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For Eric 

"Then at the balance let's be mute, 


We never can adjust it; 


What's done we partly may compute, 


But know not what 's resisted. " 


- Robert Bums 
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SYNOPSIS 


Methylamines are important chemicals in many industrial processes. They have use as 

intermediates for the production of many compounds containing amino groups as well as 

being used on their own. The acid catalysed amination of methanol generally yields a 

thermodynamically controlled product distribution. The equilibrium distribution for mono-, 

di-, and trimethylamine (MMA, DMA, and TMA), at 325°C and a molar methanol to 

ammonia ratio of 1, is 17, 21, and 62 mol % respectively. The market demand, on the other 

hand, is for about 33,53, and 14 mol % MMA, DMA and TMA. 

Industrially, methylamines are formed by the reaction of methanol or dimethyl ether and 

ammonia over amorphous silica-alumina. This process involves large separation and recycle 

units which are both costly and energy intensive as the separation requires azeotropic 

distillation at 15 bar. Methylamines can be formed over other solid acid catalysts with 

definite crystal structures, namely zeolites. While being more active than amorphous silica

alumina, most zeolites do not show improved selectivity. Catalysts, which have, however, 

been reported to show improved selectivity to DMA, include zeolites Rho, ZK-5 and 

Chabazite. In addition, certain forms of hydrothermally treated Mordenite can produce non

equilibrium product distributions. The performance of Rho can also be improved with 

hydrothermal treatment. 

The objectives of this study were briefly as follows. Firstly, the question was asked as to 


which of the catalysts studied, viz. Rho and Mordenite, was the most suitable for the 


methanol amination reaction. The second objective was to find the optimal performance 


. achievable from any catalyst using hydrothermal treatment. The third, and possibly most 


important, objective was to propose reasons for the changes caused to each catalyst by 


hydrothermal treatment. 

Repeated cycles of reaction and regeneration, in air, of Rho and Mordenite caused an increase 

in activity as well as a shift in the amine product selectivity to the lower substituted amines, 

MMA and DMA. This is proposed to be due to the presence of hydrogen containing species 

on the surface of the catalysts, which were not desorbed during normal flushing procedures, 

but were burnt off the surface with air, yielding water as a product. This water acts as an in 

situ steaming agent and as such causes changes to the reaction behaviour of the catalyst. 
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From this it was concluded that care should be taken when regenerating catalysts after 

reaction as inadvertent steaming of the catalyst could occur. 

Samples of the two catalysts, Rho and Mordenite were subjected to varying times of 

hydrothermal treatment. These samples were then analysed for their performance, both in 

terms of activity and selectivity, in the methanol amination reaction and were fully 

characterised. Adsorption studies using methanol, ammonia and water were also carried out 

over the catalysts. 

One of the most significant findings of this work was the difference in the manner in which 

the two zeolites, Rho and Mordenite, were affected by the hydrothermal treatment. The two 

most important differences, which this treatment caused in the catalysts, were the change in 

the distribution of the acid sites and the change in the surface area and pore volume. In the 

case of Rho there was a loss in the total number of acid sites, primarily from the weaker of 

the two initial acid sites. Hydrothermal treatment of Mordenite caused less of a loss in the 

total number of acid sites in the catalyst but caused a second type of acid site to be formed at 

the expense of the original sites. Steaming of Rho caused a large increase in the micropore 

volume of the catalyst whereas steaming ofMordenite caused a decrease in this value. In both 

zeolites, steaming caused the generation of extra-framework aluminium species in both 

catalysts. Neither of the catalysts showed measurable change in the XRD spectra or SEMs. 

The hydrothermal treatment caused a contradictory effect in the adsorption behaviour of the 

two catalysts in that the total adsorption capacity of Rho showed a maximum while that of 

Mordenite continually decreased. The initial changes in the adsorption capacity were directly 

related to the changing pore volumes. The decrease in adsorption capacity over Rho at longer 

steaming times is proposed to be due to the presence of extra-framework aluminium within 

the pore structure of the catalyst. Over Rho the adsorption affinity for ammonia, as opposed 

to Methanol, was found to increase while that over Mordenite decreased. 

The changes in the performance of the catalysts for the methanol ami nation reaction were 

correlated to the changes in acidity, structure and adsorption capacity of the two catalysts 

Over Rho it was found that the rate of consumption of ammonia correlated reasonably with 

the pore volume of the catalyst. The rate of reaction of methanol initially increased due to the 

overall increase in activity of the catalyst, but decreased later due to the changing selectivity 

of the system. This correlated with the decreasing total adsorption capacity of the catalyst. 
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The change in amine selectivity seen over Rho with steaming time correlated with the 

generation of extra-framework aluminium within the pore structure of the catalyst. The 

presence of the extra-framework aluminium causes increased diffusional constraints within 

the pores of the catalyst and may constrain the formation of the larger, TMA, molecule but 

not effect the overalI rate of ammonia consumption. The presence of extra-framework 

alum~nium was also thought to be responsible for the decrease in the total adsorption capacity 

seen over Rho at longer steaming times. 

The generation of larger amounts of dimethyl ether over Mordenite was related to the 

formation of the second type of acid site. This site, which is probably of a Lewis acidic 

nature, had a far higher affinity for methanol and hence led to an increase in the 

chemisorption of methanol at the catalyst surface and hence to the higher rate of formation of 

dimethyl ether. The large loss of the original acid site type in the Mordenite. which was 

selective to amines. caused the decrease in the o"verall formation of amines. 
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1. INTRODUCTION AND LITERATURE REVIEW 

1.1 INTRODUCTION 

Other reviews of the methanol amination reaction may be found [Schweizer et aI., 1992; 

. Corbin et aI., 1997]. This purpose of this review is to critically evaluate the literature on the 

subj ect of methanol amination as it pertains to work performed for this thesis. 

Amines and their derivatives find applications in a wide variety of chemical processes. Their 

many uses include pharmaceuticals, antioxidants for fuels and oils, stabilisers for synthetic 

rubbers, detergents and extractants for rare earth metals as well as being used as 

intermediates to form cheDicals for use in the agriculturat, textile, plastics, and explosives 

industries [Klyuev and Khidekel, 1980; Schweizer et aI., 1992; Nekrasova and Shuikin, 

1965]. 

The alkyl amines can be formed from many different starting materials including alcohols, 

ethers, halogen derivatives aldehydes, ketones and unsaturated hydrocarbons together with 

ammonia or other nitrogen containing compounds. The number of processes available to 

produce the alkyl amines is equally varied. Table 1.1 gives the production rate and value of a 

selection of low carbon number alkylamines (1992 statistics). It can thus be seen that of the 

series of methylamines, the largest demand is for dimethyl amine (DMA). 

The aim of studying amine synthesis is firstly, to develop a process that is both efficient and 

selective. In particular, for methylamine synthesis, a process to produce dimethylamine 

selectively is desirable. More specifically, the process should give a product spectrum, which 

closely matches the market demand. Complex engineering of the catalyst and reaction 

process is required to produce the three methylamines in the desired ratio. 

Thermodynamically it is the trimethylamine (TMA) that is favoured while the market 

demand is mostly for dimethylamine and secondly for monomethylamine (MMA) with less 

trimethylamine being required. The catalyst should in addition have a high activity and a long 

lifetime. It is also desired to suppress the formation of side products. 
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Table 1.1: Manufacture and value of alkylamines 

Amine Abbreviation Manufacture (tons/yr.) Value ($/kg) 

1992 values 

Monomethy lamine MMA 32000 1.04 

Dimethylamine DMA 80000 1.04 

Trimethylamine TMA 15 000 1.04 

Monoethylamine MEA 20000 2.68 

Diethylamine DEA 7000 2.67 

Triethylamine TEA 6500 2.76 

n-Propylamine MPA 500 2.45 

Dipropylamine DPA . 17000 2.69 

Tripropylamine TPA Small 3.59 

Isopropylamine IMPA 23000 2.16 

n-Butylamine MBA 1900 2.76 

Dibutylamine DBA 3000 2.89 

Tributylamine TBA 700 3.48 

Diisobutylamine DIBA 18000 2.76 

[Schweizer e{ al.. 1992] 

Dimethyl ether (DME) is the most common side product formed over acid catalysts. 

Although it can be recycled to the reactor and converted to the amines with ammonia, this 

does put an increased load on the expensive separation step of the manufacturing processes. 

Other by-products reported for the amination reaction include saturated and unsaturated 

hydrocarbons, aldehydes, ketones, hydrogen and ethers. The exact product distribution is a 

function of the feed alcohol and the catalyst used [Klyuev and Khidekel, 1980]. 

1.1.1 Processes for the Production of Methylamines 

At present in industry, methylamines are formed mainly over unselective acidic catalysts, 

most commonly amorphous silica-alumina. In these processes, an equilibrium distribution of 

the amines is obtained. The products are separated and the unwanted excess of TMA and 

MMA as well as DME are recycled back to the reactor to give the overall desired product 

distribution. This is however a very expensive and energy intensive process as the separation 
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step of the process involves azeotropic distilIation at 15 to 20 bar. The utility requirements for 

such a process are 22 - 198 kWh of electricity and 7.5 - 13t steam per ton of methylamine 

[Ashina et aI., 1986]. Currently employed industrial processes include the Leonard process 

and the process of the RO~lm and Haas Company [Hydrocarbon Processing, 1965; 1979]. 

Although methylamine production in industry is limited to the reaction of methanol or 

dimethyl ether and ammonia over an amorphous silica-alumina catalyst there are many other 

ways in which these molecules can be produced. 

1.1.1.1 Solid Acid Catalysts - The dehydration mechanism 

The most commonly usee method of producing methylamines is the reaction of methanol or 

dimethyl ether and ammonia over an acidic catalyst. The catalysts used are typically some 

form of silica-alumina, alumina, silica or other metal oxides. This includes both the 

amorphous catalysts and the large number of those with definite crystal structures, for 

example the zeolites . Currently, in industry, the most common method of production involves 

reaction over an amorphous silica-alumina catalyst. 

The amorphous acid catalysts all produce the methylamines in thermodynamically 

determined equilibrium r?.tios [Schweizer et aI., 1992; Nekrasova and Shuikin, 1965]. These 

catalysts also show a rather poor activity. The reaction is carried out adiabatically, at high 

temperatures, with Tmax at ca. 400°C, which results importunately in rapid catalyst 

deactivation. 

Zeolites are crystalline aluminosilicates consisting of comerlinked tetrahedra of [Si04t and 

[Al04t . The Si and AJ a~oms are located at the centre of these tetrahedra with the 0 atoms 

being shared between adjacent tetrahedra. A structure containing only Si in the tetrahedra 

would be charge neutral but the inclusion of AI results in an overall negative charge to the 

framework of the catalyst. This overall negative charge is balanced by cations, typically 

alkali or alkali earth metals that can be substituted with protons. The relation of the cation to 

acidity in the catalyst will be discussed later in the thesis: The arrangement of these tetrahedra 

result into regular channels and cavities within the catalyst structure is what gives an 

individual zeolite its struc~ure . The structure of each zeolite is unique. 
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Many zeolites have been found to have higher activity for the methanol amination reaction 

than the amorphous Silica-alumina, even at low temperatures [Abrams et a!., 1990; Shannon 

et aI., 1988; Keane et aI., 1987; Ashina, 1986; Segawa and Tachibana, 1991; Chen et al., 

1994]. This means that they can be used at conditions where the deactivation rate is lower. 

Although the acidic zeolite catalysts have high activity for the amination reaction, many of 

them do not show much improvement in selectivity towards dimethylamine (DMA). A 

number of small pore zeolites (Rho, Chabazite, ZK-5) do however show an improved 

selectivity as well as high activity [Keane, 1987; Shannon., 1988]. It has been suggested 

[Keane, 1987] that the improved selectivity is due to the diffusion constraint of the TMA 

within the pores of these zeolites. As a rough guide, those zeolites with 8-membered rings 

show good selectivity to DMA. Table 1.2 gives a selection of the results obtained over 

various acid catalysts for the reaction of methanol and ammonia to form methylamines. 

As can be seen below, another zeolitic catalyst that is being successfully used to selectively 

produce the amines is Mordenite. Although Mordenite has a twelve membered ring structure 

it can be modified by ion exchange, dealumination and external surface treatment to produce 

the desired product ratio. It also has the benefit of being a relatively cheap catalyst to 

produce. 

On these solid acid catalysts it is important to have a good knowledge of the nature of the 

acid sites, i.e., the strength, number and type as well as the mobility of molecules on these 

sites [Sharma, 1993]. It has been found that the Bmnsted acid sites lead to the formation of 

amines, while Lewis sites can cause an enhancement in the formation of dimethyl ether 

(DME) and other side products [Fetting, 1991]. It is also suggested however that certain 

forms of Lewis acidity enhance the performance of the catalyst. 

There are a number of ways in which the selectivity of the catalyst to dimethylamine (DMA) 

can be improved. The most common of these is to prevent the trimethylamine (TMA) from 

exiting the internal pore structure of the catalyst by narrowing either the pores or the pore 

mouths. This leads to the TMA being held up within the framework and thus being 

reconverted into the lower substituted amines. The external surface is also often poisoned or 

covered with an inert layer to prohibit the unselective reaction on the external surface. 

4 Introduction and Literature Review 
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Table 1.2: Reported Selectivities in the Methanol Amination Reaction 

Catalyst Treatment Temp CfN MeOn MMA DMA TMA DME Reference 
(I) (K) (2) conv (mol%) (3) 

(%) 

H-Rho 598 90 34 53 13 Keane. 1987 

H-Rho 598 90 16 54 30 Corbin. 1990b 

H-Rho TIvIP 598 90 14 86 0.4 Corbin. 1990b 

H-Mordenite 598 90 18 13 69 Keane. 1987 

H- Mordenite 653 >90 21 20 38 21 Segawa. 1991 

H- Mordenite SiCI4 653 >90 33 65 Segawa. 1991 

H- Mordenite (5) 90 18 13 68 Abrams. 1989a 

H- Mordenite SiC~ 613 2 52 58 34 2 6 Ilao.1996 

H- Mordenite 613 2 68 48 21 24 6 lIao.1996 

H- Mordenite 633 90 19 25 57 Griindling. 1996a 

H- Mordenite TEOS 633 90 30 65 5 Griindling. 1996a 

H- Mordenite (Zeolon) 673 86 34 42 23 Mochida. 1983 

H- Mord -15 6 33 93 28 25 47 Griindling. 1997 

H- Mord -20 633 89 20 25 55 Griindling. 1997 

H- Mord -10 633 89 40 36 24 Griindling. 1997 

Na- Mord SiCI4 653 >90 38 57 4 Segawa. 1991 

Na- Mord ( 4) 
90 40 20 6 Weigert. 1987 

silica-alumina (H) 598 90 31 17 52 Keane. 1987 

silica-alumina (H) 653 >90 18 11 44 27 Segawa. ) 991 

silica-alumina 613 2 69 33 15 23 30 Ilao.1996 

y-alumina 613 2 86 25 12 9 55 lIao.1996 

Chabazite 598 90 43 43 11 Keane. 1987 

Chabazite (5 ) 90 12-25 22-60 15-63 1-3 Abrams, 1989a 

H-Chabazite 613 2 89 56 41 3 lIao.1996 

H-ZK-5 600 90 22-42 29-72 4-34 4-40 Shannon. 1989 

H-ZSM-5 (5) 90 3 7 67 22 Abrams, 1989a 

H-ZSM-5 673 87 21 28 50 Mochida. 1983 

H-ZSM-5 613 2 80 19 22 56 2 lIao, 1996 

Ca-A (5) 90 25 20 50 7 Abrams. 1989a 

Ferrierite (5) 90 31 27 36 7 Abrams, 1989a 

H -ferrierite 613 2 39 52 31 12 5 lIao, 1996 

H-Faujasite 613 2 86 18 II 53 19 lIao, 1996 

H-Y (5) 90 12 11 61 16 Abrams, 1989a 

Notes: (I) Treatment perfonned after synthesis, prior to reaction. (2) Molar Feed ratio, carbon to arrunonia (3) 
Selectivities converted to mole % when originally given as C or wt%. (4) Temp. not given (5) Temperature 
varied to obtain conversion - temp not given 
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lIao, 1996 
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Selectivities converted to mole % when originally given as C or wt%. (4) Temp. not given (5) Temperature 
varied to obtain conversion - temp not given 
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1.1.1.2 Metal Catalysts - Dehydrogenation or Reductive Amination 

Another method of producing amines is the use of a metal or supported metal catalyst [Sewell 

et aI., 1995], although this can not be used for the production of methylamines. This is a 

reductive process in which hydrogen is added to the system. There is however no net 

consumption of hydrogen. Besides being part of the reaction mechanism, the hydrogen is 

reported to retard coke formation on the catalyst. [Schweizer et aI., 1992; Nekrasova and 

Shuikin, 1965] 

1.1.1.3 Other processes for the formation of alkylamines 

There are a number of other processes for the formation of amines, including the reaction of 

ammonia with aldehydes, ketones or alkyl halides. Another is the reaction of HCN with an 

olefin. These processes are carried out over various catalysts. A more unusual method of 

producing methylamines is a modified Fisher-Tropsh synthesis over a promoted iron catalyst 

using a feed of CO, H2, and ammonia [Schweizer et aI., 1992]. This process is however not 

very efficient. 
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1.2 . CAT AL YSTS FOR THE AMINA TION OF METHANOL 

As was shown in Table 1.2, there are many catalysts that have been tested for their 

performance in the acid catalysed methanol amination reaction. The success obtained is 

varies with respect to the DMA selectivity obtained and seems to depend both on the 

structure of the catalyst and the nature of its acidity. In this section, a number of catalysts 

used for the methanol amination reaction will be discussed. 

1.2.1 Amorphous Silica-Alumina 

As the name implies, this catalyst has no definite crystal structure. Although it is the catalyst 

used most widely In industry, it is not selective, yielding a thermodynamically controlled 

product distribution. It also produces fairly high levels of DME. It has been shown that there 

is a sharp decrease in the amount of DME formed over silica-alumina with increasing 

temperature from 300 to 450°C [Mochida et ai., 1983]. This is another reason, besides its low 

activity, that silica-alumina is not a suitable catalyst at lower reaction temperatures. The 

selectivity change with temperature may well be due to the stronger dependence of the rate of 

amine formation than the rate ofDME formation on temperature. 

The activity of this and all solid acid catalysts arises from the charge imbalance between the 

Si and Al in the framework . This causes the formation of acid sites. If pure silica is used it is 

essentially inactive. If pure alumina is used, it produces almost exclusively DME [I1ao et aI., 

1996]. 

Although this catalyst is non-shape selective, it provides a good medium on which to study 

the surface kinetics for this reaction as its large pore diameter means that internal diffusion 

can be neglected. 
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1.2.2 H-Rho 

Zeolite Rho has been found to be an excellent catalyst for the amination of methanol to form 

methylamines. It is both highly active and shows a product distribution that is closer to the 

market demand. Selectivities to DMA obtained over this catalyst of between 50 and 70 mol 

% have been reported . [Keane et al. , 1987; Shannon et aI., 1988a; Abrams et aI., 1990] As 

this c·atalyst is highly active, it can be operated at lower temperatures, i.e., at conditions under 

which deactivation is minimal, thereby extending the catalyst life [Shannon et aI., 1988a]. 

Rho consists of a body centred cubic structure of a-cages that are joined by double eight 

membered rings of 3.6 A diameter. These rings form a three dimensional pore structure. 

When in the ammonium form, the NRt+ ions are normally found to be located at the centre of 

the 8-membered rings [McCusker, 1984; Szostak, 1992]. It has also been seen that the 

ammonium ions can be located at the centre of the double 8-membered rings [McCusker, 

1984; Fischer et. aI., 1989] and studies using ND4-Rho have revealed ions located in the 

a-cages of the catalyst [Fischer et aI., 1989]. Figure 1.1 shows the framework topology of 

Rho. 

Figure 1.1: Framework Topology of Zeolite Rho 

[Szostak, 1992) 
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Ideally, Rho has a highly symmetrical structure [lm3m] but in reality the catalyst does not 

conform to this, e.g., the Cs exchanged form has a [143m] structure [parise el aI., 1984a). Rho 

undergoes significant unit cell dimension changes depending on the degree of hydration and 

ion exchange [parise et ai., 1984a,b; Corbin et aI., 1990a; McCusker and Baerlocher, 1983; 

McCusker, 1984). Neutron powder diffraction has been used to determine the change in the 

crystal structure. Dehydrated H-Rho (a = 15.098 A) is the most symmetric and Ca,D-Rho 

(a=13 .965A) the most asymmetric. The larger cations and water or other adsorbed molecules 

cause framework distortion and ring elongation, i.e., constriction of the pores [Corbin el ai, 

1990a; Szostak, 1992]. Vega and Luz [1988] found that the adsorption of the methylamines, 

methanol and water onto H-Rho also caused framework distortion. Figure 1.2 shows the 

framework structural changes from dehydrated H-Rho to Ca,D-Rho. 

a b 

Figure 1.2: Framework structural changes from (a) dehydrated H-Rho to (b) Ca,D-Rho 

[Corbin, 1990a) 

Also, as with all zeolites, the structure of Rho is a strong function of temperature. For 

example, H-Rho has a unit cell dimension, a = 15 A at 30°C and a = 14.75 A at 300°C 

[Parise et aI., 1984b; Abrams et aI., 1990). The flexibility of the framework of this catalyst 
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might offer an opportunity to manipulate the catalyst for increased selectivity [Corbin et aI., 

1990a]. 

The catalyst selectivity can be further improved in a number of ways. Firstly, hydrothermal 

treatment can be used to improve catalyst selectivity without adversely affecting the activity 

[Shannon et aI., 1988a]. The second way to improve the performance is to apply coatings of 

either alumina or silica, for example, to the surface of the catalyst [Bergna et aI., 1989]. Post

synthesis modification will be discussed in more detail in chapter 1.4. 

As with all catalysts, the selectivity obtained is a strong function of the reaction conditions 

applied. This will also be discussed later, in chapter 1.3. 

There is a large variation in the results obtained for Rho due to the change in the 

concentration and type of impurity phases formed in addition to Rho in the synthesis 

procedure [Shannon et aI., 1988a]. The impurity phases that frequently occur in Rho are gel, 

Chabazite, Pc and Pollucite [Shannon et aI., 1988b]. 

Gel is formed when the catalyst synthesis is stopped prematurely. It has very low activity and 

produces a near equilibrium product distribution. It has a low concentration of internal and a 

high concentration of external Lewis acid sites. 

Pc, which is a dimensionally cubic zeolite with the Gismondine structure [Szostak, 1992], is 

formed irregularly during synthesis. It is essentially inactive below 400°C and is not 

selective [Shannon et aI., 1988b]. 

Pollucite is formed in the later stages of crystallisation. It is not very active and is non

selective. This phase is the biggest culprit for non-selectivity of Rho as some forms of 

Pollucite can be slightly active. 

Chabazite can be formed at the same time as Rho and is often present at a concentration of 

between 5 and 20 wt% concentration. It has a relatively high surface area and is therefore 

active. It can be highiy selective and does not usually pose a problem to the overall catalyst 

performance. Chabazite has been studied in its own right as a catalyst for the methanol 

amination reaction [Abrams et al., 1989; Ilao et aI., 1996]. It has been found that high silica 

preparations may be made of zeolite Rho, in which no Chabazite is formed [Chatelain et aI, 

1995]. 
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Most of the impurity phases can be inertised by calcination or steaming at higher 

temperatures [Shannon et aI., 1988b]. This means that the selectivity is unaffected at lower 

reaction temperatures but that the apparent activity of the Rho drops due to the dilution of the 

catalyst with unreactive amorphous material. 

It has been suggested that the performance of Rho is also dependant on the degree of 

hydration of the parent catalyst [Gier et aI., 1985]. It seems that while the dehydrated catalyst 

is more active, the hydrated catalyst is more selective. These results are however not 

conclusive as they do not indicate the time on stream after which the samples were taken. 

This is an important point as water is a reaction product and hence, the dehydrated catalyst 

could be expected to quickly take up the product water. Secondly, the ammonia can be 

expected to displace any water adsorbed on the surface. 
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1.2.3 Mordenite 

Mordenite is a naturally occurring zeolite which can be synthesised easily [Barrer, 1982] 

This catalyst consists of 4- and 5-membered rings joined together to form a 2-dimensional 

pore structure consisting of 12- and 8-membered rings. In reality, the catalyst can be 

considered as a I-dimensional structure of 12-membered ring channels with side pockets 

[Szostak, 1992]. The pore dimensions of this catalyst are typically 6.5 x 7.0 A. Figure 1.3 

shows the framework topology ofMordenite 

Figure 1.3: Framework Topology of Mordenite 

[Szostak, 1992] 

As could be seen from Table 1.2, much work has been done on methanol amination over 

Mordenite. Ashina et at. [1986] found that synthetic Mordenite performed better than natural 

Mordenite and that it gave a slightly better than equilibrium product distribution. Mochida et 

at. [1983] likewise found increased selectivity to DMA over Mordenite. While Mochida et at. 

do show a slight increase in selectivity to DMA, it is only the treated forms of this catalyst 

that show significant improvements in selectivity. Additionally, both the H- and alkali- or 
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alkali earth metal- exchanged forms (e.g . Na, Mg) of Mordenite have been proposed as 

selective catalysts for the formation of lower substituted methylamines [Weigert, 1987; 

Mochida et. aI., 1983; Ashina et. ai., 1986]. The activity of H-Mordenite is however higher 

than that ofNa-Mordenite [Ernst and Pfeifer, 1992]. 

All three methylamines are able to adsorb readily onto the surface of Mordenite [Weigert, 

1987]. Segawa and Tachibana [1991] found that MMA and DMA adsorb very rapidly and 

TMA only slightly slower onto H-Mordenite. Subsequently it was stated that the molar 

amount of TMA adsorbed onto H-Mordenite is less than MMA or DMA due to size 

constraints [Ilao et aI., 1996]. 

H-Mordenite has been found to have only Bmnsted acid sites with essentially no Lewis acid 

sites [Maache et aI., 1995; Datka et aI., 1997]. If ammorua is adsorbed onto H-Mordenite 

after methanol then the methanol is completely displaced and no amines are formed even up 

to 523 K [Ilao et aI., 1996]. It also has a few very strong sites, possibly associated with extra

framework alumina. This was determined by both pyridine and ammonia microcalorimetry 

and ammonia TPD [Chen et aI., 1992; Sharma et ai., 1993; Chen et ai., 1994a]. If the catalyst 

undergoes very high temperature calcination, the number of acid sites decreases, as does the 

acid strength [Chen et ai., 1992]. 

As with Rho, Mordenite is active at lower temperatures and can therefore be operated at 

conditions that result in decreased deactivation. The lifetime of the catalyst was found to be 

approximately 1 year when operated at 300 to 328°C. With increasing reaction temperatures, 

the catalyst deactivates much faster [Ashina et aI., 1986]. It was observed that when the 

activity of Mordenite had dropped by half, the selectivity to DMA and TMA had decreased 

while that to MMA had increased. It was not stated whether this was caused by the changing 

conversion or by increasing diffusional constraints of the coke layer. 

It has been found that the selectivity of H-Mordenite can be greatly improved by treatment 

with SiCk This however only works when the catalyst is treated in the Na form and then ion

exchanged to the H-form. Treatment of the H-form with SiCl4 results in almost complete 

dealumination of the catalyst. On Mordenite which had been treated with SiCl4 in the Na 

form and subsequently ion exchanged, the TMA uptake was found to be practically zero 

which indicates that the pore mouths had been successfully blocked [Segawa and Tachibana, 

1991]. 
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The effect of Bmnsted and Lewis acidity on the methanol amination reaction will be 

discussed in detail in chapter 1.6. It is however important, at this point, to note the exclusive 

Bnmsted acidity of fresh H-Mordenite. 

The performance of Na and other alkali-exchanged Mordenites is very different to that of H

Mordenite. It has been found by a number of authors that Na-Mordenite is more selective but 

less active than H-Mordenite [Segawa and Tachibana, 1991; Kogelbauer et aI., 1994; 

Kogelbauer et aI., 1996]. Over a number of alkali-exchanged (LilNa!KJRb/Cs) Mordenites 

selectivities of ca. 40 % DMA were obtained. This was further improved, to >60%, with 

steam treatment [Zhang et aI. , 1994]. 

Weigert [1987] postulated that the mechanism over Na-Mordenite was different due to the 

absence of Bmnsted acid sites and that this was responsible for the different selectivities 

observed. (This will also be discussed in more detail in Chapter 1.6). 

As with the H-form of the catalyst, the selectivity of Na-Mordenite can be improved by 

treatment with SiCk The adsorption of TMA onto Na-Mordenite that had been treated with 

SiCI4 was found to be negligible while MMA and DMA adsorbed readily. This indicates that 

the treatment of Na-Mordenite with SiCl4 significantly blocks the pores [Segawa and 

Tachibana, 1991). The performance of the catalyst can also be further improved by 

hydrothermal treatment. 

The level of ion exchange is important when combined with steam treatment. Over the 

catalysts that do not undergo steaming, the performance remains constant but when steam 

treatment is employed then there is a maximum in DMA selectivity with the ion-exchange 

level [Zhang et aI. , 1994]. As the number of alkali ions increases, so does the selectivity to 

l'vfMA and DMA. The activity however drops with increasing alkali content [Ashina et aI., 

1986]. Mochida et al. [1983] has shown the performance of a number of different ion

exchanged Mordenites at various temperatures. It was found that in general these catalysts 

showed a non-equilibrium product distribution, i.e., high selectivities to MMA and DMA and 

lower TMA selectivities. 

It has also been shown that the AI content of alkali-exchanged zeolites affects the catalytic 

performance [Kogelbauer et aI., 1994, 1996]. At higher AI contents, it was found that more 

TMA and DME were formed. 
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1.2.4 H-ZK-5 

ZK-S has been studied as a possible catalyst for the methanol amination reaction [Shannon et 

aI., 1989]. It has a structure very similar to that of Rho. The framework of ZK-S consists of 

truncated cuboctahedra joined by double six membered rings [Szostak, 1992]. Figure 1.4 

shows the framework topology of ZK-S. It does show shape selective behaviour for this 

reaction, yielding higher than equilibrium DMA selectivities [Keane et aI., 1987]. The 

selectivity of H-ZK-S depends on the calcination procedure, whether or not steam treatment 

is used and on the Cs content of the catalyst. As the Cs content increases, the DMA 

selectivity increases [Shannon et aI., 1989]. 

Figure 1.4: Framework Topology of ZK-5 

[Szostak. 1992) 

A study on the affect of crystal structure was performed on this catalyst [Schwarz et. ai, 

1998]. In this study it was seen that larger crystals of modified K,Cs-Rho and K,Sr-Rho while 

being less active than the smaller crystals showed very low TMA selectivity (I mol% TMA 

at 70% methanol conversion). 
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Although it would seem that this would be a good catalyst for this reaction, it undergoes 

considerable framework damage at even moderately high calcination temperatures. The 

framework is slightly stabilised in the presence of steam [Shannon et aI., 1989]. In general it 

can be said that ZK-5 is less stable, active and selective than Rho. 
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1.2.5 H-ZSM5 

ZSM-5 consists of intersecting channels, one straight and one sinusoidal. The resulting pore 

structure has three-dimensional intersecting lO-membered rings of 5.3 x 5.6 A and 5.1 x 5.5 

A. 

A nU!11ber of studies have been performed over ZSM-S to determine its performance for the 

methanol amination reaction. Although it has proved to be a highly active catalyst, it does not 

show any real shape select ive properties. At slightly less than 100% conversion of methanol, 

at all temperatures there is a slight increase in MMA selectivity but the selectivity to DMA is 

unchanged [Herrman et aI., 1988]. 

As with all catalysts, the selectivity obtained is a function of the reaction conditions 

employed, viz. temperature, methanol to ammonia (CIN) ratio and conversion. DrvfE is also 

produced at lower temperatures but decreases with increasing reaction temperature. There has 

been no evidence shown that either hydrothermal or surface treatment will improve the 

selectivity of this catalyst. 

1.2.6 SAPO Catalysts 

Non-zeolitic, molecular sieve, acidic catalysts such as the SAPO catalysts can be used for the 

formation of methylamines. In particular, SAPO-II and SAPO-34 have been used to 

selectively produce MMA at up to 60 % selectivity. This catalyst was improved by the 

addition of cations, anions and salts of metals [Olson and Kaiser, 1988]. 

The SAPO catalysts are silicoaluminophosphates, which have structures that are similar to 

the zeolites but with P atoms incorporated into the structure. For example, SAPO-34 is 

isomorphous to Chabazite [Szostak, 1992] (see section 1.2.7 for structure of Chabazite). 

SAPO-II has a medium size pore structure of unidimensional 10-membered rings and pore 

openings of6 .7 x 4.4 A. 
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1.2.7 Chabazite 

Chabazite has been shown to be an exceptionally good natural catalyst for the formation of 

lower substituted methylamines. The framework of Chabazite consists of ellipsoidal cavities 

connected by eight membered rings. The pore openings of this catalyst have a dimension of 

3.8 x 3.8 A. The product distribution is strongly dependent on where the sample was 

obtained, although all samples of Chabazite show similar activity. Figure 1.5 shows the 

framework topology of Chabazite. 
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Figure 1.5: Framework Topology of Chabazite 

[Szostak, 1992) 

There have been a number of studies performed over Chabazite for the methanol Amination 

reaction [Keane et aI., 1987; Abrams eta aI. , 1989; Ilao et al., 1996; Lobo et aI., 1999]. Table 

1.3 shows the distribution of amines for a number of different samples of naturally occurring 

Chabazite. It can be seen that the results obtained with this catalyst depend strongly on the 

source of the catalyst. In general, synthetic Chabazites perform better, yielding lower TMA 

selectivities (cf Table 1.2). 
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Table 1.3: Relative Selectivity of methylamines in the fraction of methylamines (mol %) 

for various samples of naturally occurring Chabazite 

[Abramsetal., 1989] 

MMA DMA TMA CA TALYST SOURCE 


12 22 63 Bowie/Arizona 

20 43 32 Durkee/Oregon 

14 26 59 Bear Springs/Arizona 

16 29 53 Wikieup/ Arizona 

15 32 50 Christmas/Arizona 

18 33 48 Beaver DividelWyoming 

18 42 40 Nova Scotia/Canada 

25 60 15 NapleslItaly 

(selectivities for reaction at 90% methanol conversion) 

The selectivity of Chabazite in general can be explained by the adsorption of the amines. 

Over a synthetic Chabazite, MMA and DMA both readily adsorb into the pore structure but 

very little TMA adsorbs [Ilao et aI., 1996]. 

As with the other zeolites, it has also been found that the selectivity of Chabazite is 

dependent on the level of ion exchange. If there is much potassium in the structure, the 

activity is lower, the selectivity is not as good and more DME is formed [Ilao et a/., 1996]. 

The effect is therefore different from Mordenite where increasing the alkali ion content 

increases the selectivity to DMA. 

There is evidence that the types of acid sites on Chabazite are not exactly the same as that of 

other zeolites. It has been found that, if ammonia adsorbs onto Chabazite after methanol, not 

the entire amount of methanol is displaced and some amines are formed [Ilao et aI., 1996]. 

This is again unlike Mordenite, where ammonia completely displaces adsorbed methanol 

without amine formation [! Iao et aI., 1996]. 

The rate of DME formation over Chabazite, as with other catalysts, was found to be a 

function of Al content. 
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1.3 CATALYST PREPARATION 

The way in which a catalyst is prepared is extremely consequential to the way in which that 

catalyst performs. The most obvious influence on catalyst behaviour is the catalyst synthesis 

or primary preparation phase. This will not be dealt with other than to mention its importance 

in obtaining the correct catalyst structure. Of more interest here is the effect of secondary 

preparation procedures, namely ion exchange and calcination. 

1.3.1 Ion-Exchange Techniques 

Most catalysts are synthesised in their alkali form. To obtain the active protonic form, these 

catalysts are immersed in an aqueous solution of an ammonium salt e.g., ammonium nitrate. 

The strength of the solution, the temperature an.d the time of the exchange all have an effect 

on the percentage of alkali ions that are exchanged for ammonium ions. Care must also be 

taken, as too severe a treatment will dealuminate the catalyst thus causing framework 

damage. The ammonium form of the catalyst is converted to the protonic form by heating the 

catalyst in flowing gas (either N2 or air) to drive off the ammonia. 

It has already been shown in Chapter 1.2 that the type of cation present on the catalyst has 

many effects on the process. The Bmnsted acidic catalyst, where the catalyst is in the 

protonic form has a very different reaction mechanism to that of the alkali or rare earth cation 

exchanged catalyst, which has a primarily Lewis acid function . It is also possible to have a 

catalyst that is not exclusively one form or the other. This happens when there is a mixture of 

protons and alkali ions at the surface, i.e., when incomplete ion exchange has taken place. 

Table 1.4 shows the change in selectivity and activity of a Mordenite catalyst treated with 

increasing concentrations ofNaCI, i.e., the catalyst is progressively back exchanged from the 

H- to the Na- form . The more pronounced effect is seen when the exchange is combined with 

steam treatment, which makes it more shape selective. 
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Table 1.4: Reaction Data on H-Mordenite and Na-H-Mordenite with differing Na 

content before and after steam treatment 

[Data taken from Zhang et al., 1994J 
T=400 DC, anunonialmethanol= 1.W /F=6.3 min.m~t. mJ- l . HM=parent catalyst. M 1-4 = catalyst 
treated with increasing concentration of NaCl, W=water treatment at 500°C. 

Samples MeOH Selectivity C% 

conv.% DME MMA DMA TMA 

HM 85.9 2.0 18.3 43 .0 36.7 

M1 84.7 0.8 19.1 43.2 36.9 

M2 79.6 0.9 20.4 . 44.4 34.4 

M3 58.4 1.0 20.7 46 .8 31.5 

M4 48 .0 1.1 20.2 49.7 29.0 

HMW 81.5 14.5 13.5 41.2 30.8 

M1W 95 4.4 17.8 60.9 16.8 

M2W 85 .3 4.4 21.6 65 .8 8.1 

M3W 68 .5 2.3 35 .5 59.6 2.6 

M4W 36.5 2.7 55 .5 40.2 1.6 
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1.3.2 Calcination Procedures 

Calcination procedures employed vary quite considerably. Calcination essentially involves 

the heating of the catalyst in a specific atmosphere. For the catalysts considered in this report, 

calcination is usually carried out between 400 and 600°C in an atmosphere of either nitrogen 

or air. The purpose of calcination is twofold, to drive off both water and ammonia from the 

protonic form and to remove any extraneous organic compounds that might be present on the 

. catalyst. 

The way in which the catalyst is contacted with the flowing gas can also be varied. The 

methods include a plug flow system, shallow bed calcination in which the catalyst is moved 

on a quartz boat through the hot zone of a belt furnace and deep bed calcination in which the 

catalyst is heated in a covered crucible [Shannon et aI., 1988a] . 

Catalyst treatment with water at elevated temperatures will be dealt with in Chapter 1.6 as a 

completely different issue to calcination. Care must however be taken when calcining as there 

are two possibilities for inadvertently steaming the catalyst. Firstly, if the catalyst is heated 

too fast in an insufficient flow of gas then the water that was adsorbed onto the framework 

will not have sufficient time to desorb and will therefore be present at sufficiently high 

temperatures to steam the catalyst. Also if there are organics present on the catalyst and the 

flowing gas is air, then these will be burnt to form water. Once again this should not be a 

problem if the catalyst is heated slowly as the first step in the burning off of these 

compounds, oxidative dehydrogenation takes place at lower temperatures leaving carbon on 

the surface which is in tum burnt off at higher temperatures forming CO and CO2 [Zhao, 

1991]' 

1.3.2.1 Effect of calcination temperature 

Upon calcining Rho, over the temperature range 400 to 600 °C no change in crystallinity was 

observed [Shannon et aI., 1988a]. Figure 1.6 shows the effect of calcination temperature on 

selectivity for Rho. With increasing calcination temperature there was no change in the 

activity or the rate of DME formation . There was an increase in the number of internal Lewis 

and a decrease in the internal Bmnsted acid sites [Shannon et aI., 1988a]. The results for H
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ZK-5 were very similar to those obtained over Rho, as the calcination temperature IS 

increased, the DMA yield ;ncreases. 
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Figure 1.6: Amine Content in Amines as a function of Calcination Temperature for 

zeolite Rho 

[Data taken from Shannon et al., 1988a: T reacuon = 325°C, t.:..Jc ination = 4 hrs, CIN = L XMeo!F90%, 
p=latm) 

If the calcination temperature is too high, then the catalysts will undergo framework 

deterioration. The temperature at which this disintegration starts to occur depends on the 

individual catalyst. At temperatures higher than 600°C, a slight dealumination of the Rho 

framework was observed. Rho will withstand temperatures of up to 700°C before complete 

destruction of its crystal structure can be observed [Shannon et al., 1988a] . ZK-5 is not as 

robust and deteriorates at much lower temperatures [Shannon et aI. , 1988b]. Very high 

calcination temperatures hove also been found to damage the structure ofH-Mordenite [Chen 

et aI. , 1992; Q'Donnovan et aI. , 1995]. A decrease in the number and strength of acid sites on 

the catalyst and also an increase in the variation of acid site type evidence this . The effect is 

possibly caused by dealumination and/or dehydroxylation [Chen et aI., 1992]. 
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1.3.2.2 Effect of calcination time 

Calcination at a given set of conditions for a longer period of time gives an increased 

probability that the ammonia/organics will be completely removed. There is however for any 

set of conditions a point beyond which the catalyst can not be altered due to thermodynamic 

constraints. 

No conclusive studies were performed on the effect of calcination time over any of the 

catalysts. 
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1.4 POST SYNTHESIS MODIFICATION 

Post synthesis modification encompasses a number of techniques by which the structure of a 

catalyst is changed. These techniques are widely used to modify the behaviour of the catalyst 

both in terms of activity and selectivity. The most common procedures used on catalysts for 

the methanol amination reaction can be divided into two categories: dealumination and 

surface treatment. 

Dealumination is a process by which some, or all, of the framework AI is removed from the 

catalyst's crystal lattice or framework . This can be done by either leaching the Al out with 

acidic solution or by treating the catalyst with steam at high temperatures (hydrothermal 

treatment) . The aluminium removed from the crystal lattice may take a number of forms 

[Corma et aI., 1989; Martens et aI., 1997], these include monomeric, hydrolysed, cationic 

species which may be fi.lly dislodged from the framework or may still be co-ordinated to 

between one and three framework oxygen atoms. The aluminium may also form oligomeric 

or polymeric aluminium oxyhydroxides or oxides. It is also possible for amorphous silica

alumina to be formed, occluded within the zeolite. It is possible for completely dislodged 

aluminium species to migrate to the surface of the crystal and accumulate as oligomeric or 

polymeric species on the external surface [Martens et aI., 1997]. When discussing 

dealumination it is normal to distinguish between framework and bulk dealumination. 

Framework dealuminatio'1, as discussed above, is when the aluminium is removed from the 

crystal lattice but remains in contact with the catalyst crystal. Bulk dealumination is the 

complete removal of aluminium from the crystal. The amount of aluminium removed from 

the catalyst structure can be seen on examination of the different reports to be dependent on 

both the severity of the conditions used and the catalyst in question [Haag, 1987; van 

Niekerk, 1992; Scherzer, 1984; Corma, 1989,1996; Burgfels, 1995; Englehardt, 1987]. The 

effect of extra-framework aluminium species occluded in the crystal structure of the catalyst 

will be discussed further in section 1.4.3 . 

1.4.1 Acid Leaching 

Many compounds can leach AI from the crystal lattice. These include mineral and organic 

acids, metal halides, oxyhalides and metal alcoholates. It has been found that acid leaching 
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removes the AI from the framework and then washes it out of the pore structure [O'Donovan 

et aI., 1995]. 

1.4.2 Steaming 

Under steaming conditions, water gives mobility to both AI and Si species in the catalyst. The 

AI that migrates out of the framework may be replaced by Si [BaITer, 1982; Shannon et a!. , 

1988a]. This is the reason that the framework of Rho was found to be more stable with 

increasing temperature under steaming than under dry calcination. The structures of many 

other zeolites such as ZK-5 and USY were also found to be more stable under steaming 

conditions [Corma et aI., 1989; Cotterman et aI., 1989; Sherzer et a!., 1984; Shannon et aI., 

1988b]. 

With increasing steaming temperature there is a drop in the catalyst crystallinity. Figure 1.7 

shows the activity as defined by space velocity and selectivity vs. steaming temperature for 

zeolite Rho. The activity of the catalyst drops substantially after 500°C but there is a good 

improvement in selectivity. Above 600 °C the amount of DME produced starts to rise 

rapidly. 
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Figure 1.7: Activity and selectivity over Rho as a function of Steaming Temperature 

[Data from Sharulon et a/., 1988a, Treaction = 325°C. C/N =1, XMeo!F90%, p=latm) 

Ashina et ai. [1986] found that steaming Mordenite lead to an increase in the selectivity to 

DMA with very little change in activity. They assumed that the change was due to external 

site damage but offered no proof of this. Greater then 60 % DMA selectivity was achieved 

after steam treatment. Similar treatment ofT zeolites also results in an increase in the product 

. selectivity to lower amines. T zeolites are a distorted intergrowth of Offretite and Erionite, 

with the larger portion of the structure consisting of Offretite. The resulting catalyst is three

dimensional with pore ope'1ings of3.6 x 4.8 A. 

The effect of the partial pressure of steam on the behaviour of Rho was also investigated 

[Shannon et ai., 1988a]. The selectivity to DMA as a function of steam partial pressure 

appears to go through a maximum. A conclusive statement can however not be made since 

there is a large gap in thr data. There is a decrease in acid site concentration with steam 

partial pressure. 
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Ashina et al. [1986] found that steaming Mordenite lead to an increase in the selectivity to 

DMA with very little change in activity. They assumed that the change was due to external 

site damage but offered no proof of this. Greater then 60 % DMA selectivity was achieved 

after steam treatment. Similar treatment ofT zeolites also results in an increase in the product 

. selectivity to lower amines. T zeolites are a distorted intergrowth of Offretite and Erionite, 

with the larger portion of the structure consisting of Offretite. The resulting catalyst is three

dimensional with pore ope~ings of3.6 x 4.8 A. 

The effect of the partial pressure of steam on the behaviour of Rho was also investigated 

[Shannon et aI., 1988a]. The selectivity to DMA as a function of steam partial pressure 

appears to go through a maximum. A conclusive statement can however not be made since 

there is a large gap in tht" data. There is a decrease in acid site concentration with steam 
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It was found that with increased steaming temperature of Rho, the number of internal Lewis 

sites initially dropped and then stayed constant [Shannon et al., 1988a]. Under steaming 

conditions a small number of very strong acid sites are formed. 

With steaming of Rho and Mordenite there is evidence of framework dealumination 

[Shannon et at., 1988a; Ashina et at., 1986]. It has also been found over acidic T zeolites that 

hydrothermal treatment results in the removal of AI from the framework . Dingerdissen et at. 

[1991] assume that the extra-framework alumina migrates into the interior of the catalyst and 

thus improves selectivity by increasing diffusion constraints. Zhang et al. [1994] found that 

steaming led to dealumination and crystal shrinkage. The formation of mesopores was not 

observed. 

1.4.3 Extra Framework Alumina 

Evidence for the production of extra framework aluminium was offered by Shannon el at. 

[1988a] who observed that under steaming conditions there was a shift in the IR band for the 

bridging OH groups. This was substantiated using 27 AI MAS NMR. The extra framework 

aluminium causes the frequency shift from 3610 to 3640 cm-l . It is suggested that the EF AI 

may enhance the acid strength of the catalyst. The decrease in TMA selectivity is related to 

the increase in the degree of dealumination. There has also been some evidence shown that 

the presence of EFAI can affect the strength of the bonding of TMA to the framework It was 

seen that the TMA bond strength increased with increasing EF AI content [Abrams et at. , 

1990]. 

It has been seen over many zeolites, with respect to a different reaction, that there is an 

optimum degree of dealumination at which the catalyst is most active [Shertukde et at. , 1993 , 

Carvajal et at. , 1990; Fritz and Lunsford, 1989; Haag and Chen, 1987]. The increased acid 

strength is often ascribed to the interaction of Lewis acid sites with the Bmnsted acid sites 

[Mirodatos and Barthomeuf, 1981 ; Lago et at., 1986]. It is suspected that the Lewis acid site 

withdraws electron density from the neighbouring Bnmsted acid sites although this issue is 

not clear. It is also suspected that large extra-framework aluminium species may be 

responsible for reduced activity of catalysts due to partial charge balancing of the framework 

with cationic extra-framework aluminium [Kubelkova et at., 1989]. The extra-framework 
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aluminium may also reduce the activity by causing pore blockage of the catalyst [Bamwenda 

et aI., 1994, 1995; Miller et aI., 1992]. 

Also with the methanol amination reaction, it is not always thought that EF Al is beneficial. 

For example, Segawa and Tachibana [1993] state that EFAl is a hindrance to the catalyst 

performance. It has also been shown that y-alumina alone produces exclusively DME [Ilao et 

aI. , 1996]. 

It could therefore be supposed that the interaction between the extra-framework Al and the 

acid sites plays a significant role in the selectivity improvement in the methanol amination 

reaction rather than the EFAl alone. This does not however rule out the pore blocking effects 

of the EFAl or the possibility of the Si or Al atoms migrating to the external surface of the 

catalyst and hence blocking the unselective sites on the surface. 
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1.4.4 Surface Treatment 

Surface coatings and other types of surface treatment can also improve the performance of 

zeolites. The catalyst selectivity can be increased by either poisoning (or blocking) any 

unselective external sites or by increasing diffusional constraints and thereby increasing the 

shape selective properties of the catalyst. This can be achieved by narrowing the pore mouth 

and thus increasing the diffusion constraints on the larger molecules or by generally causing 

increased diffusion constraints within the catalyst structure [Bergna et ai., 1989; Corbin et aI., 

1990b; Segawa and Tachibana, 1991,1993; Griindling et ai., 1996a; Herrman et aI., 1988]. 

This treatment normally only affects the external sites and maybe the access to the internal 

pore structure of the catalyst but leaves the interior of the catalyst to behave as normal. 

One way to achieve this improvement in selectivity is to apply a coating of either Al20 3 or 

Si02 to the catalyst surface. The Al20 3 is applied as an excess solution of Al2(OH)5Cl 

followed by calcination. Si02 is applied as either TEOS (tetraethoxysilane) in toluene or as 

MSA (monosilicic acid) [Bergna et aI., 1989]. The application of these compounds to Rho 

was found by Bergna et al. [1989] to decrease the TMA selectivity by half. Except for the 

treatment with MSA they did not observe an effect on the DME selectivity. The exact TMA 

selectivity was found to be proportional to the thickness of the coating applied. The thickness 

did not affect the activity of the catalyst, which indicates that the external surface is relatively 

small and that the coating does not enter the pores. 

Griindling et al. [1996a] proposed that the treatment of Mordenite with a silicon-containing 

compound lead to pore mouth narrowing and/or a decrease in acid site concentration at the 

·surface. Much of their study concentrated on treatment with TEOS. Besides a dramatic shift 

in amine selectivity to the lower substituted amines over Mordenite, treatment with TEOS 

leads to a decrease in DME formation. At the end of their experiments, they stated that the 

increase in selectivity could not be due to a restricted transition state as all the amines were 

seen in the pores. It could also not be due to the external surface being blocked as an increase 

rather than a decrease in activity was seen. The only possibility left then was that the pore 

mouths had become narrower thereby restricting the exit of TMA from the internal pore 

structure. 

There are many other compounds that can be used to inertise the surface of catalysts. Some 

examples of these are TMP (trimethyl phosphite), HMOS (hexamethyldisilizane), silicon 
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tetrachloride, (Me)3SiCI, (Me)2SiCh, TEB (tetraethyl borate), TiOCh and PCb. All these 

compounds lead to improved selectivity to the lower substituted methylamines. In particular 

the phosphorus containing compounds eliminate external surface acidity as seen by IR after 

pyridine sorption [Corbin et aI., 1990b]. Adsorption studies of the three amines onto two 

catalysts (the Na & H forms of SiCI4 treated Mordenite) showed that SiCl4 treatment 

narrowed the catalyst pores to an extent where the TMA could no longer diffuse into the 

framework [Segawa and Tachibana, 1991; 1993]. Some of the smaller of these compounds, 

SiCl4 in particular, can enter the pores of the catalyst. It is therefore unclear as to what change 

exactly they are causing to the catalyst. 

As with the hydrothermal treatment, care must be taken as incorrect treatment procedures can 

result in framework damage. An example of this is the treatment of Mordenite with SiCl4 If 

the Na form is treated and then ion-exchanged to the H-form the result is a catalyst that 

produces very little TMA and high selectivities of MMA and DMA. If however the H form is 

treated with SiCk the framework collapses due to almost complete dealumination [Segawa 

and Tachibana, 1991, 1997]. 
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1.5 REACTION CONDITIONS 

The conditions under which the methanol amination reaction is carried out, viz. temperature, 

reactant partial pressure, space velocity and reactant feed ratios, all affect the selectivity 

obtained for the process. Although in reality it is difficult to completely separate these 

reaction variables from one another, an attempt will be made to discuss the effect of each one 

individually. 

1.5.1 Influence of Methanol: Ammonia Feed Ratio 

For the reaction of methanol and ammonia to form methylamines, the ratio of methanol to 

ammonia in the feed has a strong influence on the product spectrum. This is because 

changing the ratio of the feed compounds changes the equilibrium distribution and therefore 

the chemical potential for the different products. Figures 1.8 and 1.9 show the effect of 

ammonia to methanol ratio on the activity and selectivities obtained over three different 

catalysts. 

In general, as the proportion of ammonia in the feed increases, the proportion of the lower 

substituted amines (MMA and DMA) increases. It is also observed that in these examples as 

weIl as others, the DMA selectivity goes through a maximum at, or near, NH)/CH)OH = I. 
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1.5.2 Temperature 

The temperature at which this reaction is carried out obviously affects both the activity and 

selectivity observed over any given catalyst. In general, the methanol conversion increases 

and TMA selectivity decreases with increasing temperature [Ilao et aI. , 1996]. The activity of 

most acidic catalysts increases with increasing temperature up to a value of 450°C. Above 

this temperature, the activity drops rapidly with time on stream due to deactivation of the 

. catalyst by coke deposition [Mochida et aI., 1983]. At very high temperatures, the formation 

of side products other than DME occurs. These include methane, ethane, CO2 and 

formaldehyde . At temperatures less than 300°C, even the zeolites are inactive [Ilao et aI., 

1996]. There is therefore an optimum temperature range in which to operate. This is generally 

between 300 and 450°C but varies between catalysts. 

Ashina et at. [1986] found, over steam treated Mordenite that as the temperature decreased, 

so did the TMA selectivity. This is in contradiction to the general case and was attributed to 

the increased diffusion constraints on the TMA at lower temperatures. 
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1.5.3 Methanol Conversion 

The exact product distribution obtained is a strong function of the methanol conversIon. 

Figures 1.10 , 1.11 and 1.12 give an example of the different trends in the selectivity vs. 

conversion for five different catalysts, viz. H-Mordenite, H-Mordenite treated with TEOS, 

Na-Mordenite, silica-alumina and Rho. 
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In all cases, as the conversion increases, so does the· selectivity to the higher substituted 

amines as is typical for a series type of reaction. The TEaS treated Mordenite, for example, 

is highly selective to DMA and produces very little TMA. On the non shape-selective 

catalysts like silica-alumina, this gives very high TMA selectivities at high conversions. 
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1.5.4 Addition of Water 

It was found that the addition of water to the feed stream over sodium Mordenite decreased 

the conversion to a greater extent than simple equilibrium could explain. This effect was 

attributed to competitive adsorption [Weigert, 1987], i.e., the water blocked some of the 

active sites on the catalyst, hence slowing the reaction. It was also seen that the addition of 

water changed the selectivity of the MMA disproportionation reaction over alumina. Not all 

zeolites were seen to be sensitive to the presence of water. 
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1.6. KINETICS AND THERMODYNAMICS 

In order to be able to effectively manipulate any chemical process, it is essential to have a 

good understanding of the kinetics and thermodynamics of that process. This includes any 

thermodynamic constraints, the reaction mechanism as well as the overall rate equation. A 

list of all thermodynamic properties is given in Appendix 1. 

1.6.1 Thermodynamics of the Methanol Amination Reaction 

Thermodynamically, trimethylamine is favoured over mono- and dimethylamine at 

temperatures less than 400°C. This is caused to a large extent by the fact that M:MA and 

DMA can disproportionate readily to ammonia and TMA [Weigert, 1987; Stull, 1969]. The 

thermodynamically determined equilibrium di~tribution is very important as the difference 

between the compound distribution of the feed and the equilibrium compound distribution is 

the driving force behind the reaction. Figure 1.13 gives the equilibrium methylamine 

distribution as a function of temperature. 
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1.6.2 Reaction Mechanism 

Some of the original theories on the mechanism of amination have proposed the adsorption of 

alcohol on the catalyst followed by the reaction of either ammonia or incompletely 

substituted amines with the adsorbed methanol. Other theories have proposed 

dehydrogenation or dehydration of methanol. It has become generally accepted however that 

the mechanism involves the direct substitution of the hydroxyl group on the methanol with 

the amino group [Klyuev and Khidekel, 1980]. This can alternatively be viewed as the 

substitution of one of the hydrogen atoms of the ammonia with the methyl group from the 

methanol. The exact mechanism however, is highly dependent on the type of catalyst. This is 

even true of different acidic catalysts. 

Many of the earlier proposals assume a six or seven step bimolecular reaction model such as 

the following : 

L1GO [kcal/gmol] 

1) NH3+MeOH <=> rvtMA + H2O -4.13 

2) rvtMA + MeOH <=> DMA+H2O -7.24 

3) DMA+MeOH TMA + H20 -8 .39 <=> 

4) 2MMA <=> DMA + NH3 -3 .11 

5) 2DMA TMA+rvtMA -1.15<=> 

6) MMA+DMA <=> TMA + NH3 

7) 2 MeOH <=> DME + H20 -3 .95 

[Weigert. 1987. ~Go values: Lange. 1979 cited in Keane et aI. , 1987] 

Dingerdissen et at. [1991] used a similar mechanism to that shown above. They performed a 

fairly detailed kinetic analysis. In their analysis however they assumed that the 

disproportionation reactions were negligible at 60 % methanol conversion, which has 

subsequently been shown to be incorrect due to the high rate of disproportionation of the 

amines [Chen et aI., 1994]. It was also assumed that diffusion was negligible . What was 

correct in their analysis however, was that the reaction was between adsorbed ammonia or 

amines and gas phase methanol. 
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Recently, there have been a number of proposals made as to the exact mechanism by which 

the methylamines are formed . These are mostly based on the experimental findings of the 

authors concerned. 

Both Ilao et at. [1996] and Kogelbauer et at. [1994] have stated that the mechanisms for 

alkali and protonic catalysts are different. Over Na-Mordenite, the reaction takes place 

between adsorbed methanol and gas phase ammonia while on H-Mordenite the reaction is 

between adsorbed ammonia and gas phase methanol. As the protonic form of the catalysts 

generally show Bmnsted acidity and the Na form Lewis acidity, this means that the 

mechanisms over Bmnsted and Lewis acid sites are different. Ilao [1996] has conversely 

proposed a mechanism in which reaction occurs between adsorbed methanol and adsorbed 

ammoma. 

Chen et al. [1994b] stated that ammonia is the preferred adsorbent on Bnmsted acidic 

catalysts. This is seen by the strong decrease in DME production with increasing NH3 partial 

pressure. They proposed that the overall reaction mechanism involved the reaction of two 

species on different strength sites as well as series reactions . They also proposed that the 

weaker sites were needed to facilitate the desorption of the amines. They stated that if 

methanol is adsorbed onto the catalyst first it attaches to the less strong sites as evidenced by 

ammonia adsorption. The methoxy species alone form DME and water in the presence of 

Methanol. 

It has however been shown that the nitrogen containing bases, such as NH3 and ammes, 

adsorbed more strongly than the methoxy species, formed by the adsorption of methanol and 

DME. This suggests that methoxy species are not involved in the formation of the amines and 

would therefore imply that the reaction takes place by adsorbed amines or ammonia reacting 

with gaseous or weakly adsorbed methanol or DME. It has been seen that disproportionation 

of the amines also takes place [Weigert, 1988; Chen et ai., 1994a]. 

Grundling et al [1996b; 1997a]. have proposed the following reaction mechanism for the 

formation of methylamines over acid catalysts: 

1. Ammonia adsorbs onto the surface 

2. Methanol "hydrogen-bonds" to the adsorbed ammonia via an NH group 

forming the reactive precursor 
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3. 	 Proton transfer and water release occurs simultaneously, forming the 

methylamine. This occurs progressively until all four H-atoms have been 

exchanged for methyl groups, forming the tetramethylammonium ion. A 

distribution of surface methyl ammonium species is observed. 

4. 	 The formation of these surface molecules is not rate controlling. Rather, it is the 

release of these molecules into the gas phase that controls the rate. This release 

can occur in one of two ways. 

A: 	 The amine is replaced by NH3 - adsorption assisted desorption. 

B : 	 Reaction of gas phase ammonia or amine with adsorbed species (methyl 

group scavenging) 

In the above mechanism, gaseous Mlv1A and DMA are formed by either desorption or 

scavenging but gaseous TMA is only formed' by the scavenging route [Grundling et aI. , 

1997a]. 

1.6.3 Experimentally Determined Kinetics 

A number of studies have been performed on the effect of various reaction parameters on the 

rate of formation of the methylamines. These parameters include the effect of ammonia and 

methanol partial pressure and the acid site concentration of the catalyst. 

Over a number of catalysts, viz. Y, Mordenite, ZSM-5 and amorphous silica alumina, Chen et 

al. [1994b] found that the rate of formation of the amines was first order with respect to 

ammonia over a wide range of temperatures. The rate of formation of amines was greater 

than 0 order with respect to methanol over H-Mordenite and silica-alumina at very low partial 

pressures of methanol. The rate with respect to methanol however, rapidly became 0 order at 

even moderately high partial pressures. Over the other catalysts they found an initial slightly 

negative order with respect to methanol but this also became 0 order at higher methanol 

partial pressures, Over the Na-exchanged catalysts, the methanol concentration did not affect 

the reaction rate but did effect the selectivity [Kogelbauer et aI., 1994]. Over Bmnsted acid 

catalysts, the reaction rate was found to be directly proportional to the acid site concentration 

[Kogelbauer et aI., 1994]. 
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Chen el ai. [1994b] also found that when MMA and DMA are fed to any of the zeolites that 

they disproportionate very rapidly. The rate of MMA disproportionation, that is the reaction 

of 2 MMA molecules to form DMA and ammonia, is an order of magnitude higher than the 

rate of reaction of MMA with methanol to form DMA. Also, the rate of DMA 

disproportionation is twice that of tv1MA disproportionation. Mitchell el a!. [1994] have 

derived empirical rate equations for the amine disproportionation reactions over amorphous 

silica-alumina. 

If one wants to determine the kinetic rate equation for any catalytic reaction then it is 

important that all diffusion and adsorption/desorption effects are eliminated. For example, 

Weigert [1987] has shown that over Na-Mordenite, at greater than atmospheric pressure, the 

overall reaction order is 0 and that adsorption and desorption control the kinetics. If however 

only an empirical rate equation is desired, for operational purposes, then this is less 

important. 

Although the formation of Div1E does not involve ammonia, the Div1E formation is strongly 

inhibited by increasing ammonia partial pressure due to the preferential adsorption of 

ammonia onto the catalyst surface [Kogelbauer et ai., 1994,1996]. Even over the alkali 

exchanged catalysts, the ammonia will adsorb competitively with the methanol although the 

preference of the surface for ammonia is not as marked over the alkali-exchanged catalysts. 

The rate of Div1E production has been observed to be 1 st order with respect to methanol over 

all catalysts tested [Chen et a!., 1994b]. 

1.6.4 Experimentally Determined Reaction Mechanism 

As stated above, Chen et ai. [1994b] found that MMA and DMA disproportionate over the 

acid catalysts. Similarly, Ilao et a!. [1996] has found, over both Mordenite and Chabazite, 

that if the methylamines are adsorbed alone onto the catalyst surface disproportionation 

reactions take place. As the rate of disproportionation is so great, this must certainly be 

included in the overall reaction mechanism as they can occur in parallel to the series forward 

reactions. On co-feeding MeOH with DMA, there was less MMA formed, due to the series 

reaction ofMMA to DMA [Chen et ai., 1994b]. 
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The formation of nME is reversible. This is known as it has been found that, when Div1E is 

co-fed with ammonia, methanol and amines are observed in the product stream [Chen et aI., 

1994b]. Also, Div1E may react with a surface ammonia/amine with the release of methanol. 

Griindling et al. [1996b] have shown with IR spectroscopy that when the reactants are 

initially introduced to the catalyst, ammonia adsorption takes place very quickly followed by 

reaction of the adsorbed ammonia with methanol to form all the adsorbed amines up to the 

tetramethylammonium ion. All the surface methylammonium species were detected with IR. 

They also confirmed the absence of adsorbed methanol at the surface. It was seen that, 

especially for the catalyst treated with TEOS, the concentration of amines in the gas phase 

was very different to that at the surface [Griindling et aI., 1996a; 1997]. Ernst and Pfeifer 

[1992] had previously shown the presence of the tetramethylammonium ion in the reaction of 

methanol and ammonia over Na- and H- Mordenite using l3C MAS NMR 

Zhang et at. [1994] has proposed that it is only the moderate strength Bnmsted acid sites that 

are responsible for the amination reaction. In general, however, it has been found that 

increasing acid strength of the catalysts leads to an increase in activity. 

In line with the mechanisms proposed in Chapter 1.6.2 there is considerable evidence that the 

mechanism of this reaction is very different over H- and alkali-exchanged forms of the 

catalysts. It has been seen that over the alkali-exchanged catalysts the methanol and ammonia 

are both bound to the cation via the 0 or N atom. It has also been observed that more 

methanol than ammonia is bound to the surface when the gas phase concentrations are 

equivalent. As the Al content of the catalyst increases, so does the lateral interaction between 

adsorbed molecules. Over Bmnsted sites, the amount of ammonia adsorbed is very much 

higher than that of methanol and this therefore effectively excludes the methanol from the 

catalyst surface [Kogelbauer et aI., 1994; 1996]. Vega and Luz [1988] found that 

methylamines adsorb preferentially onto the Bmnsted acid sites of the catalyst. Weigert 

[1987] found over Na-Mordenite that the order of the reaction with respect to methanol was 

zero, indicating a saturated surface. It was also shown that Ba-Mordenite gave more DMA 

than the acidic form, i.e., it behaved in a similar manner to the Na-Mordenite. 

It has been found that in a batch system that the order of introduction of methanol and 

ammonia is not relevant, because of the local adsorption/desorption equilibrium. [Kogelbauer 

et aI., 1996] 
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Teunissen et al. [1992] found that the H atom of the framework was transferred completely to 

the ammonia molecule. At low temperatures, the ammonia cation is located near to the Al 

tetrahedron of the framework. The cation is bonded to the surface via two or three hydrogen 

bonds. 

1.6.5 Reaction Mechanism over Brensted Acid Catalysts 

Taking all ofthe 'above theories and proofs into account, it would appear that the mechanism 

proposed by GrOndling et al. [1996b] is the closest to the real reaction mechanism over 

Bnmsted acid catalysts. This mechanism accounts for the reaction of adsorbed ammonia or 

incompletely substituted amines with gas phase methanol. The scavenging mechanism also 

accounts for the very high rates of disproportionation seen in this system. Figure 1.14 

illustrates the reaction mechanism proposed by Grondling et al. 
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1.7 OBJECTIVES OF RESEARCH 

There are a number of questions that arise from the review of the literature as seen in the 


previous sections of this chapter. One of the first questions posed was of which of the 


catalysts proposed was the most suitable for the production of methylamines such that the 


product distribution obtained most closely resembles that of the market demand while 


maintaining a high activity. From the review of the literature it would seem that the two 


. catalysts most likely to meet these requirements are Rho and Mordenite. It is therefore these 


catalysts that have been studied in this work. In the initial studies, amorphous silica-alumina 


was also examined to give a base case against which to compare the two zeolites. 

What was also seen in the literature review was that most catalysts require some form of post 

synthesis modification in order to gain the better performance in terms of selectivity and 

activity for the methanol amination reaction. While much research has been performed on 

various types of post synthesis treatment, few systematic time studies of hydrothermal 

treatment had been performed over Rho, in particular. The second objective of this work was 

therefore to examine the effect of the duration of hydrothermal treatment on the zeolites, Rho 

and Mordenite. 

The final objective of this work was to attempt to establish a number of links between the 

different changes caused to the zeolites by the hydrothermal treatment and the changes in the 

reaction behaviour. 

The results shown in this work are then briefly presented as follows . Firstly an initial 

comparison of the catalysts at different conditions is presented. Included in this is an analysis 

of the effect of repeated calcination of the catalysts. Secondly, a systematic study of the effect 

of hydrothermal treatment on the reaction behaviour of the catalysts was performed, along 

with an investigation of the change in acidity and catalytic structure caused by such 

treatment. Finally, an in-depth study on the changing adsorption behaviour of catalysts as a 

function of steaming time was performed. 
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2. EXPERIMENTAL PROCEDURE 

2.1 CATALYSTS 

The catalysts used in this project were obtained from either commercial catalyst suppliers or 

other :esearch groups. The results of the characterisation of the parent catalysts will be shown 

in chapter 3.1. The details of the characterisation procedures are given in chapter 2.3. 

2.1.1 Rho 

Two samples of zeolite Rho were obtained from E .!. du Pont de Nemours as powders in the 

NaiCs form with a unit cell composition ofNa7Cs3.sAl ll Sb7096. The parent catalyst therefore 

had a Sil Al ratio of 3.4. 

2.1.2 Mordenite 

The Mordenite used in the experiments of this study was a small pore, synthetic Mordenite 

obtained as a powder from Sud-Chemie in the ammonium form with essentially no residual 

Na ions. It was determined to have a silicalalumina ratio of approximately 10 using atomic 

absorption spectroscopy. The Mordenite shown for comparative purposes in the SEM's in 

section 3.1.2 was synthesised in our Laboratory. This Catalyst was not used for any of the 

reaction! adsorption studies. 

2.1.3 Silica-Alumina 

The amorphous silica-alumina was obtained as 4mm spheres from Kali-Chemie AG, 

Hanover, Germany. It contained 9 wt% Alumina. The beads were crushed to sub 200 ~m 

particles for reaction purposes. 

Experimental Procedure 47 

2. EXPERIMENTAL PROCEDURE 

2.1 CATALYSTS 

The catalysts used in this project were obtained from either commercial catalyst suppliers or 

other ~esearch groups. The results of the characterisation of the parent catalysts will be shown 

in chapter 3.1. The details of the characterisation procedures are given in chapter 2.3. 

2.1.1 Rho 

Two samples of zeolite Rho were obtained from E .1. du Pont de Nemours as powders in the 

Na/Cs form with a unit cell composition ofNa7Cs3.8AlllSb7096. The parent catalyst therefore 

had a SilAl ratio of3.4 . 

2.1.2 Mordenite 

The Mordenite used in the experiments of this study was a small pore, synthetic Mordenite 

obtained as a powder from Sud-Chemie in the ammonium form with essentially no residual 

Na ions. It was determined to have a silica/alumina ratio of approximately 10 using atomic 

absorption spectroscopy. The Mordenite shown for comparative purposes in the SEM's in 

section 3.1.2 was synthesised in our Laboratory. This Catalyst was not used for any of the 

reaction! adsorption studies. 

2.1.3 Silica-Alumina 

The amorphous silica-alumina was obtained as 4mm spheres from Kali-Chemie AG, 

Hanover, Germany. It contained 9 wt% Alumina. The beads were crushed to sub 200 ~m 

particles for reaction purposes. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

48 Experimental Procedure 

2.2 POST-SYNTHESIS MODIFICATION TECHNIQUES 

2.2.1 Ion Exchange 

Zeolite Rho was obtained in the NafCs form and therefore needed to be ion-exchanged to the 

ammonium CN1i4T) form according to the method given by Bergna et at. [1989] and Fischer et 

al. [1989]. This was done by performing four cycles of ion exchange, each in 10 wt% 

aqueous ammonium nitrate at 90°C under reflux. After each ion exchange the catalyst was 

filtered under vacuum and fresh ammonium nitrate solution was used for the next ion 

exchange. After the exchange procedure, the catalyst was washed with de-ionised water by 

passing the water through the filter cake. The catalyst waS then dried on a watch glass in an 

oven at 100°C overnight. This ion-exchange procedure was chosen to exchange essentially 

all of the Na and most of the Cs with ammonium ions. 

2.2.2 Calcination 

The purpose of calcining the catalysts is twofold . Firstly, it is done to bum off any organics 

which might have been adsorbed onto the catalyst surface from the atmosphere as these can 

lead to the formation of coke precursors. Calcination is secondly performed to convert the 

catalyst from the ammonium form to the protonic form by driving off ammonia. 

Two different calcination procedures were used. The first was used if the catalyst was to be 

used for reaction studies. For this procedure, the catalyst was slowly heated in 60 

ml(NTP)lmin air to 500°C over a time period of 2 hrs. It was held at this temperature for 5 

hrs before being cooled to reaction temperature. The second calcination procedure was used 

prior to hydrothermal treatment (see Section 2.2.3 below). Here, the catalyst was slowly 

heated to 450°C over 1.5 hrs in 60 ml(NTP)lmin air and held there for 2 hrs before being 

cooled. After calcination, the catalyst was flushed with 60ml (NTP)/min N2 to remove any O2 

from the system. 
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2.2.3 Hydrothermal Treatment 

Hydrothermal treatment was performed on the catalysts, in the protonic form, using the same 

apparatus on which the reaction work was carried out (see Chapter 2.4). 

For zeolite Rho, steam, with a partial pressure of 30 kPa, was fed to the reactor (cf Section 

2.4.1.) from a water saturator using a nitrogen carrier gas of 60 ml(NTP)/min. The reactor 

containing 19 of the catalyst was kept at 450°C and atmospheric pressure. The time of the 

steaming was varied from 0 to 21 hrs. The catalyst was both heated up and cooled in a flow 

of inert, N2 gas . These mild steaming conditions were used as Rho has a moderately unstable 

framework, which can be damaged at temperatures above 600°C [Shannon et al. , 1988], as 

well as a relatively low Sil Al ratio of 3.4. It could therefore be easily dealuminated. 

For Mordenite, which has a more stable framework and a higher Sil Al ratio, two steaming 

procedures were followed . The first was the same as that for Rho. This was done to obtain a 

comparison between the catalysts. More severe conditions were also used to gain a more 

significant change to the catalyst. For these cases, steam, with a partial pressure of 60 kPa at 

500°C, was fed to the reactor with a nitrogen or helium carrier gas of 60 ml (NTP)/min. The 

duration of the steaming was varied from 0 to 16 hours. 
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2.3 CATALYST CHARACTERISATION 

The types of characterisation performed on the catalysts can be roughly divided into two 

categories. Firstly, structural analyses (including AA, XRD, FTIR, MAS N1v1R, BET and 

SEM) were used to elucidate the physical properties of the catalysts. Secondly, acidity 

analyses (Thermal Desorption and TGDTA) were performed to examine the strength and 

quantity of acid sites present on the catalyst. 

2.3.1 Structural Analysis 

2.3.1.1 Elemental Analysis 

Bulk chemical analyses were performed using atomic absorption spectrometry to determine 

the Si, Al and Na content of the catalysts. Samples were prepared by digestion of the solid in 

hydrofluoric acid followed by dilution with boric acid and water. The samples were analysed 

using a Varian SpectrAA-30 spectrometer. 

2.3.1.2 XRD (X-Ray Diffraction) 

XRD was performed on the catalysts to determine the relative crystallinity and to confirm the 

structural type of the samples. These spectra were obtained with a Phillips X-ray 

diffractometer usingCu-Ka radiation (wavelength 1.54A). The samples were scanned in the 

range 28 = 6° to 50°. In all cases the XRD was performed on the hydrated catalyst. 

2.3.1.3 FTIR (Fourier Transform Infrared Spectrometry) 

Infrared spectra of the catalyst samples were obtained using a Nicolet 5ZDX FTIR 

Spectrometer in the scanning range 4000 - 400 em-I . The catalyst samples were initially dried 

at 100°C and sealed into disks of KBr. These disks comprised 1 part catalyst to 10 parts KBr 

by weight. 
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2.3.1.4 27Al and 29Si MAS NMR 

27AI and 29Si MAS NMR were performed on the catalysts to determine the co-ordination state 

of the AI and the environment of the Si atoms in the catalyst structure. This was done using 

a Varian Unity 4000 spectrometer. 

For the 27AI spectra, a resonance frequency of 104.252 MHz and a spinning rate of 

approximately 10kHz were used. The repetition time was lOs and the pulse length was 

adjusted to 8 IJ.S . The samples were analysed in their hydrated form. 

As the degree of hydration of especially Rho affects the crystal structure, this must in turn 

affect the MAS-NMR studies. 27 AI MAS NMR has been used to determine the structural 

distortion of Rho [parise et aI. , 1984]. The NMR used here however is not refined enough to 

perform fine structural analysis. 

2.3.1.5 BET Analysis 

BET analysis was used to determine pore volume, pore radius distribution and surface area. 

These data were obtained using a Micrometries ASAP 2000 instrument. The catalyst samples 

are initially dried in-situ at 350°C and evacuated. Nitrogen was then adsorbed stepwise until 

ambient pressure was reached. This needs to be carefully considered however as it does not 

distinguish between internal and external surface area [Abrams and Corbin, 1995]. 

2.3.1.6 Scanning Electron Microscopy (SEM) 

SEM photographs of the catalyst samples were obtained with a Leica S440 scanning electron 

microscope. 

2.3.1.7 Particle Size Analysis 

Particle size distributions of the catalyst samples were obtained using a Malvern Mastersizer 

S. 
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2.3.2 Analysis of Acidity 

2.3.2.1 Thermal Desorption 

Thermal Desorption of ammonia from the catalyst surface was performed to determine the 

number and strength of acid sites present on the catalyst surface. The system on which the 

Thermal Desorption was carried out is shown in Figure 2.1. For these experiments, 0.25g of 

catalyst was loaded into a quartz reactor, which is placed into a furnace. The catalyst is either 

calcined using the normal calcination procedure (500°C for 5 hrs in 60mllmin synthetic air) 

or if it has been pre-treated with water then it is dried in 70 ml(NTP)/min flowing air at 200 

dc. The catalyst is then flushed with He. 1 % ammonia in helium was passed over the catalyst 

at 150°C and the uptake of ammonia monitored using a TCD cell. The amount of ammonia 

adsorbed represents the sum of both physisorbed and chemisorbed ammonia. 
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Figure 2.1: Temperature Programmed Desorption Rig 

After the adsorption phase, the ammonia is switched off and the catalyst left under flowing 

helium at 150°C for 16 hours to remove all physisorbed ammonia. The furnace was then 

heated to 700°C at 10°C/min and held there for 1 hr. During this time, the ammonia 
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or if it has been pre-treated with water then it is dried in 70 ml(NTP)/min flowing air at 200 

dc. The catalyst is then flushed with He. 1 % ammonia in helium was passed over the catalyst 

at 150°C and the uptake of ammonia monitored using a TCD cell. The amount of ammonia 

adsorbed represents the sum of both physisorbed and chemisorbed ammonia. 
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Figure 2.1: Temperature Programmed Desorption Rig 
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After the adsorption phase, the ammonia is switched off and the catalyst left under flowing 

helium at 150°C for 16 hours to remove all physisorbed ammonia. The furnace was then 

heated to 700°C at 10°C/min and held there for 1 hr. During this time, the ammonia 
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desorbing from the catalyst was continuously monitored using a thermal conductivity 

detector (TCD). The resulting spectra were deconvoluted using a Gaussian model to obtain 

the individual desorption peaks. While this type of deconvolution is only an estimate of the 

different peaks, with a fairly large error, it is a very useful tool to separate the individual 

peaks. 

The gas exiting the catalyst was passed through a solution of sulphuric acid, which was made 

by diluting 20 ml of I N H2S04 with excess water. The NH3 dissolved in this solution which 

was back titrated using IN NaOH to determine the concentration of ammonia chemisorbed 

on the catalyst according to : 

(volH so *conc) Immol NH3 / gcat = 2 4 H 2S04 initial - vo NaOH * concNaOH 

mass cat 

Theoretically, there should be one ammonia molecule chemisorbed on each acid site of the 

catalyst. Therefore, the concentration of ammonia found on the catalyst should correspond to 

the concentration of acid sites on that catalyst. Each aluminium atom in the framework of the 

catalyst should correspond to one acid site [Kijenski and Baiker, 1989; Martens et al. , 1997], 

although at very high aluminium concentrations the strength of each site becomes less 

[Kijenski and Baiker, 1989] such that there may be less acid sites detected than the number of 

aluminium atoms would indicate . The presence of extra-framework, octahedral aluminium 

within the catalyst may also result in there being fewer acid sites than aluminium atoms. The 

concentration of acid sites determined using the Thermal Desorption method should therefore 

be less than or approximately equal to the concentration of aluminium in the framework of 

the catalyst. Comparing these two results is an indication of the quality of the results obtained 

from the Thermal Desorption measurements . 
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2.3.2.2 TG-DT A 

Thermogravimetric analyses of the catalyst samples were performed using a Stanton-Red croft 

ST A 780 apparatus to determine a number of phenomena. Firstly, mass loss of the catalyst 

was determined by ramping the sample from 30 to 700°C in flowing nitrogen. This analysis 

was used to monitor the mass loss due to the desorption of water and ammonia from the 

surface as well mass loss due to dehydroxylation of the catalyst structure at elevated 

temperatures (close to 700°C). 

Thermogravimetric analysis was also used to monitor mass gain upon adsorption of various 

molecules and hence to determine the adsorption isotherms. 
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2.4. REACTION OF METHANOL AND AMMONIA TO FORM 

METHYLAMINES 

2.4.1 Reaction Apparatus 

Figure 2.2 shows the flow scheme of the rig used for both reaction and steaming work 

Methanol and/or water are fed to the reactor from saturators using nitrogen or helium as a 

carrier gas. The flows to the saturators are controlled using Brooks 5850 TR Series mass flow 

controllers. The ammonia is fed as 10 mol% ammonia in nitrogen mixture. Either of the 

saturators could be bypassed to allow pure nitrogen or synthetic air to flow to the reactor. 

~,JH 3 

.\IR 

, He 

INTERNAL STANDARD 
L----t><J--l{>I<J ~ SATURATOR 

Figure 2.2: Flow sheet of experimental apparatus 
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The reactor, shown in Figure 2.3, was made from glass. It consists of an outer, preheat zone 

and an inner tube in which a frit is placed to support the catalyst. The inner tube had an 

internal diameter of 10mm. This size of inner tube means that very small catalyst samples 

may be used without getting channelling effects. The inner tube could also be adjusted in 

height such that the tip of the thermowell always rested at the top of the catalyst bed. 

.. Therm owell 

oil Preheat Zone 

Catalyst Bed 

Frit 

r----..- Gas InJet 

Seal 

l· Gas Outlet 

Figure 2.3: Reactor used for methanol amination reactions 

n-Hexane, which is used as an internal standard is fed from a saturator and mixed with the 

reactor product. This mixture is then passed through the ampoule sampling system [Schulz et 

aI., 1984], shown in figure 2.4. The exhaust gas was then passed through a catch pot filled 

with dilute H2S04 to remove the amines and ammonia from the vent gas. 
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Figure 2.4: Ampoule Sampling System 

[Adapted from: Schulz et al. , 1984J 

2.4.2 Experimental Procedure 

For the methanol amination reaction studies, 0.15g of catalyst in powder form were diluted 

with 1.5g of inert quartz sand (dp;::o;O .2mm). The catalyst samples were first thoroughly dried 

in 60 ml(NTP)/min inert gas (either nitrogen or helium) at 100°C for 2 hours prior to 

reaction. The reactor was then heated to the reaction temperature of 325°C at 5°C/min, still 

under flowing inert gas. The reaction was carried out by feeding an equimolar mixture of 

methanol and ammonia, diluted in nitrogen,to the reactor (PMeOH = PNH3 = 8 kPa; balance N2; 

WHSV = 4 g/ gca\Ihr) . 

Mass and carbon balances of the system were performed by adding a constant flow of an 

n-hexanel nitrogen mixture to the reactor efiluent. Samples were taken using the ampoule 

technique [Schulz et aI., 1984] and analysed using a GC equipped with an FID. The 

separation of the compounds was achieved using a 4x3 mm I.D. glass column packed with 

60/80 mesh Carbopack 31 4% Carbowax 20M! 0.8% KOH. Appendix II shows extra 

information pertaining to the operation of GC including typical GC spectra, response factor 

determination, sample carbon balance and yield calculations and detector operating 

conditions. 
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with l.Sg of inert quartz sand (dp:::::,0 .2mm). The catalyst samples were first thoroughly dried 

in 60 ml(NTP)/min inert gas (either nitrogen or helium) at 100°C for 2 hours prior to 

reaction. The reactor was then heated to the reaction temperature of 32SoC at SOC/min, still 

under flowing inert gas. The reaction was carried out by feeding an equimolar mixture of 

methanol and ammonia, diluted in nitrogen,to the reactor (PMeOH = PNH3 = 8 kPa; balance N2; 

WHSV = 4 g/ gcat /hr). 

Mass and carbon balances of the system were performed by adding a constant flow of an 

n-hexanel nitrogen mixture to the reactor efiluent. Samples were taken using the ampoule 

technique [Schulz et aI., 1984] and analysed using a GC equipped with an FID. The 

separation of the compounds was achieved using a 4x3 mm I.D. glass column packed with 

60/80 mesh Carbopack 31 4% Carbowax 20M! 0.8% KOH. Appendix II shows extra 

information pertaining to the operation of GC including typical GC spectra, response factor 

determination, sample carbon balance and yield calculations and detector operating 

conditions. 
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2.5 . ADSORPTION STUDIES 

2.5.1 Experimental Procedure 

The temperature at which the adsorption experiments were performed was carefully chosen to be as 

low as possible, so as to, as far as possible, ensure that there would be no reaction between especially 

the methanol and ammonia during the binary adsorption studies. At the same time it was thought 

advisable to keep the temperature such that all the compounds were at or above their boiling points. 

Hence, the temperature was chosen to be 1000 e, the boiling point of water. 

The adsorption studies were performed in a fixed bed, down-flow reactor (see Figure 2.2). 

For these studies, a constant helium flow of 130 ml (NTP)/min was passed over a 0.25g 

sample of the catalyst. The reactor was stabilised at 100 °e prior to the adsorption 

measurements with pure helium flowing over the catalyst sample. The adsorbates were then 

switched on instantaneously. Small amounts of the pure compounds (methanol, ammonia and 

water) or binary mixtures of these were added to the helium flow (130 ml(NTP)/min) The 

total flow rate thus remained essentially constant. The flow rates of the adsorbate gases used 

were 0.036 mmoUmin (NTP) ammonia (PNH3 = 0.6 kPa), 0.124 mmollmin methanol (pMeOH = 

2 kPa) and 0.170 mmollmin water (PH20 = 2.5 kPa) . The methanol and water flows were 

obtained by passing a portion of the total He flow through temperature controlled saturators 

to gain the desired equilibrium partial pressure of these compounds. The ammonia was fed 

from a pre-mixed gas cylinder. The composition of the effluent gas was analysed 

continuously using a TeD and an FID in series, taking samples every 3 seconds. The FID 

only analysed the hydrocarbon (methanol) while the TeD analysed the complete adsorbate 

flow. The two signals were logged simultaneously and in this manner, the breakthrough 

curves for the hydrocarbon and total adsorbate mixture were obtained. The non-hydrocarbon 

breakthrough curve was obtained by subtracting the weighted hydrocarbon breakthrough 

curve from the total. From the adsorption breakthrough curves, the total amount adsorbed of 

each compound could be obtained [Berke et al., 1991; Weitkamp et al., 1993). 

The method of determining the total, chemisorbed and physisorbed amounts of each 

adsorbate are illustrated below in Figures 2.5 and 2.6. The total amount adsorbed is 

determined by integrating the difference between the relative response curves for the empty 

reactor and the reactor containing the catalyst sample, as shown in Figure 2.5. The amount 

58 Experimental Procedure 

2.5 ADSORPTION STUDIES 

2.5.1 Experimental Procedure 

The temperature at which the adsorption experiments were performed was carefully chosen to be as 

low as possible, so as to, as far as possible, ensure that there would be no reaction between especially 

the methanol and ammonia during the binary adsorption studies. At the same time it was thought 

advisable to keep the temperature such that all the compounds were at or above their boiling points . 

Hence, the temperature was chosen to be 100°C, the boiling point of water. 

The adsorption studies were performed in a fixed bed, down-flow reactor (see Figure 2.2) . 

For these studies, a constant helium flow of 130 ml (NTP)/min was passed over a 0.25g 

sample of the catalyst. The reactor was stabilised at 100 °e prior to the adsorption 

measurements with pure helium flowing over the catalyst sample. The adsorbates were then 

switched on instantaneously. Small amounts of the pure compounds (methanol, ammonia and 

water) or binary mixtures of these were added to the helium flow (130 ml(NTP)/min) . The 

total flow rate thus remained essentially constant. The flow rates of the adsorbate gases used 

were 0.036 mmollmin (NTP) ammonia (PNH3 = 0.6 kPa), 0.124 mmollmin methanol (pMeOH = 

2 kPa) and 0.170 mmollmin water (PH20 = 2.5 kPa) . The methanol and water flows were 

obtained by passing a portion of the total He flow through temperature controlled saturators 

to gain the desired equilibrium partial pressure of these compounds. The ammonia was fed 

from a pre-mixed gas cylinder. The composition of the effluent gas was analysed 

continuously using a TeD and an FID in series, taking samples every 3 seconds. The FID 

only analysed the hydrocarbon (methanol) while the TeD analysed the complete adsorbate 

flow. The two signals were logged simultaneously and in this manner, the breakthrough 

curves for the hydrocarbon and total adsorbate mixture were obtained. The non-hydrocarbon 

breakthrough curve was obtained by subtracting the weighted hydrocarbon breakthrough 

curve from the total. From the adsorption breakthrough curves, the total amount adsorbed of 

each compound could be obtained [Berke et ai., 1991; Weitkamp et ai., 1993]. 

The method of determining the total, chemisorbed and physisorbed amounts of each 

adsorbate are illustrated below in Figures 2.5 and 2.6. The total amount adsorbed is 

determined by integrating the difference between the relative response curves for the empty 

reactor and the reactor containing the catalyst sample, as shown in Figure 2.5 . The amount 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Experimental Procedure 59 

total amount adsorbed is then obtained by multiplying this integral which has the units of S·l 

by the feed rate in mmol/gcat.s. The physisorbed amounts of each component were obtained 

from the difference between the desorption breakthrough curves for the empty reactor and the 

reactor containing the catalyst sample, as shown in figure 2.6. The chemisorbed amounts 

were then calculated from the difference between the total amount adsorbed and the amount 

physi~orbed. This method of determination of the chemisorbed amount is not as accurate as 

the Thermal Desorption method but it does allow for speedy analysis of binary adsorption 

systems. 
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Figure 2.5: Determination of total adsorption capacity 
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Figure 2.6: Determination of Physisorbed Amount 
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2.5.2 Thermal Conductivity Analysis 

In the adsorption studies, it had first to be determined what degree of dilution was necessary 

such that the response of the thermal conductivity detector for all the compounds investigated 

was linear. The signal obtained from a thermal conductivity is a function of the difference in 

thermal conductivity between a reference gas and the mixture of interest. The following 

equation gives this relation. 

S = Ki 2 R( AR ;R
AM )CTF -TB ) [McNair and Bonelli, 1968] 

Where 

S = TCD Signal 
K Cell constant 

current through the filament 
R Resistance of filament 
AR thennal conductivity of reference 
AM thennal conductivity of mixture 
TF temperature of filament 
TB temperature of block 

As all the physical parameters of the block are kept constant for the experiments, i.e., TB, TF, 

K, i and R., the equation can be simplified as follows : 

S=C(AR;RAM J where C = Ki 2 R(TF - TB ) 

The thermal conductivity for pure gases can be gained from standard tables or equations and 

the thermal conductivity of the mixture is determined using the equation 

AM = i Yi Ai 
i=l L YjAij [perry et al., 1984] 

j 

where n is the number of compounds, Yi the mole fraction of each compound and Aij the 

interaction parameter between the compounds. This can be determined from the equation 
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AijJ+[~t[*tr 
[peny et aI., 1984][{I + ~Jr 

and 	
~= r f [eXP(O.0464 T,.;)-exp(-O.2412 T,.;) ] 
g~ r; exp(O.0464 Try)-exp(-O.2412 Try) 

I I i/ -21 
where 	 r = T

c 
I 6M I2P 

c 
73 

The response of the thermal conductivity detector as a function of the percentage dilution can 

then be calculated as shown in Figure 2.7. As can be seen, it is only at high dilutions ([He] > 

95%), that the signal response is linear with respect to concentration. The result of this 

analysis was that the total concentration of adsorbates in the analysis steam should not exceed 

5% of the total stream volume. 
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Figure 2.7: Effect of dilution on TeO signal response 
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analysis was that the total concentration of adsorbates in the analysis steam should not exceed 

5% of the total stream volume. 
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3. INITIAL STUDIES 

Samples of zeolite Rho, Mordenite and amorphous silica-alumina were characterised and 

compared for their activity in the methanol amination reaction. This section details the initial 

characterisation of the parent catalysts used in this study. It also shows the initial reaction 

studies performed over these catalysts. Furthermore, the effect of catalyst regeneration was 

investigated to elucidate whether for each experiment fresh zeolite should be taken or 

whether the catalyst could be regenerated without leading to a change in activity or 

selectivity. 

3.1 CATALYST CHARACTERISATION 

3.1.1 Rho 

Figures 3.1 and 3.2 show the XRD patterns of the two samples of Rho, which have been used 

in these studies. In these figures, the major peaks of each species are indicated. The standard 

XRD spectra for Rho and the impurity phases are given in appendix III. As can be seen, 

sample B is more crystalline and contains fewer impurities than sample A, although there is 

still some Chabazite and Analcime within sample B. Even sample A however contains 

primarily Rho with a smaller percentage of impurities. The XRD spectra show that the major 

impurities in especially Rho (A) are primarily Analcime (Pollucite) and some Chabazite. 
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Figure 3.1: XRD patterns of zeolite Na,Cs-Rho (A) 
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Figure 3.2: XRD Pattern of zeolite Na,Cs-Rho B 

Figure 3.3 shows the SEM photographs of both the un steamed samples of zeolite Rho. It can 

be seen that both samples appear visually to have a homogeneous phase distribution. In both 

cases however, the catalyst particles consist of agglomerates made up of much smaller 
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Figure 3,3 shows the SEM photographs of both the un steamed samples of zeolite Rho, It can 

be seen that both samples appear visually to have a homogeneous phase distribution. In both 

cases however, the catalyst particles consist of agglomerates made up of much smaller 
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crystallites. The mean size of the crystallites is approximately 0.5 11m. There is not much 

variation in the crystallite size and all are rhombohedral in shape. These crystallites in tum 

form agglomerates of >30 11m. The shape of the agglomerates is more irregular 

(a) (b) 

Figure 3.3: SEM photographs of Rho A (a) and Rho B (b) 

(white line represents 211m) 

Figure 3.4 gives the ammonia Thermal Desorption spectrum of the ion-exchanged and 

calcined but unsteamed samples of Rho (A) and (B). These spectra were deconvoluted into 

three peaks (shown in Appendix IV). It was determined however, using both repeated 

Thermal Desorption runs and TGDTA that the highest temperature peak, viz. 650°C, was 

caused by dehydroxylation of the catalyst surface and hence not by ammonia desorption The 

Thermal Desorption spectra of the two samples were similar but showed some differences 

Firstly, Rho (A) had slightly more acid sites than Rho (B). Secondly, the Rho (B) showed less 

dehydroxylation than Rho (A). 

It was determined from the Thermal Desorption spectra that the concentration of the acid 

sites on the two catalysts were 1.77 mmol/gcat for Rho (A) and 1.59 mmol/ gcat for Rho (B). 
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Figure 3.4: Thermal Desorption Spectrum of Rho 

(Tads=150°C, heating rate = 9°C/min, too.,=lhr, TOush=150°C, tOush=16hrs, gas flow = 
70ml(NTP)/min He) 

It was determined using BET measurements that Rho (B), in the ammonium form had a pore 

volume of 0.24 cm3/g, of which 0.19 cm3/g was contained in the micropores of the catalyst. 

Infra-red spectra of the calcined and uncalcined samples of Rho were taken (see Appendix 

III) to determine whether or not the ammonia was removed by the calcination procedure. It 

was seen that the peak at 1400 cm- l
, which is indicative of adsorbed ammonia, was present in 

the uncalcined sample but not in the calcined sample. This indicated that all the ammonia was 

removed from the surface of the catalyst during the calcination procedure. 

66 

o 
150 

°C 

30 

Initial Studies 

jRho (A) I 

jRho (B) j 

90 
Time (mins) 

60+-. ______ ---+) 120 

700 Isothermal 700 Temp (OC) 

Figure 3.4: Thermal Desorption Spectrum of Rho 

(Tads= 150°C. heating rate = 9°C/min, lads= Ihr, T Oush= 150°C, tOush= 16hrs, gas flow = 
70ml(NfP)/min He) 

It was determined using BET measurements that Rho (B), in the ammonium form had a pore 

volume of 0.24 cm3/g, of which 0.19 cm3/g was contained in the micropores of the catalyst. 

Infra-red spectra of the calcined and uncalcined samples of Rho were taken (see Appendix 

III) to determine whether or not the ammonia was removed by the calcination procedure. It 

was seen that the peak at 1400 cm- I
, which is indicative of adsorbed ammonia, was present in 

the uncalcined sample but not in the calcined sample. This indicated that all the ammonia was 

removed from the surface of the catalyst during the calcination procedure. 
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3.1.2 Mordenite 

Figure 3.5 shows the XRD spectrum of the Mordenite sample. The complete peak breakdown 

for this spectrum as well as the standard peak tables for the crystal structure ofMordenite are 

given in appendix III . It can be seen from the XRD spectrum that this sample is both highly 

crystalline and has a high phase purity. 
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Figure 3.5: XRD Pattern of Mordenite 

Figure 3.6 shows the SEM photographs obtained from the Mordenite sample used in this 

work as well as a highly -:rystaJline Mordenite sample. It can be seen from thi s figure that 

there is a large amount variation in the appearance of the catalyst morphology seen between 

the two catalysts. The sample used in this work has a less well defined surface. In general, the 

sample is made up of crystallites of approximately 2 to 3 Ilm. These in turn form 

agglomerates of ca. 10 Ilm. The variation in the surface morphology is probably due to the 

fact that this is a commercial sample of Mordenite, produced in a bulk quantity and hence 

was subjected to large attntion forces as well as uneven synthesis conditions. 
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Figure 3.6 shows the SEM photographs obtained from the Mordenite sample used in this 

work as well as a highly-:rystalline Mordenite sample. It can be seen from this figure that 

there is a large amount variation in the appearance of the catalyst morphology seen between 

the two catalysts. The sample used in this work has a less well defined surface. In general, the 

sample is made up of crystallites of approximately 2 to 3 ~m. These in turn form 

agglomerates of ca. 1 0 ~m . The variation in the surface morphology is probably due to the 

fact that this is a commercial sample of Mordenite, produced in a bulk quantity and hence 

was subjected to large attrition forces as well as uneven synthesis conditions. 
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(a) (b) 

Figure 3.6: SEM Photograph of the untreated Mordenite used in this work (a) and a 

highly crystalline Mordenite Sample (b) 

(white line = 51J,m) 

Figure 3.7 shows the Thermal Desorption spectrum of the parent Mordenite. It can be seen 

that two distinguishable peaks were observed. The first, at ca. 290°C, is very small. The 

second, at ca. 560°C, is by far the larger of the two peaks. This means that the Mordenite has 

an almost homogeneous acid site distribution of strong sites. The concentration of acid sites 

on this catalyst was determined to be 3.38 mmoll gcat. The single desorption peak of 

Mordenite is similar to that seen by Miller et al. [1992]. The shoulder seen at 700°C in the 

Thermal Desorption spectrum is due to the sudden change in temperature program from the 

ramping to isothermal regimes. 
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Figure 3.7 shows the Thermal Desorption spectrum of the parent Mordenite. It can be seen 

that two distinguishable peaks were observed. The first, at ca. 290°C, is very small. The 

second, at ca. 560°C, is by far the larger of the two peaks. This means that the Mordenite has 

an almost homogeneous acid site distribution of strong sites. The concentration of acid sites 

on this catalyst was determined to be 3.38 mmoll gcat. The single desorption peak of 

Mordenite is similar to that seen by Miller et at. [1992]. The shoulder seen at 700°C in the 

Thermal Desorption spectrum is due to the sudden change in temperature program from the 

ramping to isothermal regimes. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Initial Studies 69 

Peak II 

o 30 60 90 120 Time (mins) 
~ ~ 

150 700 Isothermal 700 Temp °C 

Figure 3.7: Thermal Desorption Spectrum of Untreated Mordenite 

(Tads=150°C. heating rate = 9°Clmin, loo.s=lhr, Toush=150°C, tOush=16hrs. gas flow = 
70mJ(NTP)/min He) 
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Figure 3.7: Thermal Desorption Spectrum of Untreated Mordenite 

(Tads= 150°C. heating rate = 9°Clmin, loo.s= Ihr, T Oush= lS0°C, tOush= 16hrs. gas flow = 
70ml(NTP)/min He) 
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3.2 · REACTION STUDIES 

A number of small pore zeolites (Rho, ZK-5 and Chabazite) have been proposed as selective 

catalysts for the formation of lower substituted methylamines [Keane et ai., 1987; Abrams et 

ai., 1990; I1ao et ai., 1996]. In addition, Mordenite has been shown to be a good catalyst for 

the methylamine synthesis [Ashina et al., 1986; Mochida et ai., 1983; Weigert, 1987; Segawa 

and Tachibana, 1992]. Of the catalysts mentioned, zeolites Rho and Mordenite were chosen 

to be catalysts studied in this work as it seemed that they would give the best results in terms 

of dimethylamine selectivity, Additionally, Rho has a reasonably stable crystal lattice, an 

important consideration when choosing a viable catalyst [Shannon et ai., 1988a]. 

The first claim made of these zeolites is that they do not deactivate as rapidly as the 

amorphous silica-alumina [Shannon et ai., 1988a; IIao, 1992]. The comparison of the 

deactivation behaviour of the zeolite and silica-alumina was tested, as illustrated in Figure 3,8 

by running the methanol amination reaction at 400°C over the three catalysts, Rho (A), 

Mordenite and amorphous silica-alumina, 
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Figure 3.8: Activity in the methanol amination reaction over zeolites Rho (A), 

Mordenite and silica-alumina at 400°C. 

(WHSY=5 ,8 g MeOHl goat /hr, Plot = laun; PNID=j)MeotF8kPa) 
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As can be seen above, while the performance of the Mordenite is better in that it does not 

deactivate as rapidly as the other two catalysts . Zeolite Rho seems to have a very similar 

deactivation rate to the amorphous silica-alumina. 

The s.econd claim made in literature is that Rho in particular is highly selective to DMA. In 

the initial reaction studies performed in this work this was not found to be the case. In the 

initial scanning of three catalysts (Rho, Mordenite and amorphous silica-alumina), at reaction 

conditions of 400°C and 1 atm, it was found that although the activity over the zeolites after 

1 hour on stream was somewhat higher than that over the amorphous silica-alumina, there 

was not as much improvement in selectivity as was expected. Table 3.1 illustrates this 

comparison between the various catalysts. Both zeolite Rho and Mordenite yielded only 37 

mol% TMA in the amine fraction vs. the amor.phous silica-alumina which gave 57%. Both 

zeolites gave an especially higher DMA content in the fraction of amines than the silica

alumina. In the case of Rho, the relative improvement in the DMA yield was more than that 

in the MMA mole fraction. In contrast, over Mordenite, the relative improvement in yield of 

MMA and DMA were about constant. 

Table 3.1: Initial Reaction Studies at 400°C. 

(Treaction = 400 DC, Ptot == 1 aun, PNlD==PMeOl;==8 kPa, treacuon== I hr) 

Catalyst Silica-Alumina Rho A Mordenite 

WHSV (gMeOH/ gC3t Ihr) 5.8 5.8 5.8 
Methanol Conversion {%} 66 67 79 
Amine Content in Amines (mol%) 

MJ\1A 32 42 46 
DMA 1 1 22 17 
TMA 57 37 37 

Yields (C%) 
DME 16 2 2 
MJ\1A 8 13 18 
DMA 6 13 13 
TMA 32 35 42 

Yield (zeolite)/ Yield (SilAI3) 
MJ\1A 1.6 2.3 
DMA 2.2 2.2 
TMA 1.09 1.3 

note: a: Sil AI = silica-alumina 
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The most significant benefit of using the zeolites at 400°C seems to be in terms of the DME 

selectivity. Over the silica-alumina, a large fraction of the methanol converted produces 

Dl\1E. Over the . zeolites however, this fraction is significantly reduced. This result is 

consistent with the Thermal Desorption analyses of the parent catalysts, which showed, 

especially in the case of Mordenite, a strong, homogeneous distribution of high strength 

Bmnsted acid sites (cf. Figure 3.7). Amorphous silica-alumina contains Lewis acidity. Lewis 

acidity enhances the formation ofDl\1E due to the ability of methanol to adsorb competitively 

with the ammonia on the Lewis acid sites [Kogelbauer et aI., 1994,1996]. 

At lower temperatures it was found that, in contrast to the results at 400°C, the conversion 

over the zeolites was significantly higher than that observed over silica-alumina. At 325 °C, 

the silica-alumina gave almost no conversion. Of the products formed, by far the largest 

percentage was Dl\1E with only small amounts of amines. Table 3.2 gives the results for the 

two zeolites in initial reaction studies at 325°C. The activity of the two zeolites at 325°C is 

very similar. The selectivity however is remarkably different. The performance of the 

Mordenite at 325°C in terms of selectivity is very similar to that at 400 0C. Rho A has 

yielded a far less selective product distribution at the lower temperature. Rho B however has 

given a product spectrum which gives very high MMA selectivities. It may be said therefore 

that the level of crystallinity does affect the catalyst performance as Rho (A), which is less 

crystalline performs worse than Rho B which has the higher crystallinity. 
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Table 3.2: Initial reaction studies at 325°C. 

(Treaction = 325 °C, PrO! = I atm, PNID=PMeow=8kPa, treactJon=1.5hrs) 

Catalyst WHSV Methanol Fraction of total DME 
(gMeOHJ gcat.br) Conversion amines {mol %} selectivity 

(%) MMA DMA TMA (C%) 

Rho (A) 4.4 28 16 5 79 16 

Rho (B) 4.4 40 66 14 20 9 

Mordenite 4.4 36 51 13 36 29 

Silica 4.4 5 a a a 98 
Alumina 

a: numbers unreliable due to low conversion 

It has been seen in this analysis of the untreated catalysts that both Rho and Mordenite 

perform somewhat better than the amorphous silica-alumina at 400°C both in tenns of 

activity and selectivity. However, neither of them show the desired selectivity to DMA. The 

most significant benefit of using these untreated zeolites at 400°C is the decreased DME 

selectivity observed. 

The zeolites even in their untreated fonn do perfonn better than the amorphous silica-alumina 

in terms of activity at the lower temperature. Only the highly crystalline Rho however shows 

a good selectivity at 325°C. 

What is interesting to note is the apparently low temperature dependence of the reaction rate 

over the zeolites as opposed to the silica-alumina. 
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3.3 REACTION-REGENRA TION CYCLES 

It was also observed in the initial reaction studies that upon regeneration of the zeolites, in 

air, after reaction, the performance of each improved both in terms of activity and selectivity. 

As one of the aims of this work was to find the best possible catalyst for the methanol 

amination reaction, it was thought to be advisable to study the effect of repeated reaction

regen'eration cycles in more detail. 

In these studies the catalyst was initially calcined according to the same procedure used for 

the initial reaction studies and then used for the methanol amination reaction. This formed the 

first cycle of a series. Subsequent cycles were performed by recalcining the catalyst before 

performing the reaction step again. Prior to each recalcination, the catalyst was flushed for 1 

hr at reaction temperature with inert gas. These cycles of reaction and regeneration were 

performed many times in order to obtain the. trends observed. Figure 3.9 illustrates the 

procedure used. The results of all reaction experiments are given in appendix V. 

Parent ,(U Calcination
Catalyst ~l)~ 

I 

Product 
~ , II ReactionAnalysis I~ 

Figure 3.9: Method of Reaction-Regeneration cycles 
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3.3.1 Zeolite Rho 

Further investigation ofthf. change in catalytic performance due to calcination, subsequent to 

reaction, was performed over zeolite Rho (sample A). Figure 3.10 shows the change in the 

integral rate of methanol consumption over Rho as a function of cycle number, as well as the 

rate of formation of amines and dimethyl ether. The catalyst activity, as measured by the 

integral rate of methanol consumption, increased with increasing cycle number, reaching a 

plateau after ca. 7 cycles. The rate of amine formation closely followed the rate of methanol 

consumption, while the rate of formation of DME remained approximately constant with 

cycle number. 
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Figure 3.10: 	 Integral Rates of Methanol Consumption and Product formation vs. 

Number of reaction/regeneration cycles over zeolite Rho A. 

(Treaction = 325°C. lrcaclion = 1.5 hrs/cycle, PMeOH = P NH3 =8 kPa, PlOt = 1 atm, T calcinatIOn = 500 
°C. lcaJcUlation =5 hrs/cycle. calcination gas: synthetic air) 
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Number of reaction/regeneration cycles over zeolite Rho A. 
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The amine selectivity likewise changed with increasing cycle number. Figure 3.11 shows the 

amine fractions of the total amines produced over zeolite Rho as a function of cycle number. 

The trimethylamine selectivity decreased from 79 to 41 mol% while the selectivities of both 

the mono- and dimethylamine increased from 16 and 5 to 32 and 27 mol% respectively with 

cycle number. The selectivities reached a plateau after ca. 8 cycles. It can be said therefore, 

taking the trends in both activity and selectivity into account, that there is an optimum 

number of cycles that can be performed over the catalyst after which no further improvement 

can be seen. This occurs for the conditions used here after ca. 7 cycles. That the TMA 

selectivity starts above thermodynamic equilibrium is an issue that will be discussed 

extensively in Chapter 4 . 
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Figure 3.11: Amine content in the fraction of total amines produced as a function of the 

number of reaction-regeneration cycles over zeolite Rho (A). 

CTreaction = 325°C, treact.ion = 1.5 brslcycle, PMeOH = P NID = 8 kPa, Plot = I atm. TcaJcination = 500°C, 
tc.lcination = 5 brslcycle, calcination gas: synthetic air, dashed lines show thennodynamic 
equilibrium values) 
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The question remained as to what exactly happened during the reaction-regeneration cycles to 

cause the change observed. An initial guess was that the change was occurring either during 

the reaction phase or during the calcination step in the cycles. Consequently, each of these 

steps were investigated separately. 

Reaction Time 

To determine whether or not the trends in activity and selectivity shown above were a 

function of reaction time, a new series of cycles was performed, in which the time on stream 

of each cycle was varied. The range of reaction times examined were between 1.5 and 22 hrs 

/cyc1e. The results of these cycles are shown in Figures 3.12 and 3.13 . 
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Figure 3.12: Integral rate of methanol consumption as a function of the number of 

reaction-regeneration cycles under variation of the reaction time per cycle 

over zeolite Rho (A). 

(Treaction = 325°C, pMeOH = p NH3 = 8 kPa, Ptot = atmospheric, T calcination = 500 °C, 

tcaicination = 5 hrs/cyc1e) 
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Figure 3.13: Amine content in amine fraction as a function of the number of reaction

regeneratio'n cycles under variation of the reaction time per cycle over 

zeolite Rho (A). 
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Treaction = 325°C, pMeOH = p NH3 = 8 kPa, Ptot = atmospheric, Tcalcination = 500 0(. 


tcalcination = 5 hrs/ cycle) 


It may at first be thought that there is a change in the performance with reaction time. 

However, on closer examination it was found that the rate decreased with the order in which 

the experiments were done rather than changing with reaction time. These changes are 

however related to the difference in particle size of the catalyst. 

The decrease in reaction rate observed between the series of 1.5 and 3 hours reaction time 

was the most distinct, or the furthest apart . It was found that the ratio of the rates of these two 

curves was the same for all points, including the initial rate. It was therefore concluded that 

the difference was due to a physical phenomenon, related to the catalyst sample used rather 

than to the treatment performed on the catalysts. 
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Figure 3.13: Amine content in amine fraction as a function of the number of reaction

regeneratio'n cycles under variation of the reaction time per cycle over 

zeolite Rho (A). 
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It may at first be thought that there is a change in the performance with reaction time. 

However, on closer examination it was found that the rate decreased with the order in which 

the experiments were done rather than changing with reaction time. These changes are 

however related to the difference in particle size of the catalyst. 

The decrease in reaction rate observed between the series of 1.5 and 3 hours reaction time 

was the most distinct, or the furthest apart . It was found that the ratio of the rates of these two 

curves was the same for all points, including the initial rate. It was therefore concluded that 

the difference was due to a physical phenomenon, related to the catalyst sample used rather 

than to the treatment performed on the catalysts. 
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It was found that the particle size distribution was slightly different between these two 

samples, which was possibly due to the settling of the catalyst sample in the bottle. It was 

found that the average particle diameter changed from 7.7 to 9.6 ~m . For this size panicle, 

this is a significant change as the panicle size influences the degree of axial dispersion and 

hence the observed reaction rate. The panicle size distribution and a discussion of axial 

dispersion as it relates to panicle size is given in Appendix VI. 

Calcination time 

The next test performed was to determine whether the calcination time had any effect on the 

observed trends. To do thi~, a new series was performed in which the calcination time was 15 

rather than 5 hours per cycle. The results of this test are shown in Figure 3.14 . 
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Figure 3.14: Integral rate of methanol consumption as a function of the number of 

reaction-regeneration cycles under variation of the calcination time per 

cycle over zeolite Rho (A). 

(Treaction = 325 °C, PMeOH = P NH3 :;: 8 kPa, Ptot :;: atmospheric, Tcalc ination = 500 

DC, tcalcination = 5 hrs/cycle) 
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Figure 3.14: Integral rate of methanol consumption as a function of the number of 

reaction-regeneration cycles under variation of the calcination time per 

cycle over zeolite Rho (A). 
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As can be seen above, between these two widely different calcination times there was no 

apparent effect of calcination time on the increase in activity observed. It could therefore be 

concluded that the change observed in the catalyst was not directly related to the calcination 

step. 

At this stage it could be reasoned that if the changes in performance observed were not a 

function of either reaction or calcination time then they must be caused by either some 

property of the catalyst itself, though this was thought to be unlikely or to some phenomena 

occurring over a very short space of time during each of the cycles. This issue will be 

discussed further in Chapter 3.4. 
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3.3.2 Mordenite 

To determine whether or not the improvements in activity observed over zeolite Rho were 

specific to that zeolite or a more general occurrence, the same series of reaction- regeneration 

cycles was performed over Mordenite. The reason for choosing Mordenite as the catalyst of 

comparison was twofold. Firstly it is a catalyst that has been widely proposed as being 

effective for the methanol amination reaction [Ashina et aI., 1886; Weigert. 1987] Secondly it 

has a structure completely different to that of Rho, which enables the distinction between 

structure specific and general catalytic phenomena. Additionally, the particular sample of 

Mordenite used in this work was an industrial sample, which facilitated the gain of a realistic 

idea of how this catalyst might behave industrially. The results of the reaction-regeneration 

cycles over Mordenite are shown in Figures 3.15 and 3.16. 
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Figure 3.15: Integral Rate of Methanol Consumption and Amine formation as a 

function of the number of reaction-regeneration cycles over Mordenite. 

(Trmtion = 325°C, treaction = 1.5 hrs/cycle, pMeOH = p NH:l = 8 kPa, ptOl 

atmospheric, Tcalcinalion = 500°C, !calcination = 5 hrs/cycle) 
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Figure 3.16: Amine content in the fraction of amines as a function of the number of 

reaction-regeneration cycles over Mordenite. 

(T,eaclJoll = 325°C. t,eacuon = 1.5 hrslcycle. PMet)H = P NIi3 = 8 kPa. p"" = aunospheric. TcalcmalJoll = 
500°C. lcaiCU13IJOIl = 5 hrs/cycle. dashed lines represent equilibriwn distribution of amines for 
these reaction conditions) 

It can be seen above that there was a similar, if less distinct, change in performance observed 

over Mordenite as there was over Rho, the activity and selectivity improving to some degree 

with cycle number. The difference between the two catalysts is the extent to which the 

change occurs in each of them. The improvement both in terms of activity and selectivity is 

far greater over Rho than over Mordenite. In terms of selectivity, however, Mordenite did 

initially show greater selectivity to monomethylamine and this selectivity improved still 

further with cycle number at the expense of trimethylamine. The selectivity to dimethylamine 

however did not change with the varying reaction-regeneration cycle number. 

The conclusion therefore is that although Mordenite initially performs better, zeolite Rho, 

with increasing reaction-regeneration cycles, soon supersedes Mordenite in terms of overall 

performance. Not only is the activity obtained over Rho higher than that of Mordenite, but 

also the selectivity to the lower substituted methylamines becomes better over Rho than 

Mordenite. 
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initially show greater selectivity to monomethylamine and this selectivity improved still 

further with cycle number at the expense of trimethylamine. The selectivity to dimethylamine 

however did not change with the varying reaction-regeneration cycle number. 
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also the selectivity to the lower substituted methylamines becomes better over Rho than 
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3.4 PRESENCE OF WATER 

To examine more thoroughly the above phenomena, the exhaust gas from a reactor 

containing a sample of zeolite Rho over which reaction had occurred was monitored using a 

GC Mass Spectrometer. After the reaction, the catalyst was flushed with flowing helium (60 

ml(NTP)/min) and ramped from 30 to 450°C at 5°C/min. 

It was observed that at 450°C all of the reaction products, including water and TMA had 

desorbed from the surface. This temperature programmed desorption spectrum is shown in 

Figures 3.17 and 3.18. The eight-peak index of mass spectra [1991] was used for peak 

identification. A summary of the relative peak intensities of the various compounds is given 

in appendix VII. Of the peaks shown below, mle 58 is characteristic of TMA mle 44 

originates from either DMA or TMA and mle 30 from either MMA or TMA Looking at the 

relative ratios of these ions however at the 400°C peak, it would seem that this peak is caused 

solely by TMA desorption. With mle = 45 and 46, seen in the peak at 75°C could be formed 

by either DrvrE or the lower substituted amines. The maximum in the water desorption peak, 

as evidenced by mle = 18. occurred at the relatively low temperature of 110 °C (see Figure 

3.18 ) 
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Figure 3.17: Temperature Programmed Desorption of Reaction Products (excluding 

water) from zeolite Rho after reaction. 

(Temperature ramp =5°/min; Tmax=450°C; Flush Gas:He; TreactJOn=325°C. N/C= I) 

Initial Studies 83 

3.4 PRESENCE OF WATER 

To examine more thoroughly the above phenomena, the exhaust gas from a reactor 

containing a sample of zeolite Rho over which reaction had occurred was monitored using a 

GC Mass Spectrometer. After the reaction, the catalyst was flushed with flowing helium (60 

ml(NTP)/min) and ramped from 30 to 450°C at 5°C/min. 

It was observed that at 450°C all of the reaction products, including water and TMA had 

desorbed from the surface. This temperature programmed desorption spectrum is shown in 

Figures 3.17 and 3.18. The eight-peak index of mass spectra [1991] was used for peak 

identification. A summary of the relative peak intensities of the various compounds is given 

in appendix VII. Of the peaks shown below, rnIe 58 is characteristic of TMA mle 44 

originates from either DMA or TMA and mle 30 from either MMA or TMA. Looking at the 

relative ratios of these ions however at the 400°C peak, it would seem that this peak is caused 

solely by TMA desorption. With rnIe = 45 and 46, seen in the peak at 75°C could be formed 

by either DNIE or the lower substituted amines. The maximum in the water desorption peak. 

as evidenced by rnIe = 18. occurred at the relatively low temperature of 110°C (see Figure 

3.18 ) 

5.E+05 

4.E+05 
Im/e=58 I 

~ 
\"i 

3.E+05 c 
co::: 

"0 
C 

= .Q 2.E+05 
~ 

Im/e=44 

I.E+05 

O.E+OO 

0 100 200 300 400 

Temp (OC) 

Figure 3.17: Temperature Programmed Desorption of Reaction Products (excluding 

water) from zeolite Rho after reaction. 

(Temperature ramp =5°/min; T max=450°C; Flush Gas:He; TreaCIJon=325°C, N/C= I) 
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Figure 3.18: Temperature Programmed Desorption of water after reaction from zeolite 

Rho after reaction. 

(Tramp=5°/min: Tmax=450°C Flush Gas:He) 

What these desorption peaks mean firstly , is that in the reaction-regeneration cycles, all of the 

product desorption should have occurred during the flushing phase between reaction and 

calcination, before the catalyst was contacted with air. The catalyst change could therefore 

not have been caused by the reaction of the desorbing amines or dimethyl ether with the 

oxygen from the air used during calcination. 

To test whether there were any residual species left on the catalyst, the same catalyst sample 

was kept at 450 °C and was contacted with short pulses of dry air. After each of these air 

pulses, CO, CO2 and water were observed in the exhaust gas. The water release for the 

complete experiment is shown in figure 3.19. 
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Figure 3.18: Temperature Programmed Desorption of water after reaction from zeolite 

Rho after reaction. 

(Tramp=5°/min: Tmax=450°C: Flush Gas:He) 
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oxygen from the air used during calcination. 
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Figure 3.19: Water release during Temperature Programmed desorption of reaction 

products and following contact with oxygen. 

eU= Points at which oxygen was introduced) 

The presence of water after the feeding of air meant that there was still some carbonaceous 

species remaining on the surface of the catalyst after the desorption of the primary reaction 

products . This is easily explained, since tetramethylammonium (TET) ions were evidenced at 

the surface of a Mordenite catalyst during the methanol amination reaction [Grundling et aI , 

1996a ~ I 997a]. These species, being ionic and therefore strongly bound to the surface, are not 

able to desorb intact and mL'st therefore either remain at the surface or dissociate resulting in 

gas phase TMA and a residual surface CH3 group. This process is illustrated in figure 3.20 
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(U = Points at which oxygen was introduced) 

The presence of water after the feeding of air meant that there was still some carbonaceous 

species remaining on the surface of the catalyst after the desorption of the primary reaction 

products . This is easily explained, since tetramethylammonium (TET) ions were evidenced at 

the surface of a Mordenite catalyst during the methanol ami nation reaction [Gn:.indling et a/. , 

) 996a; ) 997a). These species, being ionic and therefore strongly bound to the surface, are not 

able to desorb intact and ml'st therefore either remain at the surface or dissociate resulting in 

gas phase TMA and a residual surface CH3 group. This process is illustrated in figure 3.20 
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[H3~1(CH3J + H3C" ~HJ 
With heat CH +H3~ CH3 ,"'" 3 + 1{ 

CHJ 

(TET ion) 

Figure 3.20: Schematic representation of the dissociation of Tetramethyl ammonium 

ions on the surface of an acidic catalyst 

If the dissociation of the TET ions occurred then the CH3 groups could be burnt off the 

surface during the calcination phase. Alternatively, the entire TET ion could be burnt off the 

surface. In either case, one of the reaction products is water as was evidenced. This then 

might be the explanation of the change observed in the catalyst, viz . water formed at high 

temperatures might cause dealumination of the catalyst framework. 
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temperatures might cause dealumination of the catalyst framework. 
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3.5 DISCUSSION 

It has been seen in this section that as put forward in literature [Shannon et al .. 1988a; Keane 

et aI., 1987], the deactivation rate of Rho is fairly high at 400°C and much less at 325°C. 

making the lower temperature a more appropriate operating point in terms of catalyst 

lifetime Although the Mordenite showed no deactivation in the range of operation studied 

here, it is also known to have a longer lifetime at lower reaction temperatures [Ashina et al.. 

1986]. As was seen the amorphous silica-alumina can not be operated at the lower 

temperature due to its low activity. The two untreated samples of Rho show very different 

selectivities for the methanol amination reaction. Rho (A) gives an almost unselective 

product distribution whereas Rho (B) shows increased selectivity to MMA but shows no . 

increase in the DMA selectivity. The Mordenite likewise show improvement only in the 

MMA selectivity, but this is consistent with what is reported in literature [Mochida et aI., 

1983]. 

It was also seen how repeated regeneration of the catalysts, Rho(A) and Mordenite. caused an 

improvement in the performance. both in terms of activity and of amine selectivity. It was 

determined that this effect was caused in situ steaming of the catalysts The water was 

generated when residual carbonaceous. surface species were burnt off the catalysts during the 

calcination . 

The final observation fro:n these initial studies is that the Rho(A) and Mordenite were 

affected differently by the presence of the water generated during the calcination after 

reaction . The change over Rho was far more significant than that over Mordenite with a 

larger increase in activity as well as a more significant change in the relative amount of 

ammes. 

To further investigate this phenomenon it was decided to carry out more extensive tests into 

the hydrothermal treatment of the catalysts, Rho and Mordenite. 
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4. HYDROTHERMAL TREATMENT 

Water, formed during the initial stages of the calcination during the reaction - regeneration 

cycles, is most probably responsible for the change in the catalyst performance. The influence 

of hydrothermal treatment of the catalysts was therefore investigated systematically. This was 

to determine whether the same effect, as was seen with the in situ steaming caused by the 

burning of the surface groups, could be obtained with artificial steaming. This was thought to 

be a valid assumption to make as it is known from literature that hydrothermal treatment can 

affect the performance of some catalysts [Shannon et al., 1988a.,b; Abrams et al., 1989b: 

Ashina et aI., 1986; Dingerdissen et aI., 1991, Haag et al. , 1984,1994]. 

The second reason for thi s study of hydrothermal treatment was to examine effectively the 

differences in the responses of the two catalysts (zeolites Rho and Mordenite) to steam 

treatment. Although some studies had been done previously on the steaming of Rho [Shannon 

el aI., 1988a; Abrams et al.,1989b] , there were no systematic studies on the effect of 

steaming time performed Over Mordenite, many studies on the effect of dealumination have 

been performed [Ashina el al. , 1986; Dingerdissen et aI., 1991, Zhang et aI., 1994] A fe\·v 

studies have examined hydrothermal treatment of Mordenite [e.g., Lago et aI., 1986] but 

these were not done in connection with the methanol amination reaction . It was therefore 

decided that a thorough, systematic study of the effect of steaming time on the methanol 

amination reaction was required . 

In these experiments, the two catalysts were initially steamed at relatively mild conditions. 

The catalysts were treated for times of 0 to 22 hours with steam (30 kPa partial pressure: 450 

0c. water loading = 69 mmoIH20/gcat.hr) . 
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4.1 CHARACTERISATION OF ACIDITY 

Once it was known that it was the steaming of the zeolites that had caused the change in their 

behaviour for the methanol amination reaction, is was decided to investigate the structural 

changes and the changes in acidity that were occurring on the catalysts in more depth. 

4.1.1 Temperature Programmed Desorption 

Thermal Desorption of ammonia from the catalyst surface was performed to determine the 

number, strength and concentration of acid sites on the catalyst surface as a function of 

steaming time. The results of these experiments are shown in Figure 4.1 . It is shown here 

how the desorption of ammonia adsorbed on Rho changes with increasing steaming time. 
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Figure 4.1: Comparison of Thermal Desorption spectra for increased steaming time of 

zeolite Rho (A) 

(T.ds=150°C. heating rate = 9°C/min. tads=lhr. Toush=150°C. tO ush=16hrs, gas flow = 
70ml(NTP)/min He) 
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It can be seen in the above spectra that there was more than one peak present in the Thermal 

Desorption spectra. These spectra were deconvoluted using a simple Gaussian fit of the data. 

Although this method of deconvolution is not entirely accurate is does serve to give an idea 

of how the peaks change relative to each other. Figure 4.2 shows a typical fit of three peaks to 

one of the desorption spectra. The deconvolution of all the Thermal Desorption spectra are 

given in Appendix IV. A summary of all of these deconvolutions are shown in Table 41 

below. 
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Figure 4.2: Deconvolution of Thermal Desorption Spectrum using Gaussian 

approximatiJn to the peak shapes. 

(0.5 hrs steaming. Tad.,=150°C. heating rate = 9°Clmin. tads=lhr. TOush= 1 50°C. tOush= 1 6hrs. gas 
flow = 70ml(NTP)/min He) 
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Table 4.1: Comparison of Thermal Desorption peaks for zeolite Rho (A) at different 

steaming times 

(Tads=150°C, heating rate = 9°Clmin. t.u=lhr. Tllush=150°C, tllush=16hrs. gas flow'" 
70ml(NTP)/min He) 

Steaming 
Time 
{hours} 
o . 

Peak I 
(mmoll gcat) 

l.39 

PeakD 
(mmollgcat) 

0.38 

Total 
desorption 
{mmollgcat} 
l.77 

P D / PI 

0.26 

Peakll 
Normalised 

1.00 

0.5 l.14 0.53 1.67 0.47 1.00 

. 0.81 0.50 1.31 0.61 1.05 

2 0.68 0.44 1.12 0.64 0.93 

4 0.61 0.39 1.00 0.64 0.89 

8 0.65 0.45 1.10 0.69 0.66 

It was found in the above Thermal Desorption experiments that Peak III (at 680°C) was not 

due to desorption of ammonia but rather to dehydroxylation of the catalyst. This was found 

firstly from repeated Thermal Desorption studies in which the same catalyst sample was used 

with the same desorption programme. In these experiments it was found that, although Peaks 

I and II reoccurred. Peak III did not. That peak III may be caused by framework deterioration 

was also confirmed by thermogravimetric analysis. in which a precalcined catalyst sample 

was heated to 700°C in flowing nitrogen. It was observed that mass loss occurred in the 

higher temperature range (ca. 600-700°C) . The results of these two experiments are shown in 

Appendix VIII. 

The other two peaks, I (450°C) and II (600°C), represent desorption of ammonia from two 

distinct acid sites. The number of strong acid sites (Peak II) can be seen to be approximately 

constant over the range of steaming time studied here. What can be seen is the definite 

decrease in the number of weaker and therefore the total number of acid sites . The balance of 

strong to weak sites on the catalyst therefore shifts towards the stronger sites . As the steaming 

progresses with time, so the dehydroxylation peak shifts to higher temperatures. The shift of 

this peak is especially noticeable between the un steamed and the sample steamed for 0.5 

hours. It is for this reason that, in the parent catalyst, the desorption from the strong acid sites 

is to some extent overshadowed by the dehydroxylation peak. 
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Thermal Desorption experiments over Mordenite were also carried out. Figure 4.3 shows a 

comparison of two of these spectra at different steaming times. What this figure shows is 

firstly that Mordenite initially has an essentially homogeneous acid site distribution, with 

most of the ammonia des:>rption occurring at ca. 560°C and only a much smaller amount 

desorbing at ca. 290°C. With steaming, a second type of weaker acid site is formed at the 

expense of the original site Table 4.2 shows the total amount of ammonia desorbed from the 

Mordenite at different stea'lling times 

~ 

o 20 40 60 80 100 120 Time (mins) 
4 ~ 

150 700 Isothermal 700 Temp (OC) 

Figure 4.3: Comparison of Thermal Desorption spectra over Mordenite at 0 and 8 hrs 

steaming 

(Tad.s= 150°C. heacing rate = 9°Clmin. tads= 1hr. T Oush= 150°C. tOush= 16hrs. gas flow = 
70ml(NTP)/min He) 

Table 4.2: Ammonia desorption from Mordenite steamed for various times 

Steaming Time (hours) Ammonia desorption (mmoV gcat) 

o 3.38 

8 2.81 

16 2.69 
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It can be seen that the loss of acid sites over Mordenite is relatively not as severe as over Rho 

The conclusion that may be drawn from these studies is that the hydrothermal treatment 

affects the two catalysts is different ways. While over the Rho there is a 35 % net loss of the 

number of acid sites, there is only a 20% net loss in the number of acid sites over Mordenite 

with steaming time. This smaller loss over Mordenite is probably due to the higher structural 

stability of Mordenite but may be related to the generation of the second type of acid site The 

response of the Mordenite to steaming seen here is similar to that seen by Miller et al. [1992] 

who also saw a generation of lower temperature ammonia desorption peak in steamed 

Mordenite. 

4.1.2 NMR 

It had previously been shown [O'Donovan et aI., 1995] that hydrothermal treatment of 

Mordenite caused some dealumination and the generation of octahedral alumina. Likewise, 

hydrothermal treatment of Rho has been shown to generate extra-framework aluminium 

species [Fischer et aI., 1987]. The change in distribution of various AI species with steaming 

time was monitored using 27AI MAS NMR. The NMR spectra for samples which had 

undergone different steaming times are shown in figure 4.4. The peaks were assigned using 

the chemical shifts given by Engelhard and Michel [1987]. The peak at Oppm corresponds to 

[Al06]"- species or octahedral aluminium while that at 65ppm corresponds to [AI04t
species or tetrahedral aluminium. It is the tetrahedral aluminium that is incorporated into the 

framework of the catalyst. The peak at 90 - 100ppm may be attributed to other forms of 

extra-framework aluminium or aluminium species which are partly removed from the 

framework. but has not been conclusively assigned . 

...... 
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Figure 4.4: 27AI NMR Spectra for increased steaming time of zeolite Rho(A). 

(*=spirming side bands. Tsteam=450°C. Pwater=30 kPa) 

Figure 4.4 indicates that the amount of extra-framework (octahedral) aluminium increases 

with steaming time while the framework, tetrahedral aluminium decreases . There is also an 

increase in the peak at 90 ppm with steaming time. It is important to note that this peak is not 

present in the parent (unsteamed) sample. Although there is a peak at 100 ppm in the parent 

sample. this is only a spinning side band. It can therefore be said that the steaming of Rho 

causes progressive dealumination of the catalyst .structure. 

4.1.3 Atomic Adsorption Spectroscopy 

It had also previously been shown [O'Donnovan et aI., 1995], using elemental analysis, that 

hydrothermal treatment of Mordenite did not remove the extra-framework aluminium 

generated from the catalyst structure. It was also seen in that work that mild acid washing 

was needed to remove the extra-framework aluminium species from the framework of the 

catalyst. 

Over Rho (B), it was also seen that percentage aluminium in the catalyst remained constant at 

ca . 18 wt% over the range of steaming times examined. It is therefore evident that much of 
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the aluminium removed from the catalyst framework is not removed from the catalyst 

particle. It was not possible, in this work, to tell however whether the extra-framework 

aluminium is situated within the pores of the catalyst or whether it has migrated to the 

surface. 

It is well known that extra-framework aluminium species generated by hydrothennal 

treatment can take many forms [Conna, 1989; Martens et aI., 1997]. Not all of these species 

generated need be acidic. It is not contradictory therefore that there should be a loss in the 

number of acid sites, as seen by Thermal Desorption, on the catalyst without seeing a loss in 

the total amount of aluminium. 
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4.2 STRUCTURAL CHARACTERISATION 

4.2.1 BET 

BET analysis was performed to elucidate the changes in the porosity and surface area of the 

cataly,.sts with increased hydrothermal treatment . A summary of the information obtained 

from the BET analysis is given in Appendix IX. 

Rho 

Figure 4.5 gives the total surface area as a function of steaming time observed over Rho as 

determined using BET analysis. The surface area is seen to increase substantially with 

hydrothermal treatment frO'll ca. 460 m2/g to ov~r 600 m2/g. The increase in the surface area 

was also seen to arise mainly from the increase in micropore surface area rather than in 

mesopore surface area. This large increase in surface area is unexpected One might expect 

that with increased dealumination. there was an increase in the mesoporous surface area of 

the catalyst . As aluminium is removed from the framework. not all of the aluminium atoms 

that are removed can be replaced with silicon atoms [BaITer. 1982: Martens ef aI., 1997] This 

then leads to the creation of defects within the crystal structure and hence increases the 

mesoporous volume of the catalyst. In this study of Rho the mesopore surface area increased 

slightly with increased steaming (see Figure 4.6). which is consistent with the dealumination 

of the catalyst. It would be expected however that there would be a decrease rather than an 

increase in the micropore area. One explanation for this could be found in the flexibility of 

the Rho's crystal structure. It has already been seen how factors such as cation concentration, 

adsorbent levels and temperature all affect the unit cell dimensions of the catalyst [Parise el 

al. , 1984; Corbin et al.. 1990; McCusker, 1984a,b] It might be expected therefore that the 

presence of extra-framework aluminium species within the framework could likewise affect 

the dimensions of the catalyst crystals and that therefore the accessibility of the pore structure 

would improve. 

Figure 4.6 shows the change in the micro- and mesopore volume of Rho as a function of 

steaming time. As with the surface area, the increase in pore volume arises mainly from the 
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increase in micropore volume. The increase in mesopore volume seen would be due to the 

dealumination processes occurring which would lead to some extent to the creation of defect 

sites within the structure and hence give more mesopores. 
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Figure 4.5: Total Surface Area of Rho (B) as a function of Steaming Time as determined 

by BET analysis 
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Figure 4.6: 	Pore volume of Rho (B) as a function of Steaming Time as determined by 

BET analysis 
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Mordenite 

Figure 4.7 gives an example of the isotherms obtained over Mordenite. It can be seen that a 

hysteresis is observed, which indicates the mesoporosity is present in the catalyst. 

Figure 4.8 shows the change in total surface area as determined using the BET equation, as a 

function of steaming time. It can be seen that the total surface area decreases from 520 to 450 

m2
/ gcal with the major loss in surface area occurring in the initial hours of steaming. This loss 

of surface area is consistent with the dealumination evidenced over the catalyst with steaming 

time. As aluminium is removed from the catalyst structure, there will be a general loss of 

surface area due to some degree of structural collapse as well as diffusional resistances or 

pore blockage caused by the presence of extra-framework aluminium species. It had already 

been shown that steam treatment alone does not remove the aluminium from the catalyst 

structure [O'Donovan et al. , 1995]. Some of the extra-framework aluminium does migrate to 

the surface of the catalyst [Miller et al., 1992]. There must however be some extra

framework aluminium within the pore structure of the catalyst. 
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Figure 4.7: BET isotherm for unsteamed H-Mordenite 
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Figure 4.8: 	 Total Surface Area of Mordenite as a function of Steaming Time as 

determined by BET analysis 

Figure 4.9 shows the change in micro- and mesopore volume with steaming time of 

Mordenite . It can be seen that while there is a significant decrease in the micro-pore surface 

area from about 440 to 360 m2
/ gcat. the mesopore surface area actually increases slightly with 

steaming time. This is not surprising considering that the dealumination of the catalyst will 

cause some defect sites and hence change the nature of the pore structure by creating more 

mesopores within the catalyst structure. It is a well known phenomenon that dealumination 

causes an increase in the mesoporosity of catalysts [e.g., BaITer, 1982; Martens et ai., 1997] . 

The response of Mordenite is therefore more typical of catalysts in general than was the 

response of Rho. 
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cause some defect sites and hence change the nature of the pore structure by creating more 

mesopores within the catalyst structure. It is a well known phenomenon that dealumination 

causes an increase in the mesoporosity of catalysts [e.g., BaITer, 1982; Martens et al., 1997]. 

The response of Mordenite is therefore more typical of catalysts in general than was the 

response of Rho. 
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4.2.2 SEM 

Scanning Electron Micrographs of the catalyst samples were taken to determine if any visible 

change in morphology had occurred after steaming. Figure 4.10 shows the Scanning electron 

micrographs of Rho (A) in the untreated form and after 8 hours of steaming. It can be seen 

that the two samples are essentially identical in appearance. 

(a) (b) 

Figure 4.10: Scanning Electron Micrographs of zeolite Rho (A) in the untreated form 

(a) and after 8 hours of steaming (b) 


(Tsteam=450°C. Pwater=30kPa) 


Figure 4.11 shows the SEMs of untreated and hydrothermally treated Mordenite. It can be 

seen that here too there was no discernible change in morphology. 
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(A) (B) 

Figure 4.11: Scanning Electron Micrographs of Mordenite in the untreated (A) form 

and after 1{ hours of steaming (B) 

(TSleam =-l50°C. Pwater=30kPa) 

4.2.3 XRD 

XRD Spectra of the catal~ ' sts were determined and it was seen that there was no change in 

crystal structure for either Rho or Mordenite after steaming. The XRD Spectra are given in 

Appendi x III . As the machine used in this study has an inherently large standard deviation 

(L151d 28 = 0.1°), it was not possible to determine whether or not there had been framework 

distortion on zeolite Rho . 
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Figure 4.11: Scanning Electron Micrographs of Mordenite in the untreated (A) form 

and after If hours of steaming (8) 

(T"eam=450°C. Pw"er=30kPa) 

4.2.3 XRD 

XRD Spectra of the catal~ 'sts were determined and it was seen that there was no change in 

crystal structure for either Rho or Mordenite after steaming. The XRD Spectra are given in 

Appendix III . As the machine used in this study has an inherently large standard deviation 

(Llstd 28 = 0.1°), it was not possible to determine whether or not there had been framework 

distonion on zeolite Rho . 
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4.3 RHO 

The results of the hydrothermal treatment of Rho on the integral rate of consumption of 

methanol and ammonia as a function of steaming time are presented in figures 4. 12 and 4. 13 . 

It can be seen from these graphs that the activity, as indicated by the integral rate of methanol 

consumption, increased from about 40 mmol MeOHI gw. hr for the untreated catalyst to ca. 

120 '!lmol MeOHl gcat. hr after 3 hours of steaming. This represents a threefold improvement 

in catalyst activity. At longer steaming times, the activity dropped off steadily. In contrast, 

the rate of ammonia consumption increases steadily with steaming time. At first the increase 

is rapid but this plateaus at longer steaming times. The selectivity to the lower substituted 

methylamines (see Figure 4.13), viz. MMA and DMA, increased from 27 and 2 mol% to 53 

and 38 mol% respectively with steaming time, ultimately reaching a plateau after ca. 5 hours 

of steaming. The decrease in TMA selectivity from 72 to 9 mol% was very marked. 
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Figure 4.12: Integral rate of methanol and ammonia consumption as a function of 

steaming time over zeolite Rho (A). 

(WHSV= 4.4 gMeOHl&,., .hr. T.t=n = 450°C, Pst=n = 30 kPa, Tre8ruoo =325°C, PMeOH = PNID = 
8 kPa, Pta, = atmospheric. Value in parentheses unreliable due to high carbon balance of that 
point ) 
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Figure 4.13: Amine cont~nt in the fraction of amines as a function of steaming time over 

zeolite Rho (A). 

(WHSV=4.4 gMeOHl~at.hr. Tsteam = 450°C. P steam = 30 kPa T","cuon = 325°C. PMellH = P NH.1 = g 
kPa. PlOt = aunospheric. dashed lines represent thennodynamic equilibrium values for these 
reaction conditions.) 

These results are similar to those obtained with the reaction - regeneration cycles; in that in 

both cases, the activity increased initially with treatment. Also, with both types of treatment 

the selectivity to MMA and DMA increased while the selectivity to TMA decreased. As both 

the trends in activity and selectivity were similar for the reaction - regeneration cycles and the 

hydrothennal treatment, it is possible to infer that the water formed during the initial stages of 

the calcination phase in the reaction - regeneration cycles might be the cause of the change 

observed over the catalysts. 

There were however three major differences between the results obtained for the reaction 

regeneration cycles and tne hydrothermal treatment. Firstly, the increase in activity is far 

greater with the hydrothennal treatment than with the reaction - regeneration cycles. During 

the hydrothermal treatment, the reaction rate increased from 40 to 120 mmol MeOHI gcal.hr 
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These results are similar to those obtained with the reaction - regeneration cycles; in that in 

both cases, the activity increased initially with treatment. Also, with both types of treatment 

the selectivity to MMA and DMA increased while the selectivity to TMA decreased . As both 

the trends in activity and selectivity were similar for the reaction - regeneration cycles and the 

hydrothermal treatment, it is possible to infer that the water formed during the initial stages of 

the calcination phase in the reaction - regeneration cycles might be the cause of the change 

observed over the catalysts . 

There were however three major differences between the results obtained for the reaction 

regeneration cycles and tt"1e hydrothermal treatment. Firstly, the increase in activity is far 

greater with the hydrothermal treatment than with the reaction - regeneration cycles . During 

the hydrothermal treatment, the reaction rate increased from 40 to 120 mmol MeOHI gcat.hr 
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whereas the activity observed for the reaction - regeneration cycles increased from 28 to 60 

mmol MeOHl ~.hr. The different starting reaction rates are a function of the different space 

velocities used. The difference in the percentage increases in the reaction rates could be due 

to the fact that even though very mild conditions were used during the steaming procedure, 

they were still more severe than the in situ conditions generated during the calcination phase 

It is well known that steaming causes dealumination of the framework of many catalysts 

[Corma et aI., 1989; 1996; Englehardt et aI., 1987; Burgfels and Schmidt. 1995; Martens et 

al., 1997; Haag, 1987]. For any set of conditions, the potential to affect the catalyst is 

different [Scherzer et al., 1984; Haag, 1987]. In general however, the more severe the 

steaming conditions however, the higher the amount of aluminium it is possible to remove 

from the framework [O'Donovan et al., 1995; Burgfels et al., 1995]. For any set of 

conditions, the potential to affect the catalyst is different. At very severe conditions however. 

the collapse of the crystal structure might occur. This will however be dependent on the 

initial concentration of aluminium in the framework as well as the structural type, as some 

catalysts are more inherently stable than others. For example, Mordenite is rather stable under 

even severe hydrothermal treatment (650°C, 1 atm steam for 24 hrs [Miller et aI., 1992] ) 

whereas for example, ZK5 degrades under relatively mild treatment conditions (500°C, 4 hrs 

[Shannon el al.. 1989] ). 

The second difference between the reaction - regeneration cycles and the hydrothermal 

treatment is the fact that the activity goes through a maximum with steaming time but not 

with the number of cycles during reaction-regeneration. This is probably due to the fact that 

not enough cycles were performed to see a decrease in activity. Referring back to Figure 3.3 

it can be seen that a plateau in the activity was reached after ca. 7 cycles and did not drop 

again by 10 cycles. It is still possible that the decrease in activity seen with the long steaming 

times is caused by a different phenomenon. For example, pore blockage may not occur with 

the reaction-regeneration cycles. This is due to the very low concentration and short exposure 

time to water in this method of treatment which may not be sufficient to generate the 

quantities of extra-framework aluminium species necessary to can diffusional constraints to 

the product molecules . Under steaming conditions however, enough extra-framework 

aluminium may be formed to cause pore blockage. This would introduce diffusional 

constraints and hence cause a decrease in activity. The loss of activity seen at longer steaming 
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times may also be due to loss of the total number of acid sites caused by the hydrothermal 

treatment. 

It is also interesting to note that although the activity, as evidenced by the integral rate of 

methanol consumption, goes through a maximum with steaming time, which the selectivity 

does not. It rather reaches a constant value. It may therefore be stated that at least two 

separate changes are occurring on the catalyst with hydrothermal treatment. The rate of 

reaction or rather the conversion in the system and the selectivity obtained are linked. The 

changes observed here however do not appear to be entirely related to of each other. This will 

be discussed in more detail in chapter 4.5. 

The final difference between these experiments with steaming and the reaction - regeneration 

cycles was the greater change in particularly the TMA selectivity. With hydrothermal 

treatment, the TMA selectivity was lowered to 10 mol%, whereas it was only lowered to 42 

mol% in the reaction - regeneration cycles. Once again, this might be ascribed to the 

difference in severity of the treatment conditions. 
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4.4 MORDENITE 

Initially, the hydrothermal treatment conditions used for the Mordenite were identical to 

those used for Rho . The reason for doing this was twofold. Firstly, it was done to test whether 

the similarities and differences between the reaction-regeneration cycles and the 

hydrothennal treatment would be the same over Mordenite as they were over Rho. If this was 

found not to be the case then it would mean that the comparison between the reaction -

regeneration cycles and the hydrothennal treatment was specific for Rho and not for zeolites 

in general. The results obtained over Mordenite are shown in Figures 4.14 and 4.15. In Figure 

4.14 the reaction rate change over Rho and Mordenite are plotted simultaneously for 

comparative purposes. 
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Figure 4.14: Integral Rate of Methanol Consumption over Rho (A) and Mordenite as a 

function of steaming time. 

(WHSY=4.4 gMeOH/&at.lrr, T,team = 450 °e, Psteam = 30 kPa., Treaction = 325 °e, PMeOH = PNID = 8 
kPa. Ptot =atmospheric.) 
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Figure 4.15: Amine content in the fraction of amines as a function of steaming time over 

Mordenite. 

(WHSY=4.4 gJV1eOHl~I.hr. Tsteam = 450°C. PSleam = 30 kPa Treacum = 325°C. Pkl<()H = PNHJ = 

8 kPa PtOI =atmospheric. dashed lines represent thennodynamic equilibrium values for these 
reaction conditions) 

It can be seen above that with Mordenite as with Rho, the activity went through a maximum 

with steaming time. The methanol conversion over Mordenite increased from 36 mol% on the 

untreated sample to a maximum of ca. 60 mol%. At the higher steaming times, the activity 

dropped off. The select!vity to monomethylamine increased at the expense of the 

trimethylamine selectivity, which decreased with steaming time. Both the monomethylamine 

and trimethylamine selectivities reached a plateau after ca. 4 hours of steaming The 

dimethylamine selectivity was virtually unchanged over the range of steaming times studied . 

As was seen over Rho, the trends of activity and selectivity, over Mordenite in the reaction 

regeneration cycles and the hydrothermal treatment, were similar. In both studies, there was 

an initial increase in the rate with steaming time. Also, the selectivity to monomethylamine 

increased while that of dimethylamine remained constant and the trimethylamine selectivity 

decreased. This very high M:MA selectivity over Mordenite could be due to the 

unidimensional structure of this catalyst. The selectivity over Mordenite may therefore be 
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8 kPa Ptot = atmospheric. dashed lines represent thennodynamic equilibrium values for these 
reaction conditions) 
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dropped off. The select!vity to monomethylamine increased at the expense of the 

trimethylamine selectivity, which decreased with steaming time. Both the monomethylamine 

and trimethylamine selectivities reached a plateau after ca. 4 hours of steaming The 

dimethylamine selectivity was virtually unchanged over the range of steaming times studied . 

As was seen over Rho, the trends of activity and selectivity, over Mordenite in the reaction -

regeneration cycles and the hydrothermal treatment, were similar. In both studies, there was 

an initial increase in the rate with steaming time. Also, the selectivity to monomethylamine 
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controlled by diffusion within the channels. An increase in the diffusional constraints caused 

by steaming would further increase the diffusional constraints within the catalyst. 

The difference between the reaction - regeneration cycles and the hydrothermal treatment 

over Mordenite was once again similar to that of Rho in that the activity went through a 

maximum with steaming time but not with reaction-regeneration cycles. Over Mordenite 

however, the degree to which the selectivity changed was fairly similar between the two 

forms of treatment. The maxima in the activities were almost identical. The maximum 

monomethylamine selectivity was 68 % with hydrothermal treatment and 60% with the 

reaction-regeneration cycles. This is as opposed to Rho where the maximum 

monomethylamine selectivities were vastly different for the two types of treatment, viz. 55% 

with hydrothermal treatment and 30 % with reaction-regeneration cycles. 

Another similarity between Rho and Mordenite is that while the activity of both catalysts 

passed through a maximum with steaming, the selectivity remained steady at longer steaming 

times This phenomenon will be discussed in more detail in Chapter 4.5. 

4.4.1 Severe Hydrothermal Treatment 

The change in activity and selectivity over Mordenite when using the initial, mild steaming 

conditions (TSleam=450°C, PSleam=30kPa) was rather modest. It was therefore decided to 

investigate the use of more severe conditions. To gain these more severe conditions, both the 

steaming temperature and the water partial pressure were raised, the steaming temperature to 

500°C and the water vapour pressure 57 kPa. The results of these new experiments are 

shown in Figures 4.16 and 4.17. 
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It can be seen that the increase in activity for the more severely treated Mordenite is 

somewhat more than that of the more mildly treated one. Here, the increase in conversion is 

doubled whereas for the mild steaming conditions, the increase was by 70%. The position of 

the maximum in activity is also earlier, at 1 hour, compared to the previous case where the 

maximum occurred after only 2.5 hours . In this study, as in the case of the milder 

hydrothermal treatment, the change in amine selectivity is not very significant. A very slight 

decrease in TMA selectivity is seen. 

It may therefore be concluded that not much benefit is gained from usmg more severe 

steaming conditions on the Mordenite. 
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4.5 DISCUSSION 

4.5.1 Contradiction Between Activity and Selectivity 

As has been shown in this chapter, in both the case of the hydrothermal treatment and 

reaction - regeneration cycles over Rho and Mordenite, there was an increase in activity 

accompanied by an increase in selectivity to lower substituted methylamines. These trends 

are seemingly contradictory for a series type reaction, as it would be expected that with 

increasing methanol conversion there would be a decrease rather than an increase in the 

selectivities of monomethylamine and dimethylamine. In a set of series type reactions, the 

selectivity to products vs . reactant conversion would be expected to follow the trend shown in 

Figure 4 .18. In this type of system, as the conversion of the primary reactant increases, the 

yield of the products changes, with the final product in the series increasing. 
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Conversion of A 

Figure 4.18: Theoretical Progression of Yield vs. Conversion for a series of three 

reversible reactions 
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The results seen with hydrothennal treatment of Rho however show a decreased selectivity to 

trimethylamine, the final product, when the ammonia conversion increases. This means that 

the selectivity change seen upon hydrothermal treatment in not merely a thermodynamic 

effect. The changes in activity and selectivity with treatment must therefore be separate 

phenomena and when an explanation for these changes is sought at least two changes to the 

catalytic properties of the Rho and Mordenite should be found. 

Alternatively, the above results may be due to the fact that the mechanism is not a simple 

series type. This would fit in with the mechanisms proposed for this reaction [Griindling el 

aI., 1996b,1997; Ernst and Pfeifer, 1992]. However, this still does not explain the 

increasingly non-thennodynamic distribution of amines seen with increased conversion. 

Initially, without treatment, there is more TMA produced than MMA or DMA, which would 

be expected from thermodynamic equilibrium, but as the treatment. and hence the change in 

the catalyst progresses, a far smaller percentage ofTMA is seen. 
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4.5.2 Rho. 

Hydrothermal treatment of Rho leads to significant changes in the catalyst, both in terms of 

the number of acid sites and the pore volume. It was observed that there is an overall loss in 

acidity from the catalyst with increased steaming time (cf. Thermal Desorption experiments) 

What is significant to note however is that this loss has occurred mainly from the weaker of 

the two acid sites present on the catalyst. At the same time, the 27AI MAS NMR studies of the 

steamed samples showed a change in the distribution of aluminium species within the catalyst 

with increased steaming. It is seen that while the unsteamed sample contains primarily 

tetrahedral aluminium, there is a progressive increase in the amount of octahedral aluminium 

with steaming time as well as the formation of a third aluminium species that was not present 

in the parent catalyst. It is possible for some of the extra-framework aluminium species to be 

neutral [Corma, 1989]. This would then account for the loss in total number of acid sites seen 

over the catalysts. Also, the formation of aluminium agglomerate species, i.e., AlxOv would 

result in a loss of the total number of acid sites. 

From a structural point of view it has been seen that there is an increase in the surface area 

and pore volume of Rho with increased steaming. More importantly, there is no significant 

change seen in the mesopore volume and as such the increase in pore volume seen is almost 

solely caused by an increase in the micropore volume. A possible explanation for this is the 

structural flexibility of Rho. It is well known that the pore dimensions of Rho are a strong 

function of cation concentration, adsorbent levels and temperature [Parise et aI. , 1984a,b; 

Corbin et at.. 1990: McCusker, 1984a.b]. The is also evidence that hydrothermally treatment 

Rho shows a larger cell constant, a = 15.0602 A [Fischer et aI. , 1987], than the untreated, 

dehydrated catalyst, a = 14.87 A[Parise et aI., 1984b]. This would then be consistent with the 

increase in especially the micropore volume of the catalyst, as a change in the unit cell 

dimensions would not affect the mesopore volume. The XRD and SEMs have also shown 

that at the levels of hydrothermal treatment used here, there is no measurable loss of 

crystallinity or change in crystallite morphology. 

From the reaction studies over the Rho steamed for various times it has been seen that there is 

a significant change in the catalyst's performance both in terms of activity, as evidenced by 

the rate of consumption of both methanol and ammonia, and in terms of the sel ectivity where 

an increase in the selectivity to the lower substituted amines, MMA and DMA was seen with 
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steaming time. The two major points of interest in these reaction studies are the decrease in 

methanol conversion seen at prolonged steaming times as weB as the shift in the selectivity, 

apparently away from thermodynamic equilibrium with steaming time. 

The increase in conversion can not be related to the acid site concentration, as the acid site 

concentration decreased while there is an increase in inactivity. The increased conversion 

must. therefore be related to one of the other changes occurring on the catalyst. The one 

possibility is the increased pore volume seen in the catalyst since increased accessibility of 

the pore structure obtained could give rise to an increase in activity. This does not however 

explain the change in selectivity seen with increased hydrothermal treatment. 

It is possible that the hydrothermal treatment causes a change in the adsorption behaviour of 

the catalyst by affecting the acid site strength and hence the affinity for different adsorbates. 

This would cause a change in the distribution of surface species on the catalyst. The local 

concentration of species at the catalyst surface would naturaBy affect the local equilibrium of 

the system and in tum the product distribution observed. In addition, a change in the local 

concentrations can affect the activity of the system. A similar situation was observed by 

Grundling et al. [1996] over modified Mordenite where an increase in the concentration of 

the higher substituted methylamines at the surface was found to lead to greater activity due to 

the increased nucleophilic behaviour of these species. 

The decrease in methanol consumption at longer steaming times may be ascribed to the 

formation of extra-framework alumina within the catalyst. As large amounts of EFAl are 

formed, as seen from the NMR experiments, this may cause blockage of the pore structure of 

the catalyst and hence a lower accessibility to the reactant or product molecules. This would 

be in agreement with the findings of Segawa and Tachibana [1993] who showed in the 

reaction of methanol and ammonia over Mordenite that dealumination of the catalyst lead to a 

loss of activity. Similar effects have been seen with other catalysts [Bamwenda et aI., 

1994,1995; Miller et al., 1992]. The eventual decrease in activity observed may also be due 

to the acid site loss. It has been proposed that cationic extra-framework aluminium species 

lower the activity of catalysts by partial charge balancing of catalyst and hence the excluding 

protons from the catalyst surface [Kubelkova et aI., 1992]. 

It may be postulated that there are several different changes occurring on the catalyst with 

hydrothermal treatment. Particularly, there are two factors affecting the activity. One, the 
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the system and in tum the product distribution observed. In addition, a change in the local 

concentrations can affect the activity of the system. A similar situation was observed by 

Grundling et al. [1996] over modified Mordenite where an increase in the concentration of 

the higher substituted methylamines at the surface was found to lead to greater activity due to 

the increased nucleophilic behaviour of these species. 

The decrease in methanol consumption at longer steaming times may be ascribed to the 

formation of extra-framework alumina within the catalyst. As large amounts of EF Al are 

formed, as seen from the NMR experiments, this may cause blockage of the pore structure of 

the catalyst and hence a lower accessibility to the reactant or product molecules. This would 

be in agreement with the findings of Segawa and Tachibana [1993] who showed in the 

reaction of methanol and ammonia over Mordenite that dealumination of the catalyst lead to a 

loss of activity. Similar effects have been seen with other catalysts [Bamwenda et aI., 

1994,1995; Miller et al., 1992]. The eventual decrease in activity observed may also be due 

to the acid site loss. It has been proposed that cationic extra-framework aluminium species 

lower the activity of catalysts by partial charge balancing of catalyst and hence the excluding 

protons from the catalyst surface [Kubelkova et aI., 1992]. 

It may be postulated that there are several different changes occurring on the catalyst with 

hydrothermal treatment. Particularly, there are two factors affecting the activity. One, the 
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increased accessibility of the pore structure and/or a change in the adsorption behaviour are 

causing the increase in activity seen especially at shoner steaming times. In contrast. there is 

also some catalyst degradation., in the form of acid site loss or general structural deterioration 

that causes a decrease in activity. The change in selectivity mayor may not be related to the 

change in activity. In Chapter 5, the change in the adsorption behaviour of the catalysts will 

be examined in more detail . 

The initially high trimethylamine selectivity observed, which is above that expected from 

equilibrium thermodynamic considerations, is not unique to this work. There have been other 

repons of trimethylamine selectivities higher than thermodynamic equilibrium. For example. 

Keane et at. [1987], repon trimethylamine selectivities of 73 and 69 mol% over HY and 

Mordenite respectively for an equimolar feed of methanol and ammonia at 325°C At these 

conditions, the expected trimethylamirie selectivity is 62 mol%. Also. Shannon et al. [1988] . 

over Pollucite at 93% methanol conversion, and llao et al. [1996], over H-ZSM-5 at 80% 

methanol conversion. reponed trimethylamine selectivities greater than 62 mol% at reaction 

temperatures of 325°C 

4.6.2 Mordenite 

In the case of Mordenite it has been seen in this work that the hydrothermal treatment causes 

some overall loss in acidity but more imponantly that there is a definite generation of a 

second, weaker acid site with steaming time. There was also dealumination of Mordenite 

seen with hydrothermal treatment. The change in the acidity of the Mordenite as opposed to 

. the Rho with steaming 	time is markedly different. Whereas Rho underwent acid site loss 

without the formation of new acid sites. Mordenite showed a shift in the type of acid site. as 

seen with the Thermal Desorption experiments. with a loss in the number of acid sites which 

is less than for Rho. 

The structural changes over Mordenite were likewise different to those over Rho . Here, a 

decrease in the surface area was seen with increased hydrothermal treatment, most of which 

is due to a loss of micropore surface area. As with the Rho, this catalyst does not show 

discernible changes in crystallinity or morphology. 
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In the reaction studies. Mordenite shows some improvement in activity after hydrothermal 

treatment. This is not however as much as that seen over Rho. The change in selectivity 

observed over Mordenite is likewise less noticeable. Panicularly, there is no increase in the 

selectivity to DMA observed. Even using more severe steaming conditions did not further 

improve the performance of the Mordenite. 

In general. the effect of the hydrothermal treatment on Mordenite is somewhat less than on 

Rho. The integral rate of methanol consumption increases by ca. 70% to 100% with the 

Mordenite. depending on the severity of steaming, while the increase over Rho is almost 

200%. 

It may therefore be concluded that Rho was far more greatly affected by the hydrothermal 

treatment than was the sample of Mordenite. This was not all that unexpected or 

unreasonable for two reasons. Firstly, it is known that the crystal structure of Mordenite is 

inherently very stable and is stable at quite severe treatment conditions [Miller et al., 1992]. 

Rho, on the other hand suffers structural collapse at moderately severe treatment conditions 

[Shannon et al., 1988a]. It may therefore be said that the framework of Mordenite is more 

stable than that of Rho. The large degree to which the framework of Rho distorts upon the 

insertion of different adsorbates [McCusker, 1984; Parise et al. 1984; Corbin et al., 1990] is 

another strong indication of the ease by which the structure of this catalyst may be altered 

Secondly, the percentage aluminium in the framework of Rho is higher than that in the 

Mordenite. The silicon/aluminium ratio of the Rho was 6 whereas that for the Mordenite was 

10 When there is more aluminium in the framework. as with the Rho, it is easier to remove 

larger quantities of that aluminium from the framework . 
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5. ADSORPTION STUDIES 

In the previous two chapters it was shown that hydrothermal treatment causeddealumination 

of the zeolites Rho and Mordenite. It was also shown how this form of treatment influenced 

the performance of the catalysts for the methanol amination reaction in terms of their activity, 

which increased, and select ivity, which shifted towards the lower substituted methylamines 

This and the characterisation results indicated that more than one change was occurring over 

the catalysts, specifically it appeared that contradictory changes were occurring in the 

catalysts with steaming and hence that there was an optimum degree of hydrothermal 

treatment at which the best combination of activity and selectivity could be achieved 

In other work, Shannon et al. [1984] noticed that there was improvement in the structural 

stability of zeolite Rho after steaming. In a study of ZSM-5 and T -zeolite catalysts, Hermann 

et al. [1988] assume that the extra-framework aluminium (EF AI) remains within the interior 

of the catalyst and thus improves selectivity by increasing diffusional constraints . Increasing 

the diffusional constraints within the catalyst most severely affects the largest amine, TMA 

and therefore allows this to be reconverted within the catalyst pore structure to lower 

substituted amines . There are however researchers who disagree that extra-framework 

aluminium is beneficial to the methanol amination reaction [Shannon et aI., 1988: Segawa 

and Tachibana, 1993; IIao et aI., 1996]. They found that dealumination hindered the catalyst 

performance by decreasing the catalyst activity. They also found that y-alumina (amorphous 

alumina), which can be formed during the dealumination process [Corma, 1989], produced 

exclusively dimethyl ether. 

Although it has been shown that hydrothermal treatment causes dealumination, which could 

in tum increase the diffusional constraints, there are a number of conflicting observations that 

have arisen from this work. Firstly, the improvement in both methanol and ammonia 

conversion with increasing extent of dealumination by steaming would seem to indicate that 

there is not an increase in the diffusional constraint. If diffusional constraints played a role 

here, the increase in conversion should then indicate a decrease in the diffusional constraints . 

The change in selectivity to the smaller molecules, viz, monomethylamine and 

dimethylamine, on the other hand is consistent with an increase in the diffusional constraints . 

Another reason for the change in selectivity could be a change in the concentration within the 
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pores that would shift the local equilibrium distribution and hence change the observed 

selectivity. 

In this study, single component adsorption studies of methanol, ammonia and water as well as 

binary adsorption studies of the methanol/ammonia and methanol/water pairs are reponed 

with a view to elucidating the change in reaction behaviour of zeolites Rho and Mordenite 

upon steaming from a different point of view. The results of the adsorption studies of each 

catalyst will first be considered individually and then compared. The results of all adsorption 

experiments are tabulated in appendix X. The method of detennining the amounts of 

chemisorption versus physisorption has been described in chapter 2. 
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5.1 RHO 

5.1.1 Pure Component Adsorption 

The adsorption studies were performed on Rho(B). The adsorption capacities for the three 

pure compounds were determined as a function of steaming time. The total amount adsorbed 

of all pure components is shown in Figure 5.1. It can be seen that each curve passes through a 

maximum after a steaming time of ca. 2 hours. Table 5.1 shows the adsorption capacity of the 

parent catalyst and the maximum adsorption capacity obtained over zeolite Rho(B) after :2 

hours of steaming at 450°C. The relative increases in the amount of methanol and ammonia 

adsorbed were identical (at ca. 34%). The increase in the amount of water adsorbed is 

however relatively more at 50%. 
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Figure 5.1: Total adsorption capacity of pure compounds as a function of steaming time 

for zeolite Rho(B). 

(Tads = 100°e. Pm,) = 2.5 kPa PM.OH = 2 kPa Pmu = 0.6 kPa. balance He. P'OI = atmospheric) 
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Table 5.1: Increase in adsorption capacities of pure compounds over zeolite Rho(B) with 

steaming time. 

(Tlds= 100°C, PMeOIF2 kPa, PNID=O.6 kPa, PH2o=2.5 kPa) 

Adsorbate Initial Adsorption Maximum Adsorption Percentage 
Capacity Capacity Increase 
(mmoll ~t) (mmollgcat) 

Ammonia 1.8 2.4 33 
Methanol 3.2 4.3 34 
Water 3.8 5.7 50 
Methanol & Water 5.4 8.0 47 
Methanol & Ammonia 3.2 4.3 24 

The maximum observed in the total adsorption capacity over Rho might be explained in 

terms of the pore structure of the catalyst with steaming time. As the catalyst is dealuminated, 

there is an increase in the pore volume, as seen by the BET measurements (cf. Chapter 4.2). 

This increased pore volume in the initial stages of hydrothermal treatment leads to the initial 

increase seen in the adsorption capacity. The increase in pore volume, as was discussed in 

Chapter 4, may be due to the flexibility of the framework of Rho, which is known to be 

highly flexible and dependent on the presence of cations, temperature and adsorbates [Parise 

ef aI. , 1984; Corbin et al., 1984,1990: McCusker. I 984a,b]. It is not unreasonable to expect 

therefore that the presence of extra-framework aluminium would likewise affect the pore 

structure of Rho . 

It has already been discussed how any cationic extra-framework aluminium species could 

cause partial acid site loss due to it taking over the function of charge balancing the catalyst 

framework [Kubelkova et aI., 1989]. This leads to the decrease in adsorption capacity with 

longer times on stream. Larger amounts of extra-framework aluminium can also lead to 

decreased adsorption capacity due to pore blockage as has been seen with other catalysts 

[Bamwenda et aI., 1994,1995; Miller et aI., 1992]. 

Figure 5.2 shows the chemisorbed component of the total adsorption. The amount 

chemisorbed, in a similar manner to the total adsorption, reached a maximum after about 2 

hours and then decreased at longer steaming times. This is consistent with the Thermal 

Desorption experiments, which also showed a decrease in the ammonia in adsorption 
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capacity at longer steaming times, although these two experiments were performed at 

different conditions. The Thermal Desorption experiments did not however show an initial 

increase in ammonia adsorption capacity but rather seemed to remain essentially constant in 

the initial steaming times. This might be due to the fact that in the Thermal Desorption 

experiments measure the amount chemisorbed from desorption whereas the adsorption 

experiments measure the ~hemisorption amount from the difference between total adsorption 

and physisorption. The amount of physisorbed ammonia in the adsorption experiments was 

difficult to determine and contains a large error. 

The decrease in chemisorption capacity can be ascribed to the decrease in the number of acid 

sites with increasing steaming time. In theory, each framework aluminium atom corresponds 

to one acid site. It is also ~xpected that each chemisorbed molecule is attached to one acid site 

and that there is no more than one molecule per site. Therefore as the dealumination causes a 

loss in the number of acid sites, the chemisorption capacity will decrease. What is interesting 

to note is that the amounts of pure methanol and water chemisorbed are substantially higher 

than the amount of pure ammonia chemisorbed. The ammonia chemisorption corresponds to 

the number of acid sites as seen by Thermal Desorption (1.77 mmollgc.at) This indicates that 

the amounts of methanol and water chemisorbed are more than the number of acid sites, 

indicating multi-layer adsorption . 
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Figure 5.2: Chemisorption capacity of pure compounds as a function of steaming time 

for zeolite Rho(B). 

(T.ds = 100°C, PruO =2.5 kPa. PMeOH =2 kPa, PNID =0.6 kPa balance He. Plot =atmospheric) 
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Figure 5.2: Chemisorption capacity of pure compounds as a function of steaming time 

for zeolite Rho(B). 
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Figure 5.3 shows the physisorbed component of the total adsorption. It is seen that the 

physisorbed amount of ammonia is low in comparison to that of the other two compounds 

and seems to be less dependent on steaming time. Initially, the physisorbed amounts of 

methanol and water increase rapidly with steaming time and pass through clear maxima at 2 

hours of steaming before declining. The large differences in the amounts of the pure 

compounds physisorbed is probably due to the differences in the partial pressures used. As 

far as the physisorbed amount is concerned, there is a direct relationship between the partial 

pressure of the gas and the amount adsorbed. This is confirmed by the ratios of the initial 

amounts adsorbed. The ratio of ammonia: methanol: water in the gas phase was 1:2.9:3.6 and 

the ratio of the physisorbed amounts was 1: 2.3:3.1. These ratios are similar, though not 

exactly the same. 
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Figure 5.3: Physisorption capacity of pure compounds as a function of steaming time 

for zeolite Rho(B). 
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5.1.2 Bin'ary Adsorption Studies 

Although the adsorption of pure compounds yields valuable information on the adsorption 

capacity of zeolites, the preference of the zeolite for one compound or the other. viz. the 

relative strength of adsorption, must be considered if adsorption measurements are used to 

explain the behaviour of the zeolite in a reaction mixture. Two mixtures were chosen for the 

studies of binary adsorption behaviour, viz. methanoVwater and methanoVammonia. 

Methanol - Water 

Firstly, a mixture of methanol and water in order to obtain information as to the changing 

hydrophobicity of the catalyst [Kiss et aI., 1991; Weitkamp et aI., 1993]. Figure 5.4 shows 

the ratio of total methanol to water adsorption over zeolite Rho as a function of steaming 

time. It can be seen that the hydrophobicity of the catalyst goes through a sharp maximum at 

ca. 2 hours steaming time. The strong decrease in the ratio after two hours steaming might be 

ascribed to the greater affinity of water for the extra-framework aluminium species. 
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Figure 5.4: 	 Ratio of total Methanol to Water adsorption over zeolite Rho(B) vs. 

steaming time. 

(Tads = 100°e. Pm" =2.5 kPa. PMe(!H =2 kPa. balance He. P,o, =atmospheric) 
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Figure 5.5 shows the ratio of methanol to water chemisorption over Rho as a function of 

steaming time. It can be seen that the ratio of chemisorbed methanol to water initially remains 

constant but decreases with longer steaming times. This means that with prolonged 

hydrotherlnal treatment there is an increase in the relative amount of water chemisorbed at 

the surface. On this catalyst, this trend is not however very pronounced. It has already been 

established that the hydrothermal treatment causes dealumination of the catalyst . As the 

aluminium is removed from the framework, it forms a variety of species [Corma et a!., 1989: 

Martens et a!., 1997]. When completely dehydrated, these would have the general formula 

[AlxOy]n-. These species can react with water to form species of the form [AlxOyHzr-. This 

reaction can explain the increased water adsorption seen with increasing dealumination. 
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Figure 5.5: Ratio of total Methanol to Water adsorption over zeolite Rho(B) vs. 

steaming time. 

(Tads = 100°C, Ptu" =2.5 kPa. PMeOH = 2 kPa. balance He. Plot = aunospheric) 
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Ammonia - Methanol 

The second binary mixture tested was that of methanol and ammonia. Figure 5.6 shows the 

ratio of chemisorbed ammonia to methanol over zeolite Rho as a function of steaming time 

for the binary mixture. The amount of ammonia relative to methanol chemisorbed is high and 

increases with increasing steaming time. Ammonia is a stronger base than methanol and the 

generation of stronger acid sites (cf Thermal Desorption results in Chapter 4. 1) should 

favour the chemisorption of the stronger base. This increase in the ratios of chemisorption 

was also found to be purely a function of the changing nature of the acid sites and not a 

function of the adsorption capacities of the two molecules. 
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Figure 5.6: Ratio of ammonia to methanol chemisorption over zeolite Rho(B) vs. 

steaming time. 

(T.d> = lOO°e. PM ,OH = 2 kPa. PNID = 0.6 kPa, balance He, Ptot = aunospheric) 
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Figure 5.7 shows the ratio of physisorbed ammonia to methanol, i.e., ammonia and methanol 

which is not bonded to the catalyst surface, as a function of steaming time. It can be seen that 

the trend observed in the physisorbed ratios is opposite to that which was observed in the 

chemisorption in that the ratio of physisorbed ammonia to methanol decreases with 

increasing steaming time. This means that the amount of methanol physisorbed is much 

higher than that of ammonia and increases relative to ammonia with steaming time. 

For the untreated sample (Ohrs steaming) the relative concentrations physisorbed in the pores 

is approximately . that in the gas phase. Upon steaming, the amount of ammonia physisorbed 

in the. pores relative to that of methanol is less than in the gas phase. The composition of 

physisorbed species within the pores is thus richer in methanol. 
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Figure 5.7: Ratio of ammonia to methanol physisorption over zeolite Rho(B) vs. 

steaming time. 

(Tads = lOO°e. PMeOH = 2 kPa PNH.3 = 0.6 kPa, balance He. p.o. = atmospheric) 
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steaming time. 
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5.2 MORDENITE 

Similar adsorption studies \:0 those carried out over Rho were carried out over Mordenite. The 

Mordenite samples studied here are those that were subjected to the more severe 

hydrothermal treatment regime, viz. Tadsorption = 500°C, PH20 = 57 kPa. The reaction studies 

corresponding to these samples are shown in Chapter 4.4.1. 

5.2.1 Pure Component Adsorption 

The adsorption capacities of the three pure compounds on Mordenite as a function of 

steaming time are shown in Figure 5.8. What is seen in this figure is that there is a systematic 

decrease in the amount of all compounds adsorbed with increased steaming time. In 

particular, the responses of water and methanol adsorption to hydrothermal treatment, which 

are very similar, show an initially rapid drop in the total amount adsorbed . The response of 

the total ammonia adsorption capacity to hydrothermal was however more linear. These 

results are in contrast to the results obtained over Rho where a maximum in the adsorption 

capacity with steaming time was seen. Table 5.2 shows the initial total adsorption capacity 

and the total adsorption capacity after 16 hours of steaming. It can be seen that the most 

significant decrease is seen in the amount of water adsorbed. 
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Figure 5.8: Total adsorption capacity of pure compounds as a function of steaming time 
for Mordenite. 
(Tads = 100°e. Pilla = 2.5 kPa, PMeOH = 2 kPa, PNH3 = 0.6 kPa balance He, Ptol = atmospheric) 
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Table 5.2: Decrease in adsorption capacities of pure compounds over Mordenite with 


steaming time. 


(Tads=lOO°C, PMeow=2 kPa, PNID=O.6 kPa, PH2o=2.5 kPa values in parentheses estimated) 


Adsorbate Initial Adsorption Final Adsorption Percentage 
Capacity Capacity Decrease 
(mmoV ~t) (mmoV 8cat) 

Methanol 4.04 2.09 48 
Ammonia (1.5) 0.84 44 
Water 4 .84 (1.92) 60 
Methanol & Water 4.44 3.23 27 
Methanol & Ammonia 4 .17 2.26 46 

The behaviour of especially the methanol and water total adsorption as a function of steaming 

time closely follows the results of the BET measurements which showed a decrease in the 

surface area (cf. Figure 4.8). It is hardly surprising that as the surface area and pore volume 

decrease that so does the total adsorption capacity of the catalyst. 

Figure 5.9 shows the chemisorption capacity of Mordenite as a function of steaming time. It 

can be seen that the response of the chemisorption of all three compounds is similar. All the 

adsorbates show an initially fast decrease in chemisorption capacity, which slows down but 

still decreases with further steam treatment. These results are similar to the Thermal 

Desorption results. which showed a similar decrease in the adsorption of ammonia. though 

the adsorption conditions of the Thermal Desorption were different (Tads Thennal Desorption 

= 150°C). Again, the chemisorbed amount in the adsorption studies is a difference 

measurement and thus is associated with a larger error of measurement. The adsorption 

studies show a 40 % decrease in the amount of ammonia chemisorbed while the Thermal 

Desorption experiments show a 20 % loss in the concentration of acid sites. The decrease in 

chemisorption can therefore be compared to the loss of acid sites with hydrothermal 

treatment although it is not a direct correlation. 

Figure 5.10 shows the physisorption capacity of the Mordenite as a function of steaming 

time. It is seen that there was a decrease in the physisorbed amounts of all compounds but 

that that of water shows the most significant decrease in the initial steaming times. As with 

Rho, the physisorbed amount of ammonia is significantly less than that of either of the other 

two compounds. 
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Figure 5.9: Chemisorption capacity of pure compounds as a function of steaming time 

for Mordenite. 

(Tad< = 100°C. p~(' =2.5 kPa. PMeOH =2 kPa. P NHJ =0.6 kPa balance He. P,O' =atmospheric) 
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Figure 5.10: Physisorption capacity of pure compounds as a function of steaming time 

for Mordenite. 
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Figure 5.10: Physisorption capacity of pure compounds as a function of steaming time 

for Mordenite. 

(T.ds = 100°C, PluG = 2.5 kPa, PMeOH = 2 kPa, PNH3 = 0.6 kPa, balance He. PIO! = atmospheric) 
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5.2.2 Binary Adsorption Studies 

As with Rho, the binary adsorption studies over Mordenite show more interesting results than 

the simple single component adsorption studies. 

Methanol - Water 

. Figure 5. 11 shows the ratio of the total methanol to water adsorption from a binary mixture as 

a function of steaming time. It appears that this passes through a maximum with steaming 

time. This may however be an anomaly of the experimental error, in which case the ratio of 

the total adsorptions could be said to have remained essentially constant with steaming time. 
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Figure 5.11: Ratio of total Methanol to Water adsorption over Mordenite vs. steaming 

time. 

(Tads = !Oo°e. Pruo =2.5 kPa. PMeUH =2 kPa. balance He. Ptot =atmospheric) 

Figure 5.12 shows the ratio of methanol to water chemisorption over Mordenite as a function 

of steaming time. It can be seen that there was a significant decrease in this ratio. This 

indicates that with prolonged steaming of the Mordenite that there was significantly more 

water chemisorbed onto the catalyst. A possible explanation for this could be related to the 
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water chemisorbed onto the catalyst. A possible explanation for this could be related to the 
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dealumination of the catalyst. As the aluminium is removed from the framework, it can form 

a number of extra-framework species. In the completely dehydrated form of the catalyst, 

most of these would have the general formula [AlxOyt... These species could then react with 

water to form [AlxOyHz]m+. This would then explain the relative increase in the amount of 

water vs. methanol chemisorption with increased dealumination of the catalyst. It is well 

known that alumina (Al20 3) in particular can undergo this reaction with water. 

16 

I. - 12 
CIJ = .... Q=.
E-;; ~ 8 I_~____________________
Q Vl= =.-S 
of CIJ 	 ____ •

CIJ .c ... 

::iE S 4 


o 
o 	 5 10 15 20 

Steaming Time (hours) 

Figure 5.12: Ratio of Methanol to Water Chemisorption over Mordenite vs. steaming 

time. 

(Tads = 100°e. Pill" =2.5 kPa. PMeUH =2 kPa. balance He. PlOt =atmospheric) 

Figure 5.13 shows the ratio of physisorbed methanol to water as a function of steaming time 

It can be seen that this ratio increases with steaming time as opposed to the chemisorption, 

which decreased. 
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Figure 5.13: 	Ratio of Methanol to Water Chemisorption over Mordenite vs. steaming 

time. 

(Tads = 100°C, PH20 =2.5 kPa. PM.OH =2 kPa. balance He. PIOI =aunospheric) 

Ammonia - Methanol 

Figure 5.14 shows the ratio of chemisorbed ammonia to methanol from a binary mixture as a 

function of steaming time. Initially there was more ammonia than methanol adsorbed on the 

surface but this decreased with prolonged hydrothermal treatment. This indicates a change in 

the affinity of adsorption of the methanol and ammonia on the catalyst surface and hence 

indicates a change in the nature of the catalyst's acidity. This finding is in agreement with the 

results of the Thermal Desorption which showed the formation of a second, weaker type of 

acid site with increased steaming of the catalyst. As mentioned in the discussion of the 

adsorption on Rho, ammonia is a stronger base than methanol and would therefore react 

preferentially with a strong acid site. On a weaker acid site, the weaker base (methanol) 

would have a stronger chance of reacting with the surface. This is what was observed in this 

study, that the chemisorption of methanol increases as the acid site strength decreases. 
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time. 

(T.ds = 100°C. PH20 = 2.5 kPa. PM.OH = 2 kPa. balance He. PIOI = aunospheric) 

Ammonia - Methanol 

Figure 5.14 shows the ratio of chemisorbed ammonia to methanol from a binary mixture as a 

function of steaming time. Initially there was more ammonia than methanol adsorbed on the 

surface but this decreased with prolonged hydrothermal treatment. This indicates a change in 

the affinity of adsorption of the methanol and ammonia on the catalyst surface and hence 

indicates a change in the nature of the catalyst's acidity . This finding is in agreement with the 

results of the Thermal Desorption which showed the formation of a second, weaker type of 

acid site with increased steaming of the catalyst. As mentioned in the discussion of the 

adsorption on Rho, ammonia is a stronger base than methanol and would therefore react 

preferentially with a strong acid site. On a weaker acid site, the weaker base (methanol) 

would have a stronger chance of reacting with the surface. This is what was observed in this 

study, that the chemisorption of methanol increases as the acid site strength decreases. 
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Figure 5.14: Ratio of ammonia to methanol chemisorption over Mordenite vs. steaming 

time. 
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Figure 5.15 shows the absolute amounts of ammonia and methanol physisorbed from a binary 

mixture over Mordenite as a function of steaming time It was observed that for all catalyst 

samples, the amounts of ammonia physisorbed were extremely small, such as to make a 

comparison of the ratio :If physisorbed ammonia to methanol unreliable . The amount of 

methanol physisorbed decreased with increasing hydrothermal treatment but this fits in with 

the general decrease in adsorption capacity observed for Mordenite with steaming. 
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mi xture over Mordenite as a function of steaming time. It was observed that for all catalyst 

samples, the amounts of ammonia physisorbed were extremely small, such as to make a 

comparison of the ratio :If physisorbed ammonia to methanol unreliable . The amount of 

methanol physisorbed decreased with increasing hydrothermal treatment but this fits in with 

the general decrease in adsorption capacity observed for Mordenite with steaming. 
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5.3 DISCUSSION 

An interesting observatioL is made when considering the total amount of all the compounds 

adsorbed relative to the pore volume of the catalysts . Take for example the adsorption of 

methanol where in the range of results obtained in this study, the concentration within the 

catalyst (either Rho or Mordenite) varies between 2 and 7 mol/litre. This is far more than the 

gas phase where the concentration fed was 0.09 mol/lit. Thus the concentration of methanol 

within the pores is a factor of ca. 40% higher. This is still lower than the concentration of a 

liquid however, which is ca. 30 mol/litre. 

5.3.1 Rho 

The Thermal Desorption experiments showed that, while the ratio of strong to weak acid sites 

increased with steaming time, the total number of acid sites decreased. It may therefore be 

questioned whether the observed increase in adsorption · capacity is due to increased 

adsorption on the active sites or only to an increase in the physisorbed species within the 

catalyst structure. It has already been shown. with the BET measurements. how the steaming 

causes an increase in the pore volume of the catalyst. This increased pore volume would 

naturally lead to an increase in the physisorption capacity of the catalyst. However, as both 

the physisorption and chemisorption went through maxima with steaming time (cf Figures 

5.2 and 5.3) it is not one or other type of species that is increasing but rather a combination of 

both . These two types of adsorption are however linked in that a higher adsorbate 

concentration within the catalyst pores would shift the adsorption equilibrium in such a way 

that the concentration of chemisorbed species would also increase. To test this hypothesis, the 

ratio of chemisorbed to physisorbed species can be examined as a function of steaming time 

(see Figure 5.16) . It can be seen that the ratio of chemisorbed to physisorbed species does not 

remain constant with steaming time. This means that the increase in chemisorbed species was 

not simply due to a change in the overall concentration within the pores and hence a shift in 

the equilibrium. These data rather confirm the changing nature of the catalyst surface, in 

particular the acid sites. 
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Figure 5.16: Ratio of Chemisorption to Physisorption vs. steaming time over zeolite Rho 

for pure Methanol and Ammonia. 

(Tads = 100°(, PMeOH = 2 kPa PNID = 0.6 kPa balance He. Pta< = attnospheric) 

The change in the ratio of ammonia to methanol physisorption seen in the binary adsorption 

studies of this work is consistent with the increase in activity seen in the methanol amination 

reaction with steaming time. To explain this, it is first necessary to remember that it has been 

shown that the mechanism of formation of the methylamines from methanol and ammonia 

occurs via a three-step process. Gn:.indling et at. [1997] showed that firstly ammonia adsorbs 

onto the surface of the catalyst. This is followed by reaction of gas phase methanol with the 

adsorbed ammonia or incompletely substituted methylamines at the surface to form more 

highly substituted sorbed methylamines accompanied by the release of water. In the final 

step, the gas phase amines are fonned either by adsorption-assisted desorption of the sorbed 

amines or through methyl group scavenging. When the concentration of methanol within the 

pores of the catalyst increases, as has been seen to occur in the adsorption studies of the 

physiSorbed binary methanoVammonia mixture, the equilibrium of the surface species shifts 

in favour of the more highly substituted species. This means that the concentration of methyl 

groups, as part of sorbed methylammonium ions, increases as the concentration of methanol 

within the pores increases. Veefkind et at. [1998] have shown that the rate of amine 
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Figure 5.16: Ratio of Chemisorption to Physisorption vs. steaming time over zeolite Rho 

for pure Methanol and Ammonia. 
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onto the surface of the catalyst. This is followed by reaction of gas phase methanol with the 

adsorbed ammonia or incompletely substituted methylamines at the surface to form more 

highly substituted sorbed methylamines accompanied by the release of water. In the final 

step, the gas phase amines are fonned either by adsorption-assisted desorption of the sorbed 

amines or through methyl group scavenging. When the concentration of methanol within the 

pores of the catalyst increases, as has been seen to occur in the adsorption studies of the 

physiSorbed binary methanoVammonia mixture, the equilibrium of the surface species shifts 

in favour of the more highly substituted species. This means that the concentration of methyl 

groups, as part of sorbed methylammonium ions, increases as the concentration of methanol 

within the pores increases. Veefkind et at. [1998] have shown that the rate of amine 
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formation is dependent on the concentration of methyl groups, in methylammonium species. 

at the surface rather than the concentration of acid sites. Hence, as the concentration of 

methyl groups at the surface increases, the rate of methylamine formation should increase 

leading to a higher rate of ammonia conversion., which was found to be the case in this 

present study, up to 5 hours steaming. 

What remains however is to explain the apparently contradictory change in selectivity that 

was observed in the initial steaming times. The fact that the ratio of chemisorbed ammonia to 

methanol from the binary mixture increased with steaming time while the ratio in the 

adsorption experiments of the pure compounds remained constant indicates that the change in 

the adsorption ratios of the binary mixture must be due to a change in the affinity for 

adsorption of the catalyst caused by the hydrothermal treatment. As the ammonia is the more 

basic compound, this would seem to indicate that there is an increase in the acid strength of 

the catalyst. This is consistent with the Thermal Desorption experiments, which showed an 

increase in the percentage of strong acid sites as a function of steaming time. The increase in 

acid site strength means that there should be no difference in the amount of dimethyl ether 

formed during the reactiorL There was indeed no measurable change in the amount of DME 

formed with steaming time. The DME yield remained constant within error of measurement 

at ca. 4 C% for the entire scope of the reaction studies. 

While the distribution of the chemisorbed species gives information about the nature of the 

catalytic acid sites, with respect to their affinity for adsorption of different molecules, the 

reaction is also affected by the distribution of the free molecules in contact with the adsorbed 

species, i.e., the distribution of the physisorbed species. This is because the reaction takes 

place between the adsorbed methylammonium species and the gas phase molecules . As 

mentioned above. the decreasing ratio of physisorbed ammonia to methanol indicates that the 

concentration of free methanol relative to ammonia within the pores of the catalyst must 

increase with increasing steaming time. The logical hypothesis to arise from this observation 

is that, during reaction stujies. the thermodynamic equilibrium is shifted towards the higher 

substituted amines and that therefore the proportion of trimethylamine in the amine mixture 

shouIa be higher. The product spectrum would therefore be based on the equilibrium given 

by the concentration within the pores of the catalyst rather than the concentration within the 

gas phase. If the plot ofaITline yield as a function of ammonia conversion (cf. Figure 4.20) is 

more closely examined, it can be seen that at low conversions the yields of 
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monomethylamine and dimethylamine are very low in comparison to that of trimethylamine. 

It is only once the consumption of methanol nears completion., i.e., XNH3 > 0.33, that the 

yields of monomethylamine and dimethylamine start to increase. It is also at this point that 

the yield of trimethylamine starts to decrease rapidly. 

This means that the product distribution is affected by the conversion within the system, or 

more. precisely the effective conversion within the individual catalyst particles. Initially, the 

methanol is consumed faster than the ammonia and the highly substituted trimethylamine is 

formed preferentially. At higher conversions, as the methanol consumption nears completion, 

the concentration of methanol within the pores decreases and the methanol consumption 

slows down while the disproportionation . reactions of trimethylamine and ammonia to 

dimethylamine and monomethylamine become relatively more important. The result of this is 

that apparently similar methanol conversions could give quite different product selectivities. 

5.3.2 Mordenite 

The change in adsorption behaviour over Mordenite was seen to be completely different to 

that of Rho . It was seen in the case of Mordenite, that the hydrothermal treatment lead to an 

increase in the affinity of the catalyst surface for methanol which in tum lead to the increased 

rate of DNlE formation at the expense of the formation of amines . In addition, the 

hydrothermal treatment ofMordenite leads to a loss in the total adsorption capacity and hence 

the overall reaction rate is seen to decrease. 

Over Rho it was observed that the change in the ratio of the physisorbed methanol to 

ammonia could be correlated with the increase in activity seen for the methanol amination 

reaction. Although Mordenite likewise showed an increase in activity over short steaming 

times, the fact that the amount of ammonia physisorbed for all samples was below the 

accuracy of measurement for the procedure used in this work makes a similar comparison 

difficult It may be expected however that there is a relationship between the decrease in total 

adsorption capacity and the decrease in activity seen at steaming times greater than about 2 

hours . 
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The increase in the relative amount of methanol chemisorbed on the Mordenite should 

correspond to an increase in the amount ofDrvtE formed. This is indeed the case. Figure 5.17 

shows the yield of DME and total amines formed over Mordenite as a function of steaming 

time. It can be seen that the yield of DME increased significantly with increased 

hydrothermal treatment. It is important to note that the rate of formation of DtvIE was 

increasing, even while the rate of methanol conversion was decreasing, making the increase 

in DME selectivity even more pronounced. 
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Figure 5.17: Yield of Dimethyl ether and total Amines over Mordenite as a function of 

steaming time. 

Although there was a small change in the amine content in amines seen over Mordenite with 

steaming time, it is questionable whether this is a true improvement in the catalyst 

performance or simply a function of the decreased total rate of formation ofamines. Not only 

does the overall conversion of methanol decrease, but the relative rate of formation of DtvIE 

increases to approximately half of the product spectrum on a carbon basis, making the 

decrease in the rate of formation of amines more marked than the decrease in the rate of 

amine conversion. This could then be responsible for the slight change in amine selectivity 

seen with steaming time. 

Adsorption Studies 141 

The increase in the relative amount of methanol chemisorbed on the Mordenite should 

correspond to an increase in the amount ofDME fonned. This is indeed the case. Figure 5.17 

shows the yield of DME and total amines fonned over Mordenite as a function of steaming 

time. It can be seen that the yield of DME increased significantly with increased 

hydrothennal treatment. It is important to note that the rate of fonnation of DME was 

increasing, even while the rate of methanol conversion was decreasing, making the increase 

in DME selectivity even more pronounced. 

1 

0.75 ~~~----------------------------------~ 

-~ 
U I r e DME . 
"0
'-" 0.5 -r-------~---------------------------~ 
"ii • Amines : .-,. 

o --------------------------------------~ 
o 5 10 15 20 

Steaming Time (hours) 

Figure 5.17: Yield of Dimethyl ether and total Amines over Mordenite as a function of 

steaming time. 

Although there was a small change in the amine content in amines seen over Mordenite with 

steaming time, it is questionable whether this is a true improvement in the catalyst 

performance or simply a function of the decreased total rate of formation of amines . Not only 

does the overall conversion of methanol decrease, but the relative rate of formation of DME 

increases to approximately half of the product spectrum on a carbon basis, making the 

decrease in the rate of fonnation of amines more marked than the decrease in the rate of 

amine conversion. This could then be responsible for the slight change in amine selectivity 

seen with steaming time. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

142 Adsorption Studies 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Discussion 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Discussion 143 

6. DISCUSSION 

One of the most significant results to come from this work must be the difference in the 

responses of the zeolites, Rho and Mordenite to the hydrothermal treatment. While this 

method of post-synthesis modification was seen to be beneficial, with respect to activity and 

selectivity, to the results obtained for the methanol amination reaction in the case of Rho, 

little or no benefit was seen to be gained from steaming Mordenite . It was also seen that 

hydrothermal treatment of both Rho and Mordenite results in changes to the catalyst 

structures and acidic natures. 

6.1 COMPARISON OF CATALYST CHANGES CAUSED BY 

HYDROTHERMAL TREATMENT 

6.1.1 Changes in Reaction Behaviour 

In terms of the reaction studies performed over the two zeolites as a function of steaming 

time, what is most obvious is that Rho could be manipulated to a much larger extent than 

could Mordenite to yield a more favourable performance both in terms of activity and 

selectivity for the methanol amination reaction. Over Rho, a significant increase in the rate of 

reaction was seen as well as a marked increase in the selectivity to the lower substituted 

amines Mordenite, on the other hand, showed only some moderate improvement in methanol 

consumption and amine selectivity with steaming. It moreover showed a marked increase in 

the yield ofDtvfE with steaming time. 

Both catalysts showed a decrease in the rate of formation of amines with long steaming times. 

This means that for both there is an optimum degree of hydrothermal treatment, such that the 

best combination of activity and selectivity, i.e., yield, can be obtained . 
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6.1.2 Structural and Acidic Changes 

To gain a better understanding of why the responses of the two zeolites to hydrothermal 

treatment is so different, it is necessary to look to the changes in both the structural and acidic 

properties of the catalysts that have been caused by the steam treatment. Let us first examine 

the change in acidity of the two catalysts as a function of steaming time. 

It was seen from the Thermal Desorption experiments (cf Chapter 4.1) that the change in the 

acidic character of the two catalysts as a function of steaming time was quite different. On the 

Rho, which initially had two distinct types of acid sites, as observed from the Thermal 

Desorption spectra, it was seen that there was a general loss in the number of acid sites 

caused by the steaming and that this loss occurred primarily from the weaker of the two acid 

sites. On the Mordenite, in contrast, the initial acid site distribution was essentially 

homogeneous. With steaming of Mordenite however, although there was some overall loss in 

the number of acid sites, it is interesting to note that there was a generation of a second type 

of acid site, which had a weaker affinity for ammonia than did the original site type. These 

results mean that the actual acidic natures of the two catalysts are being altered in different 

ways by the hydrothermal treatment. While the average acid site strength of the Rho is 

increasing, that of the Mordenite decreases. 

The Thermal Desorption experiments also illustrated the fact that the framework of the Rho is 

less stable than that of the Mordenite in regard to dehydroxylation. This can be seen because 

while dehydroxylation in the case of Rho is seen at temperatures of ca. 650°C, the Mordenite 

shows no dehydroxylation even up to 700°C. 

The NMR studies of the two catalysts showed that there was generation of octahedrally co

ordinated aluminium in both catalysts caused by the hydrothermal treatment. The increase in 

octahedral aluminium in the structure is indicative of dealumination of the catalysts leading 

to the formation of extra-framework aluminium species. EF AI species have been shown to 

exhibit Lewis acidity [Kubelkova et aI., 1989; Mirodatos and Barthomeuf, 1981; Shertrukde 

et aI., 1993]. Now, as has been discussed in Chapter 4, extra-framework aluminium species 

can take different forms [Corma, 1989; Martens et al.,1997] leading to Lewis acid sites of 

differing strengths. It has also been shown that this type of Lewis acidity favours the 

formation of dimethyl ether [Ilao et aI., 1996]. It may be postulated therefore that the extra

framework aluminium species, which form on Rho and Mordenite, are different. It would 
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seem the acid sites genera:ed on Mordenite are of a reasonably weak Lewis nature as they 

correspond well to the increased formation of dimethyl ether seen over Mordenite with 

increased steaming. Steaming of zeolite Rho did not generate these weak Lewis acid sites 

which desorb ammonia in the Thermal Desorption experiments at ca. 325°C. Furthermore. 

steaming of Rho did not enhance the formation of DME with increased hydrothermal 

treatment. 

The next changes caused t'J the catalyst are those of the catalyst structure. One of the most 

striking differences seen over the two catalysts must be in the pore volumes as seen by the 

BET measurements. The changes to the pore volumes of the two catalysts were almost 

exactly opposite. While the surface area and pore volume of the Rho increased with steaming 

time, those of Mordenite decreased. It is also interesting to note that these contradictory 

changes seen for the two catalysts are due to the change in the micropore volume of each 

which increases significantly over Rho and decr.eases over Mordenite . As was already noted 

in Chapter 4 .6, the phenornenal increase in the micropore volume of Rho is in all likelihood 

due to its unique structural flexibility . It is probable that the generation of extra-framework 

aluminium species within this catalyst cause it to take on the more open. symmetrical 

orientation of its framework and hence make the internal pore structure more accessible to 

adsorbant molecules . The structural flexibility of Rho is unique [Corbin et a/., 1990] 

Mordenite shows no such framework flexibility and therefore, complete dehydration of its 

structure would not cause any problems in terms of framework accessibility, as is the case 

with Rho. 

The mesopore volume of both catalysts was seen to increase slightly. This is hardly 

surprising as dealumination of either structure must necessarily lead to the formation of some 

defect sites within the pore structure of the catalyst and hence cause an increase in the volume 

of mesopores seen. 
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6.1.3 Change in Adsorption Behaviour 

The change in the adsorption behaviour of the two catalysts also illustrates the contradictory 

changes over these two zeolites. While the single component adsorption studies gave 

information about the changing capacities of the catalysts, the binary adsorption studies gave 

information about the changing nature of the catalyst surfaces and about the affinity of those 

surfaces for the different adsorbates. 

The first difference between the zeolites is that of the changing total adsorption capacities. 

While Rho showed a distinct maximum in the total adsorption capacity of all three 

compounds (methanol, water and ammonia), Mordenite showed a systematic decrease. Over 

both catalysts, the change in the total adsorption capacity was seen to be due to contributions 

from both chemisorption and physisorption, i.e., the changes in chemisorption and 

physisorption were similar rather than acting in opposition to each other. The total adsorption 

capacities may be related to pore volurnes of the catalysts. In Rho, as the accessible pore 

volume increases, so does the adsorption capacity. In Mordenite, the adsorption capacity 

decreases with decreasing pore volume. 

Where this correlation between pore volume and adsorption capacities falls short however, is 

in the longer (>4 hours) steaming time of Rho. Although the pore volume of Rho, as 

determined by the BET measurements was seen to remain constant at longer steaming times, 

there was a decrease in the total adsorption capacity of Rho with prolonged hydrothermal 

treatment. An alternative explanation must therefore be sought for the decrease in the total 

adsorption capacity over Rho at longer steaming times. A possible explanation for the 

decrease in the total adsorption capacity has already been discussed in terms of the presence 

of extra-framework aluminium. It was noted that the decrease in adsorption capacity could be 

caused by cationic extra-framework aluminium species taking over the function of charge 

balancing the catalyst framework [Kubelkova, 1989]. Extra-framework aluminium could also 

lead to pore blockage [Bamwenda, 1994,1995; Miller, 1992], which would also cause a 

decrease in the adsorption capacity. 

The results obtained over the two catalysts in the binary adsorption studies are also quite 

different. The ratio of total methanol to water adsorbed from a binary mixture is an indication 

of the relative hydrophobicity of the catalysts. Initially, it was seen that this ratio was far less 

over Rho than over Mordenite, indicating that the Mordenite is more hydrophobic than Rho. 
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Even though this ratio changes over both catalysts as a function of steaming time, the total 

methanol to water adsorption ratio over Mordenite was always higher than that over Rho. 

The ratio of total methanol to water adsorbed changed more significantly on Rho than it did 

on Mordenite. While both catalysts showed a maximum in the ratio of total methanol to water 

adsorption with steaming time, the relative increase over Rho is ca. 36% as opposed to 

Mordenite which showed an increase of ca. 28%. Also, the maximum in this ratio over Rho is 

sharp and occurs after two hours steaming time while that over Mordenite was less distinct 

and occurred later at ca. 8 hours steaming. Together these results indicate that the 

hydrophobicity of Mordenite, while always being higher than that of Rho, is not as strongly 

affected by the hydrothermal treatment. 

A more dramatic difference between the two catalysts was found in the ratio of chemisorbed 

methanol to water as a function of steaming time. While there was a slight decrease in this 

value over Rho, the ratio over Mordenite dropped dramatically in the initial hours of 

steaming to ca. 30% of its initial value. This is indicative of the fact that there is some change 

to the surface of the Mordenite which does not occur on or is not the same on Rho. A possible 

explanation for this could be related to the dealumination of the catalyst . As the aluminium is 

removed from the framework, it can form a number of extra-framework species. In the 

completely dehydrated form of the catalyst, most of these would have the general formula 

[AtOyr- These species could then react with water to form [AlxOvHz]mT . This would then 
. . 

explain the increased amount of water chemisorption with increased dealumination of the 

catalyst 

When the results of the binary adsorption of ammonia and methanol were examined, it was 

seen that the change in the relative affinity of the surface of the catalysts for these two 

compounds was opposite While the ratio of ammonia to methanol chemisorption over Rho 

increased, that over Mordenite decreased. These results are however consistent with the 

changes in the acid sites of the catalysts, as seen with the Thermal Desorption experiments. It 

was seen that Lewis acid sites were generated on Mordenite while there was no such 

generation of Lewis acidity on Rho. It has been shown that methanol can adsorb 

competitively on Lewis acid sites [Kogelbauer et aI., 1994,1996]. This then explains the 

increased chemisorption of methanol on steamed Mordenite. The increased ammonia 

chemisorption on steamed Rho can be explained by considering the fact that ammonia is a far 
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more basic' molecule than is methanol. It is also known that a stronger acid site will shown 

more preference for a strong base than will a weak acid site. The changes in the affinity of the 

catalyst surfaces of Rho and Mordenite with steaming time for ammonia and methanol are 

therefore perfectly reasonable. 

It was more difficult to compare the ratios of ammonia to methanol physisorption over the 

two catalysts. This was due to the fact that there was very little ammonia physisorption at any 

stage seen in these adsorption experiments using Mordenite. 
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6.2 RELATIONSHIP BETWEEN CATALYST CHANGES AND 

REACTION PERFORMANCE 

6.2.1 Rho 

With the difference in the changes evidenced over the catalysts having been discussed in the 

previous section, it remains to correlate the changes on each catalyst with its reaction 

performance and to see how these correlations give further understanding to the reaction 

behaviour of catalysts in general. 

Over the Rho, the conversion or rate of reaction of ammonia initially increases as a function 

of steaming time and reaches a plateau within the range of steaming times considered . in this 

study. This increase c1o&ely matches the increase in pore volume seen with the BET 

measurements . To test this theory, the ammonia conversion was plotted against the pore 

volume of the catalyst as shown in Figure 6.1. It can be seen from this graph that there is a 

reasonable correlation between the pore volume and the rate of ammonia consumption 

although there is a large gap in the data. 
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Figure 6.1: Comparison of Pore Volume and Rate of Ammonia consumption over Rho 
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The change in the rate of methanol consumption over Rho as a function of steaming time is 

more complex. It was seen that the methanol consumption (cf. Figure 4.12) went through a 

maximum with steaming time, in contrast to the ammonia consumption, which reached a 

plateau. There are some trends in the changes to Rho, which might account for this change 

observed in the rate of methanol consumption. Firstly, it could be related to the total 

adsorption capacity (cf. Figure 5.1), which showed a similar maximum with steaming time. 

Secondly, it could also be related to the hydrophobicity of the catalyst (cf. Figure 5.4), which 

likewise showed a maximum as a function of steaming time, although given the reaction 

mechanism, this does not seem likely. The third option is to consider the increase and 

decrease in the rate of methanol consumption as different phenomena. The total adsorption 

capacity seems a likely option for comparison as increasing the adsorption capacity will 

increase the concentration of methanol in the pores and hence affect the distribution of 

surface species. As the concentration of methanol in the pores increases, there would be a 

shift towards the more highly substituted surface species. It is known that the rate of 

formation of amines is ·proportional to the concentration of methyl groups. in methyl 

ammonium species. at the surface [Veefkind, 1998]. 

The decrease in the methanol consumption may also be due to the shifting product 

distribution observed. This means that while the rate of ammonia conversion reaches a 

plateau, the substitution of each of these reacted molecules is lowered, leading to an observed 

decrease in the methanol consumption. It remains to propose an explanation for the change in 

amine selectivity observed . While all the adsorption studies indicate that there should be an 

increase in the amount of TMA formed, this is obviously not the case. The relatively low 

concentration of physisorbed ammonia within the pores should lead to an increase rather than 

a decrease in the substitution of product amines. The decrease in the selectivity of TMA 

produced can in some part be explained by the fact that as the methanol conversion increases 

the amount of ammonia physisorbed within the pores can increase and hence yield more of 

the lower substituted amines. This does not however account for the observed decrease in the 

amoUlit ofTMA being lower than the value being expected from thermodynamic equilibrium. 

To explain this, it is necessary to reconsider the framework structure of Rho. Rho consists of 

large sodelite cages, which are connected by narrow double membered rings. It has also been 

shown that the charge balancing cations tend to be situated within these double rings rather 
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than in the . large cages [5;zostak, 1992). It is reasonable therefore to suspect that as the 

framework is dealuminated and large amounts of extra-framework aluminium species are 

formed, that especially any charged aluminium species may locate themselves within the pore 

openings of the catalyst and hence increase the diffusional constraints of the larger molecules 

This would mean that the increased selectivity of the lower substituted amines observed was 

due to an induced product shape selectivity of the catalyst, caused by the hydrothermal 

treatment. 

6.2.2 Mordenite 

The changes observed over Mordenite, as discussed in Chapter 6.1, were both different to and 

less significant than those nbserved over Rho. The most significant change seen here was the 

large increase in the rate of formation ofDME and this has been attributed to the formation of 

Lewis acid sites within the catalyst Although the DME can itself react with adsorbed 

ammonia to form methylamines, the large loss of acid sites favourable to ammonia adsorption 

mean that the total rate of-amine formation is slowed considerably. 

As mentioned in Chapter 5. the . small change in the relative amine selectivity seen over 

Mordenite with steaming time, should not be ascribed to a true improvement in the catalyst 
r 

performance It was rather seen to be simply a function of the decreased total rate of 

formation of amines . The decrease in the rate of total amine formation seen was more than 

adequate to explain the small change in amine selectivity observed. 

,. 
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7. CONCLUSIONS 

To reiterate, the objectives of this study, as discussed in Chapter 1.7, were briefly as follows 

Firstly, the original question asked was as to which of the catalysts studied was the most 

suitable for the methanol amination reaction. The second objective was to find the optimal 

performance achievable rom any catalyst using hydrothermal treatment. The third, and 

possibly most important, objective was to elucidate changes caused to any given catalyst by 

hydrothermal treatment. With this in mind the findings of this work will be reviewed . 

The first conclusion from this work is that the zeolites can be used for the methanol 

amination reaction at lower temperatures as suggested in literature [Shannon et al., 1988a: 

Keane et aI. , 1987]. Zeolites did show some improvement in selectivity to the lower 

substituted amines but it was only the hydrothermally treated forms of Rho that showed 

significantly improved product spectra. 

Secondly, it was seen how hydrogen containing species on the surface of Rho and Mordenite. 

which are not desorbed during normal flushing procedures, are burnt off the surface. yielding 

water as a product . This water then act acts an in situ steaming agent and as such causes 

changes to the reaction behaviour of the catalyst. This is an important observation as it 

indicates that care should be taken when regenerating catalysts after reaction as inadvertent 

steaming of the catalyst can occur The ease with which these catalysts are affected by steam 

is also significant because it means that any conditions under which some water is present at 

high temperatures over the catalyst could cause steaming and hence dealumination to occur. 

For example, the deep bf.d calcination conditions used by some researchers, where the 

desorbing gasses are not removed effectively could lead to steaming of the catalyst. This 

might not however be undesired . 

One of the most significarlt findings of this work must be the difference in the manner in 

which the two zeolites, Rho and Mordenite, are affected by the hydrothermal treatment. The 

two most important physical differences in the response of the two catalysts to hydrothermal 

treatment are the change in the nature of the acid sites and the change in the surface area and 

pore volume seen. Hydrothermal treatment of Rho causes a loss in the total number of acid 

sites in the catalyst and this loss is primarily from the weaker of the two acid sites. Treatment 

of Mordenite on the other hand causes less loss in the total number of acid sites in the catalyst 
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steaming of the catalyst can occur The ease with which these catalysts are affected by steam 

is also significant because it means that any conditions under which some water is present at 

high temperatures over the catalyst could cause steaming and hence dealumination to occur. 

For example, the deep bf.d calcination conditions used by some researchers, where the 

desorbing gasses are not removed effectively could lead to steaming of the catalyst. This 

might not however be undesired . 

One of the most significarlt findings of this work must be the difference in the manner in 

which the two zeolites, Rho and Mordenite, are affected by the hydrothermal treatment. The 

two most important physical differences in the response of the two catalysts to hydrothermal 

treatment are the change in the nature of the acid sites and the change in the surface area and 

pore volume seen. Hydrothermal treatment of Rho causes a loss in the total number of acid 

sites in the catalyst and this loss is primarily from the weaker of the two acid sites. Treatment 

of Mordenite on the other hand causes less loss in the total number of acid sites in the catalyst 
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154 Discussion 

but the treatment also causes a second type of acid site to be formed. Steaming of Rho leads 


. to an increase in especially the micro pore surface area and pore volume of the catalyst 


whereas steaming ofMordenite causes a decrease in the microporous structure of the catalyst. 


Where the response of the catalysts are the same, is in the fact that steaming causes the 


generation of extra-framework aluminium species in both catalysts. The mesoporous 


structure of both catalysts is also increased by the hydrothermal treatment due to the 


formation of defect sites within the catalyst structure. 

The hydrothermal treatment also causes contradictory effects in the adsorption behaviour of 

the two catalysts. The steaming caused the total adsorption capacity of Rho to go through a 

maximum while that of Mordenite to decrease. The initial changes in the adsorption capacity 

were due directly related to the changing pore volumes of the catalysts. The decrease in 

adsorption capacity over Rho at longer steaming times was ascribed to the presence of extra

framework aluminium within the pore structure. of the catalyst. The hydrothermal treatment 

also causes different changes in the affinity of chemisorption of the various compounds 

studied in this work. Over Rho the affinity for ammonia. as opposed to Methanol. is increased 

by the steaming while that over Mordenite is decreased. 

The changes in the performance of the catalysts for the methanol amination reaction can be 

correlated to the changes in acidity, structure and adsorption capacity of the two catalysts . 

Over Rho it was seen that a number of effects with contradictory consequences were 

occurring. The increase in the rate of reaction of ammonia can be correlated with the pore 

volume of the catalyst. or to the increasing concentration of methyl groups, in 

methylammonium species, at the surface. The rate of reaction of methanol initially increases 

due to the overall increase in activity. The later decrease in the rate of methanol consumption 

is caused by the changing selectivity of the system and to the decreasing total adsorption 

capacity of the catalyst 

As the selectivity changes towards the lower substituted amines, so the consumption of 

methanol decreases. The change in amine selectivity seen over Rho with steaming time is 

caused by the generation of extra-framework aluminium within the pore structure of the 

catalyst. The presence of the extra-framework aluminium may cause increased diffusional 

constraints within the pores of the catalyst. This would be enough to constrain the larger, 

TMA molecule but not enough to constrain the smaller, MMA and DMA, molecules. The 
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rate of ammonia reaction is not slowed by this constraint because the rate of TMA 

disproportion is very high compared to the series formation of amines. 

The presence of extra-framework aluminium may also be responsible for the decrease in the 

total adsorption capacity seen over Rho at longer steaming times . As less pore volume is 

available, so the rate of reaction decreases. 

The generation of larger amounts of dimethyl ether over Mordenite was seen to be due to the 

formation of the second type of acid site. This site, which is probably of a Lewis acidic 

nature, has a far higher affinity for methanol and hence leads to an increase in the 

chemisorption of methanol at the catalyst surface and hence to the higher rate of formation of 

dimethyl ether. 

The large loss of the original acid site type in the Mordenite, which was selective to amines, 

caused the decrease in the overall formation of amines. 
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I 

I 

APPENDIX I: THERMODYNAMIC DATA 

VAPOUR PRESSURE DATA 

Compound 

I 15 10 

Vapour Pressure (mmHg) 

20 40 60 100 

Temperature (oq 

200 400 1760 

i 

Helium -271.7 -271.5 -271.3 -271.1 -270.7 -270.6 -270.3 -269.8 -269.3 -268.6 

Water -17 .3 . 1.2 l1.2 22.1 34 4l.5 51.6 66.5 83.0 100 

Methanol -44 -25.3 -16.2 -6 5 l2.1 21.2 34.8 49.9 64.7 

Ammonia -109.1 -97.5 -91 .9 -85.8 ~79.2 -74.3 -68.4 -57.0 -45.0 -33.6 

MMA -95 .8 -81.3 -73.8 -65.9 -56.9 -53.3 -43.7 -32.4 -19.7 -6.3 

DMA -87 .7 -72.2 -64.6 -56 -46.7 -40.7 -32.6 -20.4 -7.1 7.~ 

TMA 1-97.1~ -81.7 -73.8 -65 -55 .2 -48.8 -40.3 -27 -12.5 
12 . 9 

[Taken from Perry et aI., 1984] 

THERMODYNAMIC PROPERTIES 

Pro erh' Methanol Ammonia MMA DMA TMA Water DME 
Formula CH30H Nl-b CH3NH: (CH)):NH (CH3hN H2O (CH3hO 
Mol. Wt. 32 17 31 45 59 18 46 
(g/mol) 
Mp I -97 -77. 7 -92.5 -96 -124 0 -138.5 
(oq 

8p 164.7 -3 3.4 -6.7 7.4 3.5 100 -23.7 
(OC) 

t.H'(600K) I -50.34 -10.96 (i I -8.09 -7.96 -9.83 -58 .5 -n .06 ( il 

kcal/mol 
t.GU600K ) I -28.52 -3. 903 (il 22 .20 38.79 55.19 -5l.l6 -26.06 ( I ) 

kcaUmol 
Cp (600K) 16.02 6.7+O.0063T 18.86 28.41 38.34 8.68 

CIcaUmol.K 
Sg liq 0.792 0.699 0.68 0.662 
Tc (K) 513 13 2.4 430.1 437.7 126.9 
Pc (atm) 78.5 11 1. 5 73.6 52.4 52 
Lo~ KP600 10.389 -8.085 -14.13 -20.103 18.634 
pKa 9.25 10.64 10.77 9.8 14 

I. 298K 
2. Temperature Range 200-800K 

Data taken from: Stull. 1969: Perry et al .. 1984: Sykes. 1988 
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(OC) 
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kcal/mol 
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kcaUmol 
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Sg liq 0.792 0.699 0.68 0.662 
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INTERACTION PARAMETERS: (Au) 

iJ j~ Methanol Water Helium 

Methanol 1 1.713 0.203 

Water 0.6733 1 0.3038 

Helium 5.918 3.659 1 

rTaken from Perry. 1984] 
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APPENDIX II: GAS CHROMATOGRAPHY 

Gas Chromatograph Operating Conditions 

1. Reaction Sample Analysis 

Column: 4x3 mm I.D. glass column packed with 60/80 mesh Carbopack BI 4% Carbowax 

20M! 0.8% KOH 

Carrier Gas Hydrogen 

Carrier Flow rate 30 ml(NTP)/min 

Initial Column Temperature 40°C 

Initial Hold Time 10 mins 

Temperature Ramp 20°C/min 

Final Temperature 180°C 

Final Hold Time 14 mins 

!Detector 
I 

FID 

IDetector Temperature 200 °C 

'"' Adsorption Studies 


Continuos Analysis. TCD and FID in series, no column used. 


Oven Temperature lOa °C 

Injector Temperature 130 °C 

i Fill temperature 200 °C 

I 
TCD block temperature 200 °C 

TCD filament temperature 240°C 

Reference Gas Helium (60 mllmin) 
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Gas Chromatograph Operating Conditions 

1. Reaction Sample Analysis 

Column: 4x3 mm I.D. glass column packed with 60/80 mesh Carbopack Bf 4% Carbowax 

20M! 0.8% KOH 

Carrier Gas Hydrogen 

Carrier Flow rate 30 ml(NTP)/min 

Initial Column Temperature 40°C 

Initial Hold Time 10 mins 

Temperature Ramp 20°C/min 

Final Temperature 180°C 

Final Hold Time 14 mins 

! Detector FID 
I 

Detector Temperature 200°C 

2. Adsorption Studies 

Continuos Analysis. TCD and FID in series, no column used . 

Oven Temperature 100°C 

Injector Temperature 130°C 

! Fill temperature 200 °C 

I 
TCD block temperature 200°C 

TCD filament temperature 240°C 

Reference Gas Helium (60 ml/min) 
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Sample GC traces 

The following is a sample GC trace from a reaction sample, showing the peak separation and 

identification 
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Calculations from GC data 

A = area of a given peak 

Rf == response factor 

Cno. = carbon number of molecule 

Amelhanol 	 + I ~J /( An-hexane I 
( 

Rjmethanol all products Rj reaction ' Rjn-hexane ) reacTioll 
Carbon Balance Cb~= ( Amelhanol / An-hexane J 

Rjmethanol / Rjn-hexane feed 

Amethanol J 
( 

An-hexane 	 reacTionConversion of methanol X =1- / . 
m 	 Amethanol 

An-hexane / feed 

AJ Rjj J 
( 

An h<!)Cane / Rfn-hexane reaction *100 (C%)Yield of amine or ether i
Y = ( A. / RJ; \ 

AII-hexall: / RJ;,-hexalle j feed 

Yj
Product Selectivity 	 5 j *100= IY 

all products 

Amine fraction of total amines : A =~*100 (C%) 
IC IS 

ammes 

(Aje /Cno ) *100
Aim = 	 (mol%)

L (A jc IC"o) 
ammes 

Ammonia Conversion: 	 X a = L (Y/ C110 ) 

ammes 

Calculations from GC data 

A = area of a given peak 

Rf = response factor 

Cno. = carbon number of molecule 
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Carbon Balance 
( 

Amethanol + I ~J /( An-hexane I 
Rfmethanol all products Rf reaction .' Rfn-he:cane ) reactioll 

Cbat =~------------------~~~~-----------------

Conversion of methanol 

Yield of amine or ether 

Product Selectivity 

Amine fraction of total amines: 

Ammonia Conversion: 

( 
Amethanot / An-hexane J 
Rf methanol / Rfn-hexane feed 

y. 
Si = -----',--* 100 IY 

all products 

A =~*IOO (C%) 
IC IS 

amines 

ammes 

X a = I (Y /C,IO) 
amines 

(mol%) 
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Response Factor determination 

The response factors of the amines and dimethyl ether were determined by making up 

samples of varying concentrations of the amine/ether in n-hexane. These solutions were then 

injected into the GC. The area on the GC trace obtained from each compound is related to the 

amount of that compound injected by: A = Rr * M. Where A is the area of the GC trace, M is 

the a'mount of carbon., in the compound, injected and Rf is the response factor of that 

compound. For the standard solutions used, the ratio of the carbon in the two compounds fed 

is known., the ratio of the areas on the GC trace is determined and the response factor of n

hexane is taken as 1. Therefore, the response factor can be determined as 

R - ( Ai J x R (M n-hexane oJ 
J. i - A J.n-hexane M. 


n-hexane I 


The response factors of the compounds seen in this study were as follows 

Compound Response factor 

(Carbon basis) 

Methanol 1.1 

MMA 

i DMA 11 
TMA 0.9 

DME l.3 

n-hexane 1 
- -
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is known., the ratio of the areas on the GC trace is determined and the response factor of n

hexane is taken as 1. Therefore, the response factor can be determined as 

R - ( Ai J x R (M n-hexane oJ 
J.i - A J.n-hexane M ° 

n-hexane I 

The response factors of the compounds seen in this study were as follows 

Compound Response factor 

(Carbon basis) 

Methanol 1.1 

MMA 1 

I DMA 
I 

TMA 0.9 

DME 1.3 

n-hexane 1 
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APPENDIX III: X-RAY DIFFRACTION AND IR DATA 

ST ANDARD X-RAY POWDER DIFFRACTION SPECTRA 

[taken from Treacy et aI. , 1996] 
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APPENDIX III: X-RAY DIFFRACTION AND IR DATA 

STANDARD X-RAY POWDER DIFFRACTION SPECTRA 

[taken from Treacy et aI. , 1996] 
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3. Analcime (Pollucite) 
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XRDRESULTS 
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MORDENITE 

H-Mordenite - no steaming 
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Effect of Steaming 

Rho (A) - 0 and 8 hours steaming 
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IR Spectra for calcined (protonic) and uncalcined (ammonium) Rho after 

ion-exchange 

1. Uncalcined (Ammonium form) 
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IR Spectra for calcined (protonic) and uncalcined (ammonium) Rho after 

ion-exchange 

1. Un calcined (Ammonium form) 
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APPENDIX IV: NH3-TEMPERATURE PROGRAMMED 

DESORPTION 

DECONVOLUTION OF RHO(A) SPECTRA 
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APPENDIX IV: NU3-TEMPERATURE PROGRAMMED 

DESORPTION 

DECONVOLUTION OF RHO(A) SPECTRA 
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1 hour steaming 
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1 hour steaming 
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8 hours steaming 
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APPENDIX V: REACTION DATA 

1. REACTION REGENERATION CYCLES 

RHO 

i) Reaction-Regeneration Series no 1: 

Treaction = 325°C, treaction=1.5 hrs/cycle, PMeOH = P NH3 = 8 kPa, Ptot = atmospheric, Tcaicination 

= 500°C, tcalcination = 5 hrs/cycle 

Cyc1ero 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 
Tct3l 
CakirEtirn 
tine 

(lnrrs) 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 

Tct3l1EEd:im 
tine 

(lnrrs) 1.50 3.00 4.50 6.00 7.50 9.00 10.50 12.00 13.50 

C-B3Jan::E 0.89 0.9J 0.97 0.98 0.98 1.02 0.94 1.00 0.% 
MetlBnol CorrI.er:sirn 0.28 0.36 0.39 0.49 0.54 0.55 0.62 0.59 0. 60 
IrtEgInl Fate 
of M2t:h3n:::ll 
Col1S1..lIl'¢.m 

(mrnolCi 
g",!/ht:) 

28.65 36.84 40.31 50.56 55.49 56.36 64.31 60.35 61. 40 

Ammonia 
Con~ 

0.05 0.09 0.15 0.20 0.23 0.24 0.26 0.27 0.26 

':'iel.ds (C fia:::) 
~MA 0.01 0.02 0.04 0.06 0.07 0.07 0.09 0.09 0.08 
8MA 0.01 0.02 0.05 0.08 0.10 0.11 0.12 0.14 0.14 
TMA 0.12 0.19 0.25 0.32 0.33 0.36 0.34 0.34 0.32 
DME 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Absallre ~\lity (C fia:) 

MMA 0.03 0.04 0.11 0.12 0.13 0.13 0.14 0.15 0.14 
DMA 0.02 0.05 0.12 0.15 0.18 0.20 0.19 0.25 0.23 
TMA 0.46 0.52 0.65 0.67 0.62 0.66 0.54 0.58 0.53 
DME 0.10 0.07 0.06 0.03 0.03 0.04 0.03 0.03 0.03 
Re1:ti\e ~\lilli:s (C fia:) 

MMA 0.05 0.06 0.11 0.12 0.13 0.12 0.16 0.15 0.15 
DMA 0.04 0.08 0.13 0.16 0.19 0.19 0.21 0.25 0.25 
TMA 0.75 0.76 0.69 0.69 0.64 0.64 0.60 0.57 0.57 
DME 0.16 0.10 0.07 0.03 0.03 0.04 0.03 0.03 0.03 
Arrrin::: o::rtfrt. in amir.es (C fia:) 

MMA 0.06 0.07 0.12 0.12 0.14 0.13 0.16 0.16 0.15 
DMA 0.04 0.08 0.14 0.17 0.20 0.20 0.22 0.25 0.26 
TMA 0.9J 0.85 0.74 0.71 0.67 0.67 0.62 0.59 0.59 
Arrrin::: a::rrert: in amir.es (rml fia:::) 

MMA 0.16 0.16 0.28 0.28 0.30 0.28 0.34 0.32 0.32 
DMA 0.06 0.11 0.16 0.19 0.22 0.22 0.23 0.26 0.27 
TMA 0.79 0.73 0.57 0.53 0.49 0.49 0.43 0.41 0.41 
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APPENDIX V: REACTION DATA 

1. REACTION REGENERATION CYCLES 

RHO 

i) Reaction-Regeneration Series no 1: 

Treaction = 325°C, treaction=1.5 hrs/cycle, PMeOH = P NH3 = 8 kPa, Ptot = atmospheric, Tcaicination 

= 500°C, tcalcination = 5 hrs/cycle 

Cyc1ero 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 
Tct3l (lnrrs) 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 
CakirEtirn 
tine 
Tct3l1EEd:im (lnrrs) 1.50 3.00 4.50 6.00 7.50 9.00 10.50 12.00 13.50 
tine 
C-B3Jan::E 0.89 0.9J 0.97 0.98 0.98 1.02 0.94 1.00 0.% 
MetlBnol CorrI.er:sirn 0.28 0.36 0.39 0.49 0.54 0.55 0.62 0.59 0.60 
IrtEgInl Fate (mrnolCi 28.65 36.84 40.31 50.56 55.49 56.36 64.31 60.35 61.40 
of M2t:h3n:::ll g",!/ht:) 
Col1S1..lIl'¢.m 
Ammonia 0.05 0.09 0.15 0.20 0.23 0.24 0.26 0.27 0.26 
Con~ 

':' iel.ds (C fra:::) 

~MA 0.01 0.02 0.04 0.06 0.07 0.07 0.09 0.09 0.08 
8MA 0.01 0.02 0.05 0.08 0.10 0.11 0.12 0.14 0.14 
TMA 0.12 0.19 0.25 0.32 0.33 0.36 0.34 0.34 0.32 
DME 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Absallre ~\lity (C fia:) 

MMA 0.03 0.04 0.11 0.12 0.13 0.13 0.14 0.15 0.14 
DMA 0.02 0.05 0.12 0.15 0.18 0.20 0.19 0.25 0.23 
TMA 0.46 0.52 0.65 0.67 0.62 0.66 0.54 0.58 0.53 
DME 0.10 0.07 0.06 0.03 0.03 0.04 0.03 0.03 0.03 
Relati\e ~\lilli:s (C fia:) 

MMA 0.05 0.06 0.11 0.12 0.13 0.12 0.16 0.15 0.15 
DMA 0.04 0.08 0.13 0.16 0.19 0.19 0.21 0.25 0.25 
TMA 0.75 0.76 0.69 0.69 0.64 0.64 0.60 0.57 0.57 
DME 0.16 0.10 0.07 0.03 0.03 0.04 0.03 0.03 0.03 
Arrrin::: o:rt£rt. in amir.es (C fra::) 

MMA 0.06 0.07 0.12 0.12 0.14 0.13 0.16 0.16 0.15 
DMA 0.04 0.08 0.14 0.17 0.20 0.20 0.22 0.25 0.26 
TMA 0.9J 0.85 0.74 0.71 0.67 0.67 0.62 0.59 0.59 
Arrrin::: a::rrert: in amir.es (rml fia:::) 

MMA 0.16 0.16 0.28 0.28 0.30 0.28 0.34 0.32 0.32 
DMA 0.06 0.11 0.16 0.19 0.22 0.22 0.23 0.26 0.27 
TMA 0.79 0.73 0.57 0.53 0.49 0.49 0.43 0.41 0.41 
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ii) Reaction-Regeneration Series no 2: 

Treaction = 325 °C, treactio,=1.5 hrs/cycle, PMeOH = P NH3 = 8 kPa, PtOI = atmospheric, TcaJcinalion 

= 500 °C, tcalcination = 15 hrs/cycle 

Cyc:1ero 1.00 2.00 3.00 4.00 5.00 6.00 
Tctal C3J.cin:Drn tine (h.::us) 15.00 30.00 45.00 60.00 75.00 90.00 
Tctalmrtirn tine (h.::us) 1.50 3.00 4.50 6.00 7.50 9.00 
C-8aJan::E 0.9'J 0.89 0.93 0.% 0.93 0.% 
Met:h3nol Com.e:sirn (fza::tirra1) 0.27 0.36 0.37 0.39 0.52 0.56 
.IrtEgu31. Pate c£ M::tl"Brd 
Col1Sl1lTp:im 

(mmalCi 
gca! /hi:) 

28.19 37.10 38.16 39.80 53.54 57.40 

Yiekls (C fi:a::) 
MMA 0.01 0.03 0.05 0.05 0.06 0.09 
DMA 0.01 0.03 0.04 0.05 0.07 0.12 
TMA 0.12 0.16 0.19 0.22 0.30 0.29 
DME 0.03 0.03 0.02 0.02 0.01 0.01 
J>..bsolU:e S21a:t:i'Ili1:y (C fia:::) 

MMA 0.05 0.09 0.12 0.14 0.12 0.17 
~MA 0.04 0.08 0.10 0.14 0.14 0.22 
TMA 0.44 0.46 0.53 0.57 0.58 0.52 
DME 0.11 0.07 0.06 0.06 0.02 0.02 
Relati"l.e S21a:t:i\litie; (C fi:a::) 
MM l-. 0.07 0.12 0.15 0.15 0.14 0.18 
DM A 0.07 0.11 0.13 0.15 0.17 0.24 
TMA 0.69 0.66 0.65 0.63 0.67 0.55 
DME 0.17 0.11 0.07 0.07 0.02 0.03 
Amire a::rt.Err.in ami.n=s (C fra:::) 
MM A 0.09 0.14 0.16 0.16 0.15 0.19 
DMA 0.08 0.12 0.14 0.16 0.17 0.25 
TMA 0.83 0.74 0.70 0.68 0.68 0.5: 
A mire o:::::rr£rt.in ami.n=s (rrollJa:::) 
MMA 0.21 0.31 0.35 0.34 0.32 0.37 
DMA 0.10 0.13 0.15 0.17 0.18 0.25 
TMA 0.69 0.56 0.50 0.48 0.49 0.38 
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ii) Reaction-Regeneration Series no 2: 

Treaction =:= 325 °C, treactio,=1.5 hrs/cycle, PMeOH = P NH3 = 8 kPa, PtO!:::: atmospheric, TcaJcination 

= 500 DC, tcaicination :::: 15 hrs/cycle 

Cyclero 1.00 2.00 3.00 4.00 5.00 6.00 
Tctal caJ..c:irEDrn tine (h:uI:s) 15.00 30.00 45.00 60.00 75.00 90.00 
TctalJm:tirn tine (h:uI:s) 1.50 3.00 4.50 6.00 7.50 9.00 
C - I?a1arx:l3 0.9'J 0.89 0.93 0.% 0.93 0.% 
Met:h3nol Corwa:sirn (fia::ticra1) 0.27 0.36 0.37 0.39 0.52 0.56 
Jrte;:jtal. Pate cr M::frarcl (rnmalCi 28.19 37.10 38.16 39.80 53.54 57.40 
CoT'lSUIT¢m gca! /hI:) 
Yie1d5 (C fia:::) 
MMA 0.01 0.03 0.05 0.05 0.06 0.09 
DMA 0.01 0.03 0.04 0.05 0.07 0.12 
TMA 0.12 0.16 0.19 0.22 0.30 0.29 
DME 0.03 0.03 0.02 0.02 0.01 0.01 
A.bso1.tte S:ili3::ti\lit:y (C fia:::) 

MMA 0.05 0.09 0.12 0.14 0.12 0.17 
lJMA 0.04 0.08 0.10 0.14 0.14 0.22 
TMA 0.44 0.46 0.53 0.57 0.58 0.52 
DME 0.11 0.07 0.06 0.06 0.02 0.02 
Re13ti \.e S:ili3::ti\litie3 (C fia:::) 
MM l-. 0.07 0.12 0.15 0.15 0.14 0.18 
DM A 0.07 0.11 0.13 0.15 0.17 0.24 
TMA 0.69 0.66 0.65 0.63 0.67 0.55 
DM E 0.17 0.11 0.07 0.07 0.02 0.03 
Arni.re a:rt:Err..in ami.n=s (C fia:::) 

MMA 0.09 0.14 0.16 0.16 0.15 0.19 
DMA 0.08 0.12 0.14 0.16 0.17 0.25 
TM.:tI. 0.83 0.74 0.70 0.68 0.68 0.57 
A rni.re o:::rnrt.in ami.n=s (rrol fur) 
MMA 0.21 0.31 0.35 0.34 0.32 0.37 
DMA 0.10 0.13 0.15 0.17 0.18 0.25 
TMA 0.69 0.56 0.50 0.48 0.49 0.38 
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iii) Reaction-Regeneration Series no 3: 

Treaction = 325°C, treaction=4.5 hrs/cycle, PMeOH = P NH3 = 8 kPa, }}tot = atmospheric, T calcination 

= 500°C, tcalcinalion = 5 hrs/cycle 

Cyc1ero 1.00 2.00 3.00 4.00 
Tctal caJ.ci.n:rim tine (1u.n:s) 5.00 10.00 15.00 20.00 
Tctal!EEd:i!:n tine (h::urs) 4.50 9.00 13.50 18.00 
C-BaJan::e ~ 0.93 0.96 0.93 0.93 
Met.h3nal Conversirn. (fra:tiaE1) 0.27 0.30 0.36 0.38 
"IrtB:Jtal Pate c£ ~ 
Consurrq:::tirn 

mmalC/ 9ca ;hr 27.56 30.67 36.95 39.59 

Yield3 (C%) 
MMA 0.02 0.03 0.04 0.04 
DMA 0.01 0.02 0.04 0.05 
TMA 0.11 0.16 0.16 0.16 
DME 0.02 0.02 0.02 0.02 
Abscili.te ~'Ilitj (C fia::;) 

MMA 0.09 0.10 0.l2 0.13 
DMA 0:06 0.08 0.11 0.15 
TMA 0.47 0.59 0.48 0.46 
DME 0.10 0.09 0.06 0.06 
Re1:tii.e Se1e::tivil::jffi (C fia::;) 

MMA 0.l2 0.l2 0.16 0.16 
DMA 0.08 0.09 0.14 0.18 
TMA 0.66 0.69 0.62 0.58 
DME 0.14 0.11 0.08 0.07 
Amire o::::rnrt ill arrri.rEs (C fr£L) 

MMA 0.14 0.13 0.17 0.17 
, DMA 0.10 0.10 0.16 0.20 

'TMP. 0.76 0.T7 0.67 0.63 I 

Amire c:r:::rnrr ill arrri.rEs (rrol.:Eta:::) 

MMA 0.32 0.30 0.36 0.36 
DMA 0.11 0.11 0.17 0.21 
TMA 0.57 0.59 0.47 0.43 
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iii) Reaction-Regeneration Series no 3: 

Treaction ::: 325°C, treaction=4.5 hrs/cycle, PMeOH ::: P NH3 ::: 8 kPa, }}tot::: atmospheric, T calcination 

::: 500°C, tcalcination ::: 5 hrs/cycle 

Cyc1ero 1.00 2.00 3.00 4.00 
Tctal CaJ..cin:t:im tine (to...n:s) 5.00 10.00 15.00 20.00 
Tctal!EEd:i!:n tine (h::urs) 4.50 9.00 13.50 18.00 
C - BaJ.an::e (fud::icm.l) 0.93 0.96 0.93 0.93 
Met.h3nol Com.e:sirn (fra:tiaEl) 0.27 0.30 0.36 0.38 
"IrtB:Jtal Pate c£ M:ttErcl mmalC/ g.. ;hr 27.56 30.67 36.95 39.59 
Consurrq:::tirn 
Yield3 (C%) 
MMA 0.02 0.03 0.04 0.04 
DMA 0.01 0.02 0.04 0.05 
TMA 0.11 0.16 0.16 0.16 
DME 0.02 0.02 0.02 0.02 
Abso1J..te S=1a:ti\lity (C fia:::) 

MMA 0.09 0.10 0.12 0.13 
DMA 0:06 0.08 0.11 0.15 
TMA 0.47 0.59 0.48 0.46 
DME 0.10 0.09 0.06 0.06 
Relai\e Se1e::tiilit:jffi (C fia:::) 

MMA 0.12 0.12 0.16 0.16 
DMA 0.08 0.09 0.14 0.18 
TMA 0.66 0.69 0.62 0.58 
DME 0.14 0.11 0.08 0.07 
A mire o::::m::rt. ill arrri.rEs (C fia:::) 
MMA 0.14 0.13 0.17 0.17 

, DMA 0.10 0.10 0.16 0.20 
'T MP. 0.76 O.TI 0.67 0.63 
A mire a:rrEn: ill arrri.rEs (rrol. fia:::) 

MMA 0.32 0.30 0.36 0.36 
DMA 0.11 0.11 0.17 0.21 
TMA 0.57 0.59 0.47 0.43 
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iv) Reaction-Regeneration Series no 4: 

Treaction = 325°C, treaction=21.5 hrs/cycle, PMeOH P NH3 = 8 kPa, })tot = atmospheric. 

Tcalcination = 500°C, tcalcination = 5 hrs/cycle 

Cyc:1ero 1.00 2.00 3.00 
Tctal c::alcirIDrn tirre (lnJrs) 5.00 10.00 15.00 
TctalJ:EEd:im tirre (lnJrs) 21.50 43.00 64.50 
C-Balan::e (fra::tim3.l) 0.91 0.91 0.99 
Meth3nol~ (fra::tim3.l) 0.26 0.38 0.44 
Irtegral Pate cf M:ttarcl mmalC/ g,.;hr 26.46 38.86 44.90 
CoI1SllIT'JITIm 
Yields (C fu:d 
MMA 0.02 0.05 0.07 
DMA 0.01 0.03 0.06 
TMA 0.10 0.19 0.28 
DME 0.03 0.02 0.02 
Absol1t:e Se1ati1lity (C fu:d 
MMA 0.09 0.14 0.17 
DMA 0.04 0.09 0.14 
TMA 0.41 0.50 0.63 
DME 0.10 0.04 0.04 
Re1:ti\e S2le:t:i.\li1:ies (C fu:d 
MMA 0.14 0.18 0.17 
:)MJ.. 0.07 0.l2 0.14 
TMA 0.64 0.65 0.65 
DME 0.15 0.06 0.04 
Amine a:rt£rt in ami.rEs (C fra:::) 

~ MJ.. 0.16 0.19 0.18 
JM J\ 0.08 0.:3 0.14 
TMJ\ C.76 0.68 0.68 
Amine o::rrerr in ami.rEs (rrci fr:a:) 

MMA 0.35 0.39 0.37 
DMA 0.09 0.13 0.15 
':'~lA 0.56 0.48 0.48 

-
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iv) Reaction-Regeneration Series no 4: 

Treaction = 325°C, treaction=21.5 hrs/cycle, PMeOH = P NH3 = 8 kPa, PtO\ = atmospheric. 

T calcination = 500°C, tcalcination = 5 hrs/cycle 

Cyclero 1.00 2.00 3.00 
Tctal c::alJ:inDrn tine (lnJrs) 5.00 10.00 15.00 
TctallEEd:im tine (lnJrs) 21.50 43.00 64.50 
C-Balan::E (fra::t:icrel) 0.91 0.91 0.99 
Met:.h:mol ~ (fra::t:icrel) 0.26 0.38 0.44 
Irtegtal Pate cf M:th3ml mmalCi g,.!hr 26.46 38.86 44.90 
Co!'lS\.llT¢m 
Yie1.cis (C fu:d 
MMA 0.02 0.05 0.07 
DMA 0.01 0.03 0.06 
TMA 0.10 0.19 0.28 
DME 0.03 0.02 0.02 
AbsolJ1:e Se1ati1lity (C fu:d 
MMA 0.09 0.14 0.17 
DMA 0.04 0.09 0.14 
TMA 0.41 0.50 0.63 
DME 0.10 0.04 0.04 
Rela:i\e Sele:tillities (C fra::) 

MMA 0.14 0.18 0.17 
JM A 0.07 0.l2 0.14 
TMA 0.64 0.65 0.65 
DME 0.15 0.06 0.04 
Amine cx:rt:Ert in ami.rEs (C fi:a:::) 
MM P. 0.16 0.19 0.18 
JM /, 0.08 0.:3 0.14 
1M/, C.76 0.68 0.68 
A mine o::rrerr in ami.rEs (rrol fra::) 

MMA 0.35 0.39 0.37 
DMA 0.09 0.13 0.15 
':'~lA 0.56 0.48 0.48 
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v) Reaction-Regeneration Series no 5: 

Treaction =325°C, treaction=3 hrs/cycle, PMeOH = P NH3 = 8 kPa, Ptot = atmospheric, T calcination = 

500°C, tcalcination = 5 hrs/cycle 

Cyc1e r:o 1.00 2.00 3.00 5.00 6.00 7.00 8.00 9.00 10.00 

Tc:tal 
Caldra:im 
ti.rre 

5.00 10.00 15.00 25.00 30.00 35.00 40.00 45.00 50.02 

Tc:tal 
:rm:tirn 
ti.rre 

3.00 6.00 9.00 15.00 18.00 21.00 24.00 27.00 30.00 

C- PaJan:::E 0.92 0.95 0.97 1.04 1.06 1.00 1.01 1.00 1.01 
Metlenal 
Con~ 

0.23 0.27 0.34 0.45 0.47 0.51 0.51 0.51 

:rrta;J!3l Rlte cf ~ Cm.surcp:im 
mmolC/ 9ca;hr 23.36 28.06 34.66 46.82 48.87 52.S*3 52.85 52.80 
YielcE (C fud 
MMA 0.01 0.02 0.04 0.06 0.07 0.08 0.07 0.07 0.08 
OMA 0.00 0.02 0.03 0.10 0.10 0.11 0.13 0.13 0.15 
TMA 0.11 0.16 0.21 0.32 0.34 0.31 0.31 0.29 0.30 
OME 0.03 0.03 0.03 0.01 0.02 0.02 0.01 0.02 0.02 
Absaht.e S=1a::ti'lity (C fia::) 

MMA. 0.03 0.07 0.11 0.14 0.15 0.15 0.13 0.13 0.14 
DMf-. 0.00 0.07 0.09 0.21 0.22 0.21 0.25 0.25 0.29 
TMA 0.47 0.60 0.62 0.71 0.72 0.61 0.60 OS" 0.56 
OMS 0.13 0.10 0.07 0.03 0.04 0.03 0.03 0.03 0.03 
Re1ativ.= Se1s:ti\litiEs (C fia::) 
MMp. 0.04 0.08 0.13 0.13 0.13 0.15 0.13 0.14 0.14 
DMl<. 0.00 0.08 0.10 0.20 0.19 0.21 0.25 0.25 0.26 
TMA 0.75 0.71 0.69 0.65 0.64 0.61 0.59 0.58 0.55 
OME 0.21 0.l2 0.08 0.03 0.03 0.03 0.03 0.03 0.03 
Amire o:::rtfrt in ami.res (C fia::) 
MMA 0.05 0.09 0.14 0.13 0.14 0.15 0.13 0.14 0.15 
DMA 0.00 0.09 0.11 0.20 0.20 0.22 0.26 0.26 0.29 
TMA 0.95 0.82 0.75 0.67 0.66 0.63 0.61 O.EC 0.56 
Amire o:::rtfrt in ami.res (rrol fia::) 
MMA 0.14 0.22 0.31 0.28 0.30 0.33 0.29 0.30 0.30 
OMA 0.00 0.11 0.13 0.22 0.22 0.23 0.28 0.28 0.30 
TMA 0.86 0.66 0.56 0.49 0.48 0.44 0.44 0.43 0.39 
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v) Reaction-Regeneration Series no 5: 

Treaction = 325 °e, treaaion=3 hrs/cycle, PMeOH = P NH3 = 8 kPa, })tot = atmospheric, T calcination = 

500 °e, tcalcination = 5 hrs/cycle 

Cyc1ero 1.00 2.00 3.00 5.00 6.00 7.00 8.00 9.OC 10.00 

Tct:.al 5.00 10.00 15.00 25.00 30.00 35.00 40.00 45.00 50.02 
caJ.cin::tim 
tirre 
Tct:.al 3.00 6.00 9.00 15.00 18.00 21.00 24.00 27.00 30.00 
IEaiirn 
tirre 
C - B3Jan:J:: 0.92 0.95 0.97 1.04 1.06 1.00 1.01 1.00 1.01 
Met:.h3nal 0.23 0.27 0.34 0.45 0.47 0.51 0.51 0.51 
Con~ 

~ Pate C£ ~ Co1surcp:im 
mmolC/ 9<a!hI: 23.36 28.06 34.66 46.82 48.87 52.~ 52.85 52.80 
Yields (C fia:::) 

MMA 0.01 0.02 0.04 0.06 0.07 0.08 0.07 0.07 0. 08 
DMA 0.00 0.02 0.03 0.10 0.10 0.11 0.13 0.13 0.15 
TMA 0.11 0.16 0.21 0.32 0.34 0.31 0.31 0.29 0.30 
DME 0. 03 0.03 0.03 0.01 0.02 0.02 0.01 0.02 0.02 
Absaltt.e S2la:ti\rity (C fia:::) 

MMA 0.03 0.07 0.11 0.14 0.15 0.15 0.13 0.13 0.14 
OM1-. 0.00 0.07 0.09 0.21 0.22 0.21 0.25 0.25 0.29 
TMA 0.47 0.60 0.62 0.71 0.72 0.61 0.60 OS ' 0.56 
OMS 0.13 0.10 0.07 0.03 0.04 0.03 0.03 0.03 0.03 
Re13ti ve S21B::ti. \li1:::iEs (C fia:::) 
MMP. 0.04 0. 08 0.13 0.13 0.13 0.15 0.13 0.14 0.14 
JMl<. 0.00 0.08 0.10 0.20 0.19 0.21 0.25 0.25 0.26 
TMA 0.75 0.71 0.69 0.65 0.64 0.61 0.59 0.58 0.55 
OME 0.21 0.12 0.08 0. 03 0.03 0.03 0.03 0.03 0.03 
Arn.i..n= o:rte1: in ami.re3 (C fra:::) 
MMA 0.05 0.09 0.14 0.13 0.14 0.15 0.13 0.14 0.15 
OMA 0.00 0.09 0.11 0.20 0.20 0.22 0.26 0.26 0.29 
TMA 0.95 0.82 0.75 0.67 0.66 0.63 0.61 O.EC 0.56 
Arn.i..n= o:rte1: in ami.re3 (rrol fra:::) 
MMA 0.14 0.22 0.31 0.28 0.30 0.33 0.29 0.30 0.30 
DMA 0.00 0.11 0.13 0.22 0.22 0.23 0.28 0.28 0.30 
':'MA 0.86 0.66 0.56 0.49 0.48 0.44 0.44 0.43 0.39 
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MORDENITE 

Treaction = 325 °C, treaction=3 hrs/cyc1e, PMeOH = P NH3 = 8 kPa, Ptot = atmospheric, Tcalcination = 

500°C, tcalcinatioD = 5 hrs/cyc1e 

Cyc1ero 1 2 3 4 5 6 - 8 
C- Ba.1an:::e 0.88 0.98 0.79 0.95 0.97 0.91 0.91 0.96 
Met.h3nol Conversirn 0.33 0.28 0043 0.33 0.34 0.39 0.38 0.3' 
Yields (CSc) 
MMA 0.04 0.06 0.04 0.06 0.08 0.07 0.07 0.08 
DMA 0.02 0.03 0.01 0.03 0.04 0.03 0.03 0.03 
TMA 0.09 0.09 0.08 0.09 0.10 0.10 0.10 0.11 
DME 0.06 0.08 0.08 0.09 0.10 0.08 0.09 0.10 
Ab.sohIe Se1aTI.~ (C fi:a:) 
MMA 0.13 0.21 0.09 0.18 0.22 0.16 0.18 0.21 
DMA 0.06 0.11 0.03 0.08 0.10 0.07 0.09 0.09 
TMA 0.26 0.32 0.19 0.29 0.30 0.21 0.26 C.31 
DME 0.19 0.29 0.19 0.29 0.28 0.17 0.22 0.29 
Re.J.a::::.i.1-e Se1aTI.\lit::iffi (C fi:a:) 
MMA 0.20· 0.23 0.17 0.21 0.25 0.26 0.24 0.24 
DMA 0.10 0.11 0.06 0.10 0.11 0.12 0.12 0.10 
TMA 0041 0.35 0.38 0.34 0.33 0.34 0.35 0.35 
DME 0.29 0.31 0.38 0.35 0.31 0.28 0.29 0.32 
Amine ccm:rt in a.min=:s (C fia::::'> 
MM A 0.28 C.33 0.27 0.33 0.36 0.36 0.34 0.35 
DMA 0.14 0.1: O.li 0.15 0.17 0.17 0.17 0.15 
TMA 0.58 0.51 0.62 0.52 0048 0.48 0.49 0.51 
Amin::: c:atErt in a.min=:s (rral fi:a:) 
MMA 0.51 0.57 0.50 0.57 0.60 0.60 0.58 0.59 
DMA 0.13 0.14 0.10 0.13 0.14 0.14 0.14 0.13 
TMA 0.36 0.29 0.40 0.30 0.27 0.27 0.28 0.29 
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MORDENITE 

Treaction = 325 °C, treaction=3 hrs/cyc1e, PMeOH = P NH3 = 8 kPa, Ptot = atmospheric, T calcination = 

500°C, tcalcinatioD = 5 hrs/cyc1e 

Cyc1ero 1 2 3 4 5 6 - 8 
C - Ba.1an:::e 0.88 0.98 0.79 0.95 0.97 0.91 0.91 0.96 
M et.h3nol Conversirn 0.33 0.28 0.43 0.33 0.34 0.39 0.38 0.3'7 
Yields (CSc) 
MMA 0.04 0.06 0.04 0.06 0.08 0.07 0.07 0.08 
DMA 0.02 0.03 0.01 0.03 0.04 0.03 0.03 0.03 
TMA 0.09 0.09 0.08 0.09 0.10 0.10 0.10 0.11 
DME 0.06 0.08 0.08 0.09 0.10 0.08 0.09 0.10 
Ab.sohIe Se1aTI.~ (C fi:a:) 
MMA 0.13 0.21 0.09 0.18 0.22 0.16 0.18 0.21 
DMA 0.06 0.11 0.03 0.08 0.10 0.07 0.09 0.09 
TMA 0.26 0.32 0.19 0.29 0.30 0.21 0.26 C.31 
DME 0.19 0.29 0.19 0.29 0.28 0.17 0.22 0.29 
Re.J.a::::.i.1-e Se1aTI. \lit::iffi (C fi:a:) 
MMA 0.20· 0.23 0.17 0.21 0.25 0.26 0.24 0.24 
DMA 0.10 0.11 0.06 0.10 0.11 0.12 0.12 0.10 
TMA 0.41 0.35 0.38 0.34 0.33 0.34 0.35 0.35 
DME 0.29 0.31 0.38 0.35 0.31 0.28 0.29 0.32 
Amine ccm:rt in a.min=:s (C fia::::') 

MM A 0.28 C.33 0.27 0.33 0.36 0.36 0.34 0.35 
DMA 0.14 0.1: O.li 0.15 0.17 0.17 0.17 0.15 
TMA 0.58 0.51 0.62 0.52 0.48 0.48 0.49 0.51 
Arni..re c:atErt in a.min=:s (rral fi:a:) 
MMA 0.51 0.57 0.50 0.57 0.60 0.60 0.58 0.59 
DMA 0.13 0.14 0.10 0.13 0.14 0.14 0.14 0.13 
TMA 0.36 0.29 0.40 0.30 0.27 0.27 0.28 0.29 
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2. STEAMING 

Rho A 

Ste3mi.n:J 'illre 
(h::ms) 

0 0 0.25 0.5 1 1 1.5 2 3 5 12.25 18 

C-Ealan::E 1.01 0.92 0.92 1.04 1.11 0.93 0.CJ7 1.03 0.89 1.08 1.07 1.33 
Met:h3n.ol 
Conversirn (:Era:) 

0.27 0.27 0.43 0.48 0.60 0.38 0.79 0.66 0.86 0.72 0.56 0.41 

Ammonia 
Conversirn (:Era:) 

0.08 0.06 0.16 0.24 0.54 0.13 0.36 0.36 0.34 0.38 0.45 0.46 

Yie1d3 (C fra::tirn) 

MMA 0.02 0.02 0.06 0.10 0.21 0.06 0.12 0.14 0.10 0.12 0.25 0.24 
DMA 0.00 0.01 0.06 0.09 0.32 0.04 0.21 0.31 0.19 0.27 0.34 0.34 
TMA 0.17 0.09 0.21 0.30 0.52 0.17 0.42 ·0.18 0.44 0.39 0.09 0.13 
DME 0.09 0.07 0.03 0.03 0.02 0.04 0.02 0.05 0.02 0.03 0.03 0.02 
AbsolL1:e ~\lity (C ~ 
MMA 0.12 0.08 0.14 0.20 0.22 0.16 0.15 0.22 0.12 0.17 0.38 0.60 
DMA 0.00 0.05 0.14 0.20 0.34 0.10 0.26 0.47 0.22 0.37 0.51 0.84 
TMA 0.60 0.33 0.48 0.63 0.54 0.46 0.53 0.28 0.51 0.53 0.14 0.33 
DME 0.34 0.25 0.07 0.07 0.02 0.11 0.02 0.08 0.03 0.04 0.04 0.06 
Re1:ti\e ~\lities (C ~ 
MMA 0.08 0.11 0.17 0.18 0.19 0.19 0.15 0.21 0.13 0.15 0.35 0.33 
DMA 0.00 0.07 0.16 0.18 0.30 0.12 0.27 0.45 0.25 0.33 0.48 0.46 
TMA 0.59 0.46 0.58 0.57 0.49 0.56 0.55 0.27 0.59 0.49 0.13 0.18 
DME 0.33 0.35 0.09 0.06 0.02 0.13 0.02 0.07 0.03 0.03 0.04 0.03 
AmirE a::ri:Ert:in a.rnin:s (C fra::) 

MMA 0.12 0.18 0.18 0.20 0.20 0.21 0.15 0.22 0.13 0.15 0.36 C.34 
DMA 0.00 0.11 0.18 0.19 0.31 0.14 0.28 0.49 0.26 0.34 0.50 0.47 
TMJI_ 0.88 0.71 0.64 0.6l 0.49 0.65 0.57 0.29 0.6l 0.50 0.14 0.19 
AlTlin2 o:rtErr:in a.rnin:s (rrol fra::) 

MMA 0.28 0.37 0.38 0.40 0.38 0.43 0.31 0.40 0.29 0.30 0.55 0.53 
DMA 0.00 0.12 0.19 0.19 0.30 0.14 0.29 0.43 0.28 0.35 0.38 0.37 
TMA 0.72 0.50 0.44 0.41 0.32 0.43 0.40 0.17 0.44 0.35 0.07 0.10 
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2. STEAMING 

Rho A 

Ste3mi.n:J 'illre 0 0 0.25 0.5 1 1 1.5 2 3 5 12.25 18 
(h::ms) 

C-Ealan::E 1.01 0.92 0.92 1.04 1.11 0.93 0.CJ7 1.03 0.89 1.08 1.07 1.33 
Met:h3n.ol 0.27 0.27 0.43 0.48 0.60 0.38 0.79 0.66 0.86 0.72 0.56 0.41 
Conversirn (:Era:) 
Ammonia 0.08 0.06 0.16 0.24 0.54 0.13 0.36 0.36 0.34 0.38 0.45 0.46 
Conversirn (:Era:) 
Yie1d3 (C fra::tirn) 

MMA 0.02 0.02 0.06 0.10 0.21 0.06 0.12 0.14 0.10 0.12 0.25 0.24 
DMA 0.00 0.01 0.06 0.09 0.32 0.04 0.21 0.31 0.19 0.27 0.34 0.34 
TMA 0.17 0.09 0.21 0.30 0.52 0.17 0.42 ·0.18 0.44 0.39 0.09 0.13 
DME 0.09 0.07 0.03 0.03 0.02 0.04 0.02 0.05 0.02 0.03 0.03 0.02 
AbsolL1:e ~\lity (C ~ 
MMA 0.12 0.08 0.14 0.20 0.22 0.16 0.15 0.22 0.12 0.17 0.38 0.60 
DMA 0.00 0.05 0.14 0.20 0.34 0.10 0.26 0.47 0.22 0.37 0.51 0.84 
TMA 0.60 0.33 0.48 0.63 0.54 0.46 0.53 0.28 0.51 0.53 0.14 0.33 
DME 0.34 0.25 0.07 0.07 0.02 0.11 0.02 0.08 0.03 0.04 0.04 0.06 
Re1:ti\e ~\lities (C ~ 
MMA 0.08 0.11 0.17 0.18 0.19 0.19 0.15 0.21 0.13 0.15 0.35 0.33 
DMA 0.00 0.07 0.16 0.18 0.30 0.12 0.27 0.45 0.25 0.33 0.48 0.46 
TMA 0.59 0.46 0.58 0.57 0.49 0.56 0.55 0.27 0.59 0.49 0.13 0.18 
DME 0.33 0.35 0.09 0.06 0.02 0.13 0.02 0.07 0.03 0.03 0.04 0.03 
A mirE a::ri:Ert:in a.rnin:s (C fra::) 

MMA 0.12 0.18 0.18 0.20 0.20 0.21 0.15 0.22 0.13 0.15 0.36 C.34 
DMA 0.00 0.11 0.18 0.19 0.31 0.14 0.28 0.49 0.26 0.34 0.50 0.47 
TMJI_ 0.88 0.71 0.64 0.6l 0.49 0.65 0.57 0.29 0.6l 0.50 0.14 0.19 
A lTlin2 o:rtErr:in a.rnin:s (rrol fra::) 

MMA 0.28 0.37 0.38 0.40 0.38 0.43 0.31 0.40 0.29 0.30 0.55 0.53 
DMA 0.00 0.12 0.19 0.19 0.30 0.14 0.29 0.43 0.28 0.35 0.38 0.37 
TMA 0.72 0.50 0.44 0.41 0.32 0.43 0.40 0.17 0.44 0.35 0.07 0.10 
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Mordenite 

Mild Steaming (T steam=450°C, PHlo=30 kPa) 

StEami.n:J .Tine (h:::ur:s) 0 0.25 0.5 1 2 8.75 
C-BaJan::e 0.86 0.96 1.07 0.87 0.64 0.98 
Met:h3nol Com.e::;irn (fra::) 0.40 0.48 0.44 0.69 0.63 0.45 
Ammonia Conva:sirn (fra::) 0.15 0.09 0.15 0.16 0.07 0.12 
YieJ.d; (C fl:a:tjm) 
MM A 0.07 0.05 0.09 0.11 0.04 0.08 
DM A 0.04 0.03 0.03 0.04 0.01 0.03 
TMA 0.17 ' 0.10 0.12 0.10 0.06 0.08 
DME 0.05 0.03 0.03 0.02 0.01 0.02 
Absa1rre Se1s::ti1Zity (C ~ 
MMA 0.15 0.19 0.45 0.28 0.08 0.35 
DMA 0.09 0.12 0.17 0.11 0.03 0.11 
TMA 0.35 0.41 0.60 0.25 0.13 0.35 
DME 0.10 0.13 0.16 0.06 0.02 0.09 
Re1ti\e Se1s::ti1litie3 (C ~ 
MMA 0.22 0.20 0.33 0.41 0.32 0.39 
DMA 0.13 0.13 0.12 0.15 0.11 0.13 
TMA 0.51 0.52 0.44 0.36 0.49 0.39 
DME 0.14 0.16 0.11 0.08 0.08 0.10 
Amin:: artet in arrti.re3 (C fIa::) 
MMA 0.25 0.23 0.37 0.44 0.35 0.43 
JMA 0.16 0.15 0.14 0.17 0.12 0.14 
TM;'. 0.59 0.62 0.49 0.39 0.53 0.43 
A min:: c::x:::rtErr in arrti.re3 (rrol fIa::) 
MMA 0.48 0.42 0.61 0.67 0.59 0.67 
DMA 0.15 0.14 0.12 0.13 0.10 0.11 
TM]>. 0.37 0.44 0.27 0.20 0.31 0.22 

Appendices 187 

Mordenite 
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Severe Steaming: (T Sleam=500°C, PH2o=57kPa) 

~Tirre~) 0 0.33 1 2 4 8 16 
C-Palan::E 0.99 0.83 L10 0.92 L10 0.78 0.9.) 
Meth3nol 0::::lrM3:sirn (fra::) 0.69 0.95 0.83 0.91 0.59 0.73 0.59 
Ammonia Con~ (fra::) 0.35 0.39 0.46 0.39 0.29 0.15 0.17 
YieldS (C fra:tirn) 

MMA 0.21 0.20 0.27 0.21 0.18 0.08 0.10 
DMA 0.10 0.06 0.11 0.12 0.19 0.24 0.21 
TMA 0.08 0.10 0.09 0.09 0.04 0.04 0.05 
DME 0.29 0.42 0.45 0.42 0.28 0.14 0.13 
Absa1l.te ~\Zity (C :fJ::a:) 

MMA 0.31 0.21 0.33 0.23 0.31 0.12 0.17 
DMA 0.15 0.07 0.14 0.13 0.32 0.33 0.36 
TMA 0.12 0.10 0.10 0.10 0.07 0.05 0.08 
DME 0.43 0.44 0.55 0.46 0.48 0.19 0.22 
Relai~ ~\li:tie:; (C:fJ::a:) 

MMA 0.31 0.26 0.29 0.25 0.26 0.17 0.21 
DMA 0.15 0.08 0.12 0.14 0.28 0.48 0.43 
TMA 0.12 0.12 0.09 0.11 0.05 0.08 0.10 
DME 0.43 0.54 0.49 0.51 0.41 0.28 0.26 
Amine o:rta1::in a.min:s (C fra:::::) 

MMA 0.36 0.28 0.33 0.29 0.36 0.32 0.36 
JMA 0.14 0.14 0.11 0.12 0.07 0.15 0.17 
TMI-. 0.50 0.58 0.56 0.59 0.57 0.53 0.47 
A mine o:rta1::in a.min:s (m:::ll:fJ::a:) 

MMA 0.60 0.52 0.58 0.53 0.62 0.56 0.60 
DMP. 0.11 0.12 0.09 0.11 0.06 0.13 0.14 
'T M.ZI. 0.28 0.36 0.33 0.36 0.32 0.31 0.26 
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APPENDIX VI: E}1"'FECT OF PARTICLE SIZE 

Please refer to section 3.3.1. The figure below shows the particle size distribution for 4 

different samples ofRho (A) 

o I c-= 

0.01 0.1 10 100 

Particle size urn 

Change of catalyst particle size distribution for different cycles 

(Catalysts used in the reac:ionlregeneration studies of Rho(A) - effect of reaction time. The 

reaction times in each of the cycles was as follows for the samples shown here: A=I.5 hrs, B 

= 45 hrs. C=3 hrs. D = 21. 5 hrs) 

The flow of any fluid through a packed bed can be described using the axial dispersed plug 

flow model as follows: 

(41) 7) a2~ +~(Cv)+ ac + (I-E)aq =0 
ax az  az at E at [Ruthven, 1984] 

Where Dax is the axial dispersion coefficient and combines the contribution from molecular 

diffusion and turbulent mixing 
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Where Dax is the axial dispersion coefficient and combines the contribution from molecular 

diffusion and turbulent mixing 
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and 	 C = The gas phase concentration 

z = The bed length 

E = Bed voidage 

q Concentration in adsorbed phase 

v = interstitial gas velocity 

Now, the Diffusion Coefficient can be expressed in terms of the axial Peelet number and the 

Peelet number can in tern be expressed in terms of the Reynolds number as follows : 

Pe' = 2 v Rp(4.2) 
Vax 

(4 .3) 
_1 =~+ ( Pr} E).' 
Pe' Re Sc Pe~ 1+ Re Sc 

Where Pe co is the limiting Peelet number as the Reynold's number approaches infinity, i.e. , 

the Peelet number in a turbulent flow regime. What this means essentially is that the axial 

dispersion coefficient is dependent on the value of Pe as Re tends to infinity. It has been 

shown that while there is a maximum value for Pe cc of 2 at larger panicle sizes, at low 

panicle diameters the limiting Peclet number is dependent on the panicle diameter. This 

variation is shown in figure 4.7 
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and C = The gas phase concentration 

z = The bed length 

E = Bed voidage 

q Concentration in adsorbed phase 

v = interstitial gas velocity 

Now, the Diffusion Coefficient can be expressed in terms of the axial Peelet number and the 

Peelet number can in tern be expressed in terms of the Reynolds number as follows: 

(4 .2) 

(4 .3) 

2 v Rp 
Pe' =---,-

Vax 

1 Y1 E - = -- + --:;-----,-
Pe' Re Sc I ( fJ Y1 E J.' P e 00 1 + .:.........:...-=----

Re Sc 

Where Pe 00 is the limiting Peclet number as the Reynold's number approaches infinity, i.e., 

the Peclet number in a turbulent flow regime. What this means essentially is that the axial 

dispersion coefficient is dependent on the value of Pe as Re tends to infinity. It has been 

shown that while there is a maximum value for Pe cc of 2 at larger particle sizes, at low 

partiele diameters the limiting Peelet number is dependent on the particle diameter. This 

variation is shown in figure 4.7 
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#*< -}Rp)15Mm 

. 
l }R.,<,.smm 

R~ 

Variation of limiting Peelet number with partiele diameter for flow through packed 

beds. 

[~1~4J 

It can therefore be seen that there is a critical particle diameter of 3mm, above which the 

limiting Peelet number is 2 for all particle diameters . However, if Rp < 1.5mm then 

Pe '", ;:: 3.35 Rp 

Ruthven [1984] has stated that this means that the advantage gain from the reduced pore 

diffusional resistance of the very small catalyst particles can be offset by the increased axial 

dispersion . If there is significant axial dispersion then the reactor is no longer behaving in a 

true plug flow regime and the reaction rate will therefore decrease. This is born out by the 

results obtained in the reactionl regeneration cycles above where the rate was seen to 

decrease with decreasing particle size. 

In the reactionlregeneration cycles, the change in average particle diameter from 7.7 to 9 7 

~m gives a change in Pe 00 from 0 .0026 to 0.0033 which in tern increases the axial dispersion 

coefficient from IA03x 10-5 to lA13x I0-5 Though the change is very small, there is 

nonetheless an increase in the axial dispersion coefficient. 

The conclusion therefore, is that the change in the catalyst seen in the reaction-regeneration 

cycles was not caused during the reaction phase of the process. 
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O.O~"--""l.o""""--I1O'---....I.1~-::---,..L~r.-. ....l~4 

Variation of limiting Peclet number with particle diameter for flow through packed 

beds. 

[~1s€4J 

It can therefore be seen that there is a critical particle diameter of 3mm, above which the 

limiting Peclet number i 2 for aU particle diameters. However, if Rp < 1.5mm then 

Pe ' oc ~ 3.35 Rp 

Ruthven [1984] has stated that this means that the advantage gain from the reduced pore 

diffusional resistance of the very small catalyst particles can be offset by the increased axial 

dispersion. If there is significant axial dispersion then the reactor is no longer behaving in a 

true plug flow regime and the reaction rate will therefore decrease. This is born out by the 

results obtained in the reaction! regeneration cycles above where the rate was seen to 

decrease with decreasing particle size. 

In the reaction!regeneration cycles, the change in average particle diameter from 7.7 to 9.7 

11m gives a change in Pe co from 0.0026 to 0.0033 which in tern increases the axial dispersion 

coefficient from IA03x 10.5 to lA13x I 0.5 Though the change is very small, there is 

nonetheless an increase in the axial dispersion coefficient. 

The conclusion therefore, is that the change in the catalyst seen in the reaction-regeneration 

cycles was not caused during the reaction phase of the process. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

192 Appendices 

APPENDIX VII: IDENTIFICATION OF MASS SPECTRA 

PEAKS 

Extract from "Eight Peak index of Mass Spectra" 4th Edition. Compiled by the Mass 

Spectrometry Data Centre, vol. 3 part 1, 1991, The Royal Society of Chemistry, Cambridge, 

u.K. 

Compound Ion MassI Relative Intensity 

DME 
Q:e1ai\e JitErEit}.? 

45 46 29 15 28 
100 48 36 24 7 

31 
3 

14 
2 

44 
2 

TMA 
Q:e1ai\e~ 

58 59 30 42 44 
100 47 29 26 17 

15 
14 

18 
10 

28 
10 

DMA 
Q:e1ai\e Jrten:iity? 

44 45 28 42 18 
100 56 26 15 14 

43 
13 

30 
4 

46 
3 

MMA 
(IP)a:i-.e Jrten:iity? 

30 31 28 29 27 
100 75 51 12 8 

15 
7 

32 
3 

17 
2 

H2O 
(IP)a:i-.e Jrten:iity? 

18 17 
100 21 

CO 28 

CO: 44 28 16 12 

0 : 32 16 

N: 28 14 
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APPENDIX VII: IDENTIFICATION OF MASS SPECTRA 

PEAKS 

Extract from "Eight Peak index of Mass Spectra" 4th Edition. Compiled by the Mass 

Spectrometry Data Centre, vol. 3 part 1, 1991, The Royal Society of Chemistry. Cambridge. 

u.K. 

Compound Ion MassI Relative Intensity 

DME 45 46 29 15 28 31 14 44 
Q:e1ai\e~ 100 48 36 24 7 3 2 2 

TMA 58 59 30 42 44 15 18 28 
Q:e1ai\e~ 100 47 29 26 17 14 10 10 
DMA 44 45 28 42 18 43 30 46 
Q:e1ai\e Irtffsity? 100 56 26 15 14 13 4 3 

MMA 30 31 28 29 27 15 32 17 
(IP]a:i\e Irtffsity? 100 75 51 12 8 7 3 2 
H2O 18 17 
(IP]a:i\e Irtffsity? 100 21 

CO 28 

CO: 44 28 16 12 

0: 32 16 

N: 28 14 
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APPENDIX VIII: DEHYDROXYLATION OF ZEOLITE RHO 

The figure below shows a repeat of a Thermal Desorption run of one the samples of zeolite 

Rho (A). It illustrates that ·:he high temperature peak does not occur in the repeat run, which 

was taken to mean that this peak was due to dehydroxylation of the catalyst rather than 

ammonia desorption. 

0.01 

c 
.sa 

OrigionaJ R f 1C 0.005 
<II 
t;,j 

c:: 
U 
C ~ y R....tR~ 

o , --.,--------,----..,.-------1 

o 30 60 90 120 Time (mins) 

o 700 Isothennal 700 Temp (0C) 

Comparison of repeated Thermal Desorption runs 
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Appendix IX: BET Results 

SUMMARY OF RESULTS 

RHO (B) 

Steaming Time (hrs) 0 1 2 4 8 

BET Surface Area (m2/g) 463 .7 443.8 634.7 623.0 662.3 

Langmuir Surface .Area (m2/g) 613.6 584.6 834.1 818.5 870.9 

Micro-pore Surface Area (m2/g) 405.2 383.2 575.8 570.0 611.1 

Mesopore Surface Area (m2/g) - Ads 27.1 29.4 28 .0 25 .6 24 .7 

(17 ~ 3000 A) - Des 25.7 28.4 32.5 30.6 30.1 

Total Pore Volume «l300A 0) (cm3/g) 0.236 0.227 0.315 0.310 0.329 

Meso-pore volume (cm3/g) - Ads 0.036 0.041 0.038 0.037 0.036 

(17 ~ 3000 A) - Des 0.031 0.037 0.038 0.038 0.039 

Micro-pore volume (cm3/g) 0.189 0.178 0.267 0.265 0.284 

A verage Pore Diameter - Langmuir 15.37 15.57 15 .1 15.2 15.1 

- BJH Ads 53.14 55.87 53.6 58.0 58.9 

- BJH Des 48 . 11 52.67 46.7 50.1 51.4 

MORDENITE 


Steanung Time (hrs) 0 2 4 8 16 

BET Surface Area (m2/g) 521.5 463.3 475.2 458.9 448.4 448 .8 

Langmuir Surface Area (m2/g) 586.5 613.2 627.6 607.8 595 .2 592.3 

Micro-pore Surface Area (m"/g) 441.0 371.0 380.3 362.6 353.7 357.3 

Mesopore Surface Area (m2/g) - Ads 67.2 74 .9 77.5 82 .7 89.4 82.8 

(17 ~ 3000 A) - Des 77.9 86.7 94.2 98.6 105.8 99.9 

Total Pore Volume «1300A 0) (cm3/g) 0.288 0.297 0.303 0.303 0.313 0.307 

Meso-pore volume (cm3/g) - Ads 0.112 0.124 0.126 0.135 0.154 0.146 

(17 ~ 3000 A) - Des O. 118 0.131 0.135 0.144 0.164 0.153 

Micro-pore volume (cm3/g) 0.177 0. \73 0. \77 0.169 0.165 0166 

A verage Pore Diameter - Langmuir 19.6 19.4 19.3 20.0 21.0 20.8 

- BJH Ads 66.6 66.3 65.0 . 65.4 68.9 70.3 

- BJH Des 60.3 60.5 57.4 58.4 61.9 61.4 
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APPENDIX X: ADSORPTION DATA 

RHO 

Adsorptions (mmol/ geat) 

Steaming Time . (hours) 0 0.5 1 2 4 8 

Pure Compounds Methanol 3.29 4.65 3.73 4.42 4.17 3.06 

Ammonia 1.82 1.83 2.39 2.5 1.8 1.57 

Water 3.91 4.73 4.18 5.73 5.52 4.69 

Methanol & Water Methanol 2.53 3.02 3.30 4.38 3.95 2.34 

Mixture Water 2.84 3.28 3.96 3.57 3.65 2.99 

Total 5.68 6.72 7.54 8.73 8.25 5.51 

Sum 5.37 6.30 7.27 7.96 7.60 5.33 

Methanol & Ammonia Methanol 1.33 2.03 2.04 1.97 1.53 

Mixture Ammonia 1.86 3.01 2 2.118 1.45 

Total 3.11 4.76 4.15 4.08 304 

Sum 3.20 5.05 

-

4.04 

~ 

4.08 2.99 
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APPENDIX X: ADSORPTION DATA 

RHO 

Adsorptions (mmol/ geat) 

Steaming Time . (hours) 0 0.5 I 2 4 8 

Pure Compounds Methanol 3.29 4.65 3.73 4.42 4.17 3.06 

Ammonia 1.82 1.83 2.39 2.5 1.8 1.57 

Water 3.91 4.73 4.18 5.73 5.52 4.69 

Methanol & Water Methanol 2.53 3.02 3.30 4.38 3.95 2.34 

Mixture Water 2.84 3.28 3.96 3.57 3.65 2.99 

Total 5.68 6.72 7.54 8.73 8.25 5.51 

Sum 5.37 6.30 7.27 7.96 7.60 5.33 

Methanol & Ammonia Methanol 1.33 2 .03 2.04 1.97 1.53 

Mixture Ammonia 1.86 3.01 2 2.118 1.45 

Total 3.11 4.76 4.15 4.08 3.04 

Sum 3.20 5.05 4.04 4.08 2.99 
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Desorptions (mmol/gcat) 

Steaming time (hours) 0 0.5 1 2 4 8 

Pure Compounds Methanol 0.86 1.25 1.75 1.90 1.65 1.27 

Ammonia 0.43 0.39 0.60 0.67 0.58 0.45 

Water 1.24 1.92 2.42 2.19 1.72 

Methanol & Water Methanol 0.58 0.80 1.55 1.47 1.38 1.02 

Mixture Water 1.02 1.34 1.48 1.65 1.45 0.97 

Total 1.53 2.07 3.18 3.20 2.97 2.09 

Sum 1.60 2.14 3.04 3.12 2.83 1.99 

Methanol & Ammonia Methanol 0.41 0.48 0.87 0.62 1.18 1.20 

Mixture Ammonia 0.15 0.14 0.19 0.19 0.09 

Total 0.55 0.62 0.82 0.81 1.38 1.23 

Sum 0.56 0.62 0.87 0.81 1.37 1.28 
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MORDENITE 

Adsorptions (mmol/ gcat) 

Steaming Time (hours) 0 1 2 4 8 16 I 
I 

I 

Pure Compounds Methanol 4.04 3.19 3.18 2.91 2.26 2.09 

Ammonia 1.42 1.42 1.25 0.92 0.84 

Water 4.82 2.71 2.81 2.98 1.92 

Methanol & Water Methanol 3.20 3.37 2.78 2.86 2.41 2.34 

Water 1.24 0.95 0.96 0.84 0.71 0.89 

Total 5.54 5.54 5.62 5.32 3.96 4.31 

Sum 4.44 4.32 5.01 3.70 3.12 3.23 

Methanol & Ammonia Methanol 2.30 1.66 1.86 1.56 1.31 1.42 

Ammonia 1.87 1.53 1.38 1.32 1.01 0.85 

Total 3.89 3.08 2.98 2.75 2.16 2.19 

Sum 4.17 3.18 3.23 2.87 2.32 2.26 
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Desorptions (mmol/ gcat) 

Steaming Time (hours) 0 1 2 4 8 16 

Pure Compounds Methanol 1.14 1.03 1.00 1.03 0.76 0.81 

Ammonia 0.33 0.44 0.32 0.26 0.30 

Water 2.20 l.35 1.22 1.50 0.87 0.96 

Methanol & Water Methanol 0.92 0.79 0.73 0.89 0.64 0.67 

Water 1.09 0.71 0.66 0.48 0.46 0.48 

Total 2.05 l.59 1.48 1.80 1.22 1.34 

! 

Sum 2.01 l.50 l.39 1.37 1.10 1.15 

I 

Methanol & Ammonia Methanol 1.65 1.06 1.02 1.24 0.86 083 

Ammonia 0.00 0.00 0.00 0.00 0.00 0. 00 

Total 1.61 1.04 1.06 1.20 0.86 0.81 

Sum 1.65 1.06 1.02 1.24 0.86 0.83 
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