorbed being equal to 0.5 moU(mol 

Zr) This suggests that steric hinderance is rot significant for case Of'i-ZrP, A 

slight positive inc!inatior in the slope of the adsorptior. isotherm after the initial 

uptake is noticed This is possibly due to SOr:1e interaction with the second much 

weaker acid sites after all the strong sites are occupied In contrast, ',-ZrP40C 

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 

from gaining access to the Br"nsted acid sites 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Reactions with Zirconium .Phospilates 

70 

6.0 

r 5,0 
~ 

" 0 
4.0 

• 3 D 0 

0 
w 2 0 

1 0 

00 
0000 0,001 0002 0_003 0004 0_005 

MPDA (aq), mole-fraction 

Figure 4.41 Corre!a:ion of the measured solution pH versus :he MPDA 

concen:ration (T = 70"C) after removal of adsorbents u-ZrP (+). C/­

ZrP400 0.), 1-ZrP (_) and 'i-ZrP400 (x) from the bulk solu:ion 

Compared to the solution pH measured for the liquid phase after :he adsorption 

of MPDA on the aluminosilicates (see Section 4.4.2,6), the pH ob:ained for the 

adsorp:ion of MPDA onto the zirconium phosphates vary considerably, After 

adsorp:ion of MPDA on the zirconium phosphates there is an identical correlation 

between :he solu:ion pH and the MPDA concentra:ion for each z'rconium 

phospha:e sample_ This correla:ion holds true for all the zirconium phosphate 

phases :hat have been considered At very low MPDA concentration the sample 

pH is ca_ 2 and at high concen:rations (MPDA mole-frac:ion of 0005) the pH is 

ca 6,0, Since ;he solu:ion pH measured for very low MPDA concentrations 

clearly lies within the acid region, phosphate-ions in :he form of HoPO. (pK, " 

212 [Shriver lOt ai, 1994]) must go in:o solu:ion The low pH cannot be ascribed 

to leaching and subsequent dissociation of H,.PO; (pK" = 7.4 [Shriver et a/" 

1994]) from :he '(-zirconium phosphates nor to the leaching of HPO/- (pK, = 12,2 

[Shriver et ai, 1994]) from the ((-zirconium phospha:es 

In a separate experiment. suspension of 0.42g of pure '{-ZrP in 15ml of water at 

30'C for 6days resulted in ca, 013mg/ml of phosphate ions detec-:able in 
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solution Atomic Adsorption measurements confirmed the absence of any 

zirconium ions in solution «0 06ppm), This suggests that 0,05mmol of extra­

framework phosphate ions are present per 19 of ,;,-Z;P_ Since the measured pH 

of the final solution is belOW 2 it is likely that the extra-framework phospha~e ions 

are simply present as HJPO. 

(ii) Adsorption of MAP on zirconium phosphates 

The slopes of the MAP adsorption isotherms are less steep than those observed 

for MPDA Apart for -,-ZrP, none of the other zirconium phosphate phases follow 

the Langmuir isotherm (f-ZrP, (t-ZrP400 and -r-ZrP400 initially show a oonoave­

up adsorption isotherm, assuming a Langmuir type isotherm only after reaching a 

certain aqueous MAP mole fraction_ The monolayer adsorption equilibrium 

concentration is greatest for -:-ZrP (083 mol/(mol Zr)) and (t-ZrP400 (0_72 - 0,81 

mol/(mol Zr)) followed by a.-Z~P (0,60 moV(moi Zr)) and 'r'-ZrP (>0,13 mol/(mol 

Zr))_ Similarly to the adsorption of MPDA on the zirconium phosphates, the pH 

measured for the liquid phase after ~emoval of the adsorbent is cs. 2 at low MAP 

concentrations, At higher concentrations of MAP (mole-fraction of MAP" 0 005) 

the pH measu;es ca. 4 instead of oa, 6 for the case of MPDA This is explained 

on the basis of MAP being a wea!<.er base (pK. of MAP' = 4,37 [Adrien and 

Se;jeant, 1981]) than MPOA (pK, of MPoN = 511 [Adrien and Serjeant, 1981]) 

The monolayer adsorption of MPOA on the zirconium phosphates (a.-ZrP ,. -,'-ZrP 

'" (t-ZrP400 > -:-ZrP400) differs f:om the observations made with MAP (-,--ZrP '" (t­

ZrP400 > <x-ZrP "'(-Z~P400) Nevertheless, justifiablo explanations are available 

when considering a combination of influences such as the acid site availability, 

sterio hindrance and the activation energy required in separating the zirconium 

phosphate layers, 
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Figure 4.42 Adsorption-equilibrium data for aqueous MAP on (l-ZrP (.l, v­

ZrP400 (Ii ~i-ZrP (.) and ', ·ZrP400 (x) at 70°C. 

Following the same logic of reasoning as for t1e uptake of MPDA on the 

zircon:um phosphates, the maXimum uptake of MAP is expected to be CI.-ZrP = 

20 mol/(mol Zr), Q-ZrP400 = 1 68 mol/(mol Zr), ·,-ZrP" 1,0 moll(mol Zr) and 'r'­

ZrP400 = 0.58 mo~(mol Zr) The notion that only the amine group interacts wit1 

the Bronsted acid is given by the greater basicity of tile amine group, whic1 

generally always displaces a phenolic hydroxyl group attached to an acid site. 

Since the inital slope of the adsorption isotherm of MAP on CI.-ZrP follows an S­

shaped curve tile driving force for MAP to split the interlayer distance of v-ZrP is 

lower than that for MPDA Nevertheless, at h;gher MAP concentrations t1e 

monolayer adsorption attained for MAP is ca. 0,6 moll(mol Zr), w1iGh is in good 

agreement w:th the initial (see Figure 4.40) amount of MPDA strongly adsorbed 

on [(-ZrP, In contrast to tile observations made with MPDA the monolayer 

adsorption of MAP on ".-ZrP400 is greater than that of t, .. lAP on a-ZrP Th:s could 

partly be ascribed to the fact that calcining Cf-ZrP at 400°C results in an increase 

in the ratio of strong to weak acid sites since t1e initial slope of t1e MAP on CI.-
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ZrP400 adsorption isotherm is steeper than for the uncalcined n-ZrP Due to the 

greater chemical potential differen~e between the stronger acid sites of (f-ZrP400 

[C:earfield and Thakur, 1980], MAP IS adsorbed more strongly from solution 

MAP has only one amine group available for adso'plion and a mono:ayer 

adsorption of 0 75 mole MAP per mole u-ZrP400 is acceptable since it occupies 

fewer acid sites than MPDA 

Examining the initial slopes of the MAP on '/-ZrP adsorption isotherms may lead 

to the false conclusion that the acid strength present on ~i-ZrP is greater than that 

found for the other zirconium phosphates. The 12.20A interlayer distance of 1-

ZrP, which are hydrogen bonded via water mole~ules ~onnecting the P02(OH), 

groups of the adjacent layers [Clearfield and Troup, 1977], suggests that the 

potential energy differen~e for the relevant compounds to access the acid sites is 

reduced considerably The monolayer adsorption of MAP on ·r'-ZrP ca 0.85 

moll((mol Zr), This is iess theln the predicted maximum amount ef MAP 

~hemisorbed en '!-ZrP, I.e, 1.0 moli(moi Zr) This is likeiy to be due to steric 

hindrance existing between the flat-adsorbed MAP moiecules. In contrast, ./­

ZrP4DO ha~dly shows any uptake of MAP, 

(iii) Adsorption of resorcinol on zirconium phosphates 

The uptake of resorcinol on Cf-ZrP and ·r'-ZrP is ve,y low (see Figu,'e 4.43), 

Interestingly, ·~'-ZrP adsorbs more resorcinol than Cf-ZrP No resorcnol uptake is 

observed on the 400°C calcined zirconium phospha~es. I.e" Cf-ZrP400 and ';'­

ZrP400. The pH of the liquid phase remains between ca, 2 and 3 tor all sample 

~oncentrations considered, 

The adsorption isothe,'ms of resorcinol confirm the fact that only weak 

interactions exist bet",Ren the phenolic hydroxyl groups and the zirconium 

phosphate B:onsted acid sites The potential difference existing between the 

I 
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phenolic hydroxyl groups and ~he voton rich interlayer regions tends to be too 

weak to sp:ead the layer of c<"Z:P400 and ~,'-ZrP400 

~ 
N 04 
o 
E 
~ 

o 
E 

0000 

y-ZrP 

(I-ZrP 

0.001 0002 0,003 0,004 0,005 

Resorcinol (aq), mole-fraction 

Figure 4.43 Adsorption-equilibriurr data for aqueous resordnol on ct-ZrP (.), u.­

Z:P400 (.-\) ~1-ZrP (.) and:-Z:P400 (x) at 70"C 

4,5.2 HETEROGENEOUS REACTIONS USING ZIRCONIUM 

PHOSPHATES 

The results for the reacl:on studies performed on the zirconium phosphates are 

presented in Figures 444 through 447, These findings are illustrated by means 

of concentration-time reaction profiles wi~h the concentration given in terms of 

!role-%. derived by dividing the corrected mole concentmtion by the initial 

number of moles of MPDA used (see APPENDIX·F'I In addition each figure 

(Figures 444) includes a plot of the mole balance versus the reaction t'me 

(dashe::n tha~ displays the total number of moles in the bulk solution relative to 

the ini~ia! amoun~ of MPDA as analysed by HPLC. Reaction results for (I-ZrP, u.­

ZrP400, ~i-ZrP and ~-ZrP400 are reported solely for reaction temperatures at 
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225'C The respec:ive spent zirconium phosphates after the first se~ of reactions 

at 225°C are recovered by centrifugation am: regenerated ~sing the same 

procedure as prior to their first use (see Section 3 3 12) Briefly, the previously 

calcined zirconium phosphates are recalcined at 400'C while the formerly 

uncalcined zirconium phospha~es are simply washed in warm water 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 pari of the 

reaction time 

4.5.2.1 REACTIONS WITH PREVIOUSLY UNUSED ZIRCONIUM 

PHOSPHATES 

At the stan of each reaction. the ratios of Br0ns~ed acid sites to the initial amount 

of MPOA ushg <t-ZrP, ex-ZrP400. "/-ZrP and "r-ZrP400 are 7.2, 6.0, 34 (taking 

only the primary Bronsted acid site per PIOH),-group:1 and 2 0, respectively. As 

a result. ~he available Bronsted acid sites during all four reactions is greater than 

or equal ~o (for ~i-ZrP400) the arro~nt reqUired for ~he complete conversion of 

MPDA (i,e" 2m ales acid si~es per mole of MPOA) if the zirconium phospha~e is 

purely used as a regenerable reagent 

Figure 4.44 illustrates ~he MPDA. MAP and resorcinol concentrations as a 

func~ion of reaction time for the reactions performed at 225°C Included in each 

diagram is an overall mole balance versus the reaction ~ime, Ivhich is depicted by 

the dashed lines The mole balances of <t-ZrP400 (B), ~!-ZrP (C) and }'-ZrP400 (0) 

go through a def:nite minimum of 92mole-% (after 1 hour) 72mole-Yo (after 1 hour) 

and 87mole-'Io (after 5hours). respectively_ Towards the end of the reaction, the 

mole balances for the reactions w:th Q-ZrP, IX-ZrP40G ,/-ZrP and -:,-ZrP40'] tend 

;0 stabilise at S6mole-'/', 99mole-'/" 90rrole'/, and 95mole-%, respectively. The 
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of the spent li_ -ZrP400 slowly to 400C and maintaining the temperature for 1 hour 

leads to the removal of water and some removal of ammonia since the broad 

band at 3500cm disappears and the peak intensities between 3100crr'-' and 

3300cm- 1 are reduced_ The peak at wavenumber 1460cm-' is l13rdly affected, 

implying that only minor amoul1ts of the strongly adsorbed ammonia is 'emoved 

However, the ne'J very sharp peak that appears at 3500cm- is due to tile P-OH 

type indicating some conversior, towards HZr,rPO,,), [Clearfield of ,11., 1984], 

The infrared spectra of the spent -~'zirconium phosphates do not clearly resemble 

the (NH,,)Zr)iPO,}, spectrum Although the bands between 3500cm-' al1d 

3100cm-' as well as the band at 1460cm-' are clearly v'lsible on the FT-IR spectra 

of the spent -;'-zirconium phosphate these bandS are also present 011 the original 

'(-LrP Therefore, it can neither be proved nor disproved whetller the new 

compour,d is formed Nevertheless, the fingerprint region between wavenumbers 

61Ocm-' and 400Cll-,-' of the spent 'i-ZrP and IZrP400 remain identical to the 

corresponding unused -,Zirconium phosphates, but show no resemblar,ce to the 

spectrum of the new compound Although bands at 635cm-' and 600cm- 1 of the 

spent ~,'-ZrP and ~iZrP400 do compare to those of (NH4}Zr:(pO.h these bal1ds 

are also characteristic of the unused -,'-ZrP The spent -;-ZrP and ',-ZrP400 show a 

band at 820cm- 1 that's neither observed for the infrared spectra of '(-ZrP nor of 

(NH4}Zr,(P04h Upon the onlil1e calcil1atior, of the spent ',--ZrP400 at 400C, the 

ensuil1g infrared spectrum resembles the spectrum of the original '(-LrP400 more 

closely than the spectrum of HZr/PO"1;,, It can thus be deduced that the -'­

zircol1ium phosphates are less likely to trar,sform into the NASICON structure 

than the C/_-zirconium pllOSpl13tes Also the structure of :he usually more meta­

stable;'-Zlrconlum phospllates seems to be retained, althougll some 

transformatior, ~owards the new NASICON does occur as shown by the XRD 

s~udy, A possible reason for the high resistance towards transformation may be 

ascribed to the fact that :hc Icaching and loss of d;hydrogen-phosphates into 

solution partially prevents its full transformation towards the NASICQN struc~ure, 
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(iii) Crystallite morphology 

The electron micrograph of the spent (t-ZrP and (t-ZrP400 visually confirms their 

respective transformation towards a new crystalline compound. The new 

(NASICON) crystal structure is rhombotledralty shaped with the average crystal 

size measuring ca. a 2,llm The most common space group that the NASICON 

crystal adopts is rhombohedral [Hong, 1976]. 

Figure 4.51 Electron micrographs of spent tL-ZrP (left) and o-ZrP400 (right) after 

second reactiO/l at 27SoC. 

In contrast to the SEM images observed for the spent a-zirconium phosphate, 

those of the y-zirconium phosphates show retention of most of the layered 

structure. Thus, visual proof is provided thai neither y-ZrP nor y-ZrP400 readily 

adopt the NASI CON structure under the given reactiOll conditions_ 

Figure 4.52 Electron micrographs of spent "{-ZrP (left) and ,-ZrP400 (right) after 

second reaction at 27SoC. 
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4.6 COMPARISON OF MINERAL ACID AND SOLID 

REAGENTS I CATALYSTS 

4.6.1 REACTION MECHANISM AND MODEL DEVELOPMENT 

I he 'o,e of tile mlnerdl dciLb dnu ~oliu redgents / catalysts In HII~ redction d'e 

cOlT'pared by 1l1eans of tile experimentaly delermi~ed reaction rates of major 

compound~ I.e MPDA [.,tAP anu resorc nol The CO'lce'ltralio'ls of the ulmers 

dre iov .. d'lU hdve thus lJeen ignored in tile rnodell'llg of the reaction [.,tPDA > 

MAP -, resorclnoi. 

4.6.1.1 PROPOSED REACTION MECHANISM FOR HOMOGENEOUS ACIDS 

Since tile conversion of MPDA to resorcinol occurs In the pre~ence of a IlllnW8i 

acid, the first step woukJ Involve iJrotondtion of the bdSIC allline functiondl grouiJ 

present on tile te~zene ring to give - NH:; (tile co~jllgale acid), This leads to a 

deaclivdtion of the aroillatic rlJeleus, The reilloval of NH, 1'1 the form of a'l 

alT'lT'onilllT' salt and its reiJlacemellt ty a hydroxyl gro..rp (in 11le form of waterl 

leads to MAP The Sdme seq..rence, i e the amine protolldtion, 11le a"tdck of 

water and the eiimind"ioll of Nf I:; iedds to the fi'lai prrxluct, resorcillol (see ~iglJre 

4531 
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"~ , r\ + ",0 + A 

',y NH J 
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A denotes HSO,,' 
SO,, ' ­
H,PO.;-

"~, 

luO~' 4.4 
~ '" ~ 

NH , A-

- NH; A-
• 

4.5 
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.~ 
~. J 
'- "01 

0" , 

/~I r' , 
l", / ' 
'" -' OH 

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

for the formation of resorcinol from MAP (8) in the presence of 

'Ylineral acids 

4.6.1.2 PROPOSED MECHANSIM FOR HETEROGENEOUS ACIDS 

In conformity with the mechanism proposed for the homogeneous acids in Figure 

453 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 Brflnsled acid sites Ilia the -NH2 functional groups occur relatively 

quickly_ This is shown by the large uptake of MPDA after sampling the autoclave 

after 1 hour of reaction time_ The rate determining step is thus like~ to be the 

reaction between 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 -OH fUnction group The ammonia thus released neutralises 
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the Br0nsted acid sites and drives the thermodynamically unfavourabte reaction 

towards the formation of resordnoL 

o Solid 

fast 

o Solid 

• NH, OH 

+ 

Figure 4.54 Proposed mechanism for the conversion of MPDA to MAP over a 

heterogeneous aCid reagent I catalyst. The electron donating effect 

of the second amine group on the intermediate aromatic nucleus 

has been ignored 

4.6.1.3 DEVELOPMENT OF REACTION MODEL 

The absence of any ortho- and para"isomers suggests an addltion·elimination 

reaction or an aromatic nucleophilic substitution ipso attack [Sykes. 1992]. Since 

the hydronium ion attack on the basic -NH, functional group on MPDA (Reaction 

4.4) occurs quite readily. the addition of water during the second step (Reaction 

45) is likely to be the rate·determining step. Figure 4.538 depicts a detailed 

version of the rate·determining step during the conversion of MAP to resorcinol 

Similar arguments hold for the heterogeneous solids, i.e., the rate of adsorption 

of the amine·containing compound relative to the overall substitution reacilon is 

fast. Considering the conversion of MPDA to MAP. the reaction rate can then be 

expressed as 

!!. [.\IP {)A . ". J = k I [HP Ok"" l ~ ll! ,0] 
,J, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

202 Chapter 4 - Results and Discussion 

, where [MPf)Av <'l is the concentration of the protonaled MPDA. in aqueous 

solution [.tfPIJ,-1j~C<J refers to the concentration of ionised MPDA in solution, while 

for heterogeneous systenlS [MPfJA'''''1 refers to the concentration of MPDA 

(mmoI/L) adsorbed [R·O) refers to the concentration of water and ki 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 heterogeneous acid sites can be assumed to be in equilibrium, 

since in relation to the substitution of -NH3- with an -OH functional group the 

formation of the -NH3 + occurs very quickly 

MPDA 1""' ] 

AH'IJA1~[As] 

, where [AII'H-1] is the aqueous bulk MPDA concentration and [A51 the 

concentration of acid sites; and K ,I.f/'" ,: the equilibriUlll constant. For 

homogeneoJs reactions K,',,'I'D.' refers to the constant of MPDA hydrolysis with 

[A51 corresponding to the hydronium ion concentration_ For heterogeneous 

systems K\I,"I,A is the equilibrium MPDA adsorption constant. while [AS] refers to 

the number of Bronsted acid sites relative to the volume of the bulk liquid phase 

at ambien1 temperature_ Substitution of Equation 4.7 for [,I-IPDA""" ] in Equation 

4 6 leads to the expression: 

Applying the same method as used for the derivation of the rate equallon for 

MPDA expressions for MAP and resorcinol can be obtained: 

~ [Af.-4P j k K ',,":) . [Ml'IJA]x [/1 J)jx [ASj- k,K", ,, [MA Pjx [1/ ,ojx lAS j 

4.7 

4.8 

4.9 
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(1) k/ (2) No. Data 

1 225 5.9E-2 4.0E+O 1.0E+1 6 0-23 

2 225 1.3E-1 3.1E+O 4.6E+O 7 0-24 

3 275 5.7E-2 3.1 E+1 1.6E+2 6 0-24 

4 225 6.1E-3 2.6E+1 1.9E+2 6 0 27 

5 275 3.2E-3 3.5E+2 3.5E+3 5 0 25 

6 225 3.3E-5 1.3E+2 3.0E+3 6 0-27 

3.1E+3 1.1 E+4 5 0-48 
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4 225 6.1E-3 2E-4 7E-3 6 0-24 

8 USY 225 5.7E-2 9E-4 1E-3 3 0-5 

11 Beta 225 2.9E-2 4E-4 7E-3 5 0-11 

15 225 2.6E-2 3E-5 3E-4 7 0- 36 

5 275 3.2E-3 1E-2 5E-1 5 0- 25 

9 USY 275 5.7E-2 4E-3 9E-3 3 0-2 

13 Beta 275 2.9E-2 9E-2 1E-1 2 0-1 
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2 

are 

a-

20 a-ZrP 225 1.9E-1 3.9E-3 1.4E-2 4 0-9 

21 a-ZrP400 225 1.6E-1 8.4E-3 2.1E-2 4 0-9 

22 a-ZrP400 275 1.6E-1 3.8E-2 3.2E-1 2 0-1 

23 225 9.0E-2 2.4E-1 1.0E-1 2 0-1 

24 225 9.0E-2 2.7E-1 1.2E-1 2 0-1 

25 275 9.0E-2 5.4E-1 7.2E-1 2 0-1 

26 225 5.3E-2 8.5E-2 9.9E-2 3 0-5 increase in 
reaction rate 

27 275 5.3E-2 7.9E-2 9.0E-1 2 0-1 increase in 
reaction rate 
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Conclusions 

and Recommendations 
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