






























































28 CHAPTER 1. LITERATURE REVIEW 

compared to the one acid site required for the isomerization path. Inside the zeolite pores the intrinsic 
diffusivity of p-xylene was more than 1000 times faster than those of the other two isomers [Guisnet 
et al., 2000]. 

Another factor which plays a significant role in the ratio of the intra to intermolecular isomerization 
is the nature of the active sites. Br¢nsted sites favour intramolecular isomerization while Lewis sites 
favour transalkylation and hence intermolecular isomerization [Guisnet et al., 2000]. 

1.8 Conclusion of literature review 

From the literature review, the connection between crystallinity and activity is clearly illustrated. The 
crystallinity of a structure is related to the morphology and the chemical properties. Morphology 
includes factors such as crystal size, porosity and crystal geometry. Chemical properties includes the 
ratio of silica to alumina present within the framework and the nature of the coordination of the acid 
sites. Crystallinity can be altered by altering chemical properties through changing the composition of 
the synthesis mixture or through dealuminating the structure after synthesis. Morphology on the other 
hand can be altered by changing the synthesis temperature or time. All these factors affect activity 
in different ways. Small crystal sizes result in large surface areas and therefore an increase in activity. 
~Iicropores have larger surface areas as compared to meso and macropores and the crystal geometry can 
either enhance or inhibit diffusion of molecules inside the pores. Aluminum incorporated within the 
structure was shown to be the cause of the zeolites acidity and activity and FAL formed the strong sites 
while EFAL formed the weak sites, All these results tend to suggest that increasing crystallinity should 
result in an increase in activity. Diffusivity is related to the porosity of the structure. Large microporous 
crystals will have much high diffusion resistance than small crystals containing meso/macropores. As 
porosity depends on crystallinity, it is expected that diffusion limitations will depend on crystallinity. 

1.9 Hypothesis 

1. The intrinsic activity of the catalyst increases with an increase in crystallinity. 

2. The conversion goes through a maximum as a result of increased diffusion limitations of the highly 
crystalline material. 

1.10 Objective 

• To prepare partially ZSM-5 catalysts and to characterize the porosity using nitrogen adsorption at 
77 K 

• To investigate the activity and selectivity of the partially crystalline ZSM-5 using para-xylene 
isomerization 

• To evaluate the intrinsic catalyst parameters (rate constant, diffusivity) using a reaction diffusion 
model 

• To develop a relationship between the intrinsic parameter and the physical properties of the cata­
lyst. 
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Chapter 2 

EXPERIMENTAL 

2.1 Preparation of the catalysts 

2.1.1 Synthesis mixture 

Step 1 Solution A: A sodium aluminate solution was prepared from 4.475 g of 97 % NaOH and 0.675 
g of 99 % AI(OHh and 20 ml distilled water in a 100 ml beaker. The mixture was heated at 
80°C and stirred at a rate of 200 r.p.m. until a clear solution was obtained. 

Step 2 Solution B: A tetrapropylammonium (TPA) bromide solution was prepared by mixing 7.425 g 
of tetrapropylammonium bromide with 20 ml distilled water in a 100 ml glass beaker and stirring 
without heating until the solids dissolved. 

Step 3 Solution C: A silica slurry was prepared from 80.4 g fumed silica (Si02 ) to which 170 ml of 
distilled water was added in a 500 ml glass beaker, the mixture was then stirred vigorously until a 
smooth slurry was obtained. 

Step 4: Solution A and B were added to solution C under vigorous stirring followed by the addition of 
110 ml of distilled water. 

2.1.2 Operation 

The synthesis mixture, which was approximately 320 ml, was then transferred into a 500 m! stainless 
steel autoclave, which was operated at temperatures ranging from 25 to 190°C under autothermal 
pressure to obtain samples of different crystallinities. Temperature was controlled by a programmable 
PID controller which was ramped up at a rate of 10 °C/min and then left to react for 72 hours at the 
desired temperature. The mixture was then allowed to cool until it reached room temperature. 

2.1.3 Post-synthesis treatment 

Step 1 Drying: The solid material was left to settle in a 500 ml glass beaker for one hour and the 
supernatant liquor was decanted. The catalyst was then mixed thoroughly with 100 ml deionized 
water, centrifuged at a rate of 5000 r.p.m for 5 minutes and again the supernatant liquor was 
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30 CHAPTER 2. EXPERIMENTAL 

decanted. The centrifugation/washing step was repeated three times. The catalyst was then 
dried in an oven at 80-90 °C for 16 h. 

Step 2 Calcination: Calcination was done to remove the TPA template. The dried catalyst was 
placed in a 300 mm long, 16 mm J.D. tubular stainless steel reactor. The heating rate was set at 
10 DC/min and nitrogen was passed over the catalyst at 500°C and 60 ml/min (STP) for 8 hours, 
after this air was passed at the same temperature and flow rate for a further 16 hours. 

Step 3 Ion exchange: Ion exchange was carried out to exchange the Na+ ion with the NHt ion. 
This was done by gently boiling the Na+ form in a 2M NH3N03 solution at a temperature of 80 
~C under reflux conditions for 24 hours in a glass culture vessel (1 liter for every 15 g of catalyst). 
After this the catalyst was washed again with deionized water, centrifuged three times and dried 
at 80-90 °C for 16 hours. 

Step 4 Calcination/drying: The catalyst was heated using the calcination rig at 500°C in the 
presence of air flowing at 60 ml/min (STP) for 3 hours. 

The yield obtained from this procedure was 10 gram of catalyst. 

2.2 XRD analysis 

Crystallinity \vas measured using a Phillips X-ray diffractometer and a CuK(}; radiation source was used 
to obtain the powder X-ray diffractograms. A wavelength of l.542;\ at 40 kV and 25 mA with the ZSM-5 
in its hydrogen form was used, with a scanning range of 4 < 20 < 47. The sample was finely ground 
and placed in a glass holder measuring 2 x 2 cm and scanned using 1019 points per scan with a step size 
of 0.05 (20) and a sampling rate of 2. 

2.3 Nitrogen adsorption at 77 K 

A micromeritics ASAP 2000 was used to obtain adsorption isotherms. A sample of approximately 0.5 
g of zeolite was dried at 350°C for 24 hours under vacuum (0.06 kPa). The sample was then placed 
into a sample tube and nitrogen was adsorbed onto it at its boiling point (77 K) using 150 relative 
pressure points ranging from 0.0001 to 0.99. The adsorption/desorption isotherms, which are a measure 
of volume adsorbed as a function of relative pressure, were obtained. 

2.3.1 BET analysis 

BET analysis was done using multi-point plot method. This method works by taking a series of 
points from the nitrogen adsorption isotherm. BET is used to calculate monolayer coverage and total 
surface area. "t\.Ionolayer adsorption takes place within the micropores while external area is obtained 
from adsorption in the mesopores. The chosen relative pressure range should include the shift from 
micropore to mesopore adsorption. The pressure range 0.06 to 0.2 P /P 0, which best approximates 
the micro-mesopore adsorption is used to estimate the mono-layer adsorbed volume by fitting the BET 
isotherm to the data. The surface area is obtained from this analysis by taking the monolayer adsorbed 
nitrogen and dividing it into the average molecular cross sectional area of nitrogen which is 0.162nm2 . 
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2.4. SCANNING ELECTRON MICROSCOPY ANALYSIS (SEM) 31 

2.3.2 t-plot analysis 

The t-plot is used to analyze micropores by calculating micropore area and volume and external surface 
area. This is an extension of BET analysis because whereas BET analysis analyses the range between 
end of micropore filling and beginning of mesopore filling the t-plot analyses from beginning of micropore 
filling until the end of mesopore filling. Analysis starts at pressures below 10-4 since this is the beginning 
of micropore filling and ends at relative pressures of 0.99 which is where saturation is reached. The 
statistical thickness of each adsorbed layer from monolayer is obtained from the thickness equation as 
shown in equation 2.1. When making a plot of the volume adsorbed as a function of the statistical 
thickness the micropore volume is obtained from the y-intercept of a line drawn tangent to a region of 
relative pressure range of 0.12 to 0.27 which corresponds to 3.5<t<5 as shown in Figure 2.1 and the 
slope of this line gives the total surface area. The micropore area is found by deduction the external 
surface area from the total surface area obtained from BET analysis. 
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Figure 2.1: t-plot using the Harkins-Jura, Halsey Isotherm 

2.4 Scanning Electron Microscopy analysis (SEM) 

A Fully Analytical Scanning Electron Microscopy (LEO 8440) was used for this analysis. Sample 
preparation involved sprinkling dry powder on a steel stub coated with glue containing graphite. Here, 
graphite is used to conduct electrons thereby preventing charge build up. The samples were then coated 
with carbon as carbon does not interfere with elemental analysis. were collected using a Four 
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32 CHAPTER 2. EXPERlMENTA.L 

Quadrant Back Scatter Detector. An Energy Dispersive X-ray Analyzer (EDX) fitted with a Fisons 
Kevex Detector and a voltage of lOkV was used for elemental analysis. 

2.5 Bulk elemental analysis (HPLC) 

Ion chromatography is a form of liquid chromatography that uses ion-exchange resins to separate atomic 
or molecular ions based on their interaction with the resin. The column is packed with a stationary phase 
which is made up of tiny polymer beads with negatively charged centers. The sample in powder form, 
consisting of Si, Al and Na ions, was dissolved in hydrofluoric acid (analyte). The analyte solution was 
then mixed with a solution (effluent) made up of 2% borate/gluconate concentrate, n-butanol, 12% 
acetonitrile and diluted with 84% deionized water. This phase is known as the mobile phase. Separation 
is based on the forces of attraction between the different cations in the solution and the stationery phase. 
Some cations will adhere strongly to the stationery phase thereby taking longer to pass through the 
column while others will adhere weakly and pass through the column faster. The different speeds of the 
ions through the column result in separation of the analyzed sample. The end results are analyzed by 
an ultra violet detector. Each time analyte molecules emerge from the column the detector sends in a 
signal which is interpreted as a peak on the integrator output. The number of peaks corresponds to the 
type of cations in the analyte solution. The peak area is directly related to the concentration of that 
specific cation in the analyte. Different components are identified by their retention times as obtained 
from their pure samples. The flow rate of the mobile phase was kept at 1.0 ml/min. 

2.6 Reaction analysis 

2.6.1 Reactor system 

The schematic diagram of the apparatus is shown in Figure 2.2. All lines after the saturator were kept 
at a temperature of 170°C. The argon flow rate into the system was controlled by mass flow controller 
(;\IFC1) operating between 0 and 600 ml/min (STP). Valve (V2) was adjusted either to connect the 
saturator on-line or to by-pass the saturator. vVhen the saturator was online the gas stream went into 
the water jacketed saturator which is shown in Figure 2.3. The glass saturator had a capacity of 110 ml 
and was filled with liquid p-xylene, 99+% HPLC grade to a level of 80 %. The gas was dispersed into 
the liquid using a frit. The temperature of the saturator was kept constant at 40°C using a water bath. 
At this temperature the vapor pressure of p-xylene was 2.67 kPa. The exiting stream left through V3. 
V 4 was used to switch between on-line and by-pass reactor operation. 

The reactor shown in Figure 2.4 was made of stainless steel with graphite seals at the lid to prevent 
leaking. The reactor length was 250 mm with an internal diameter of 17 mm. The inlet and outlet 
were made of 1/4" stainless steel tubes with the inlet at the bottom and the outlet at the top. The 
furnace temperature was controlled by a programmable PID controller with an accuracy of ::::0.5 °C. The 
thermocouple was inserted inside a thermowell located within the catalyst bed to record the catalyst 
temperature. The reactor was covered with ceramic wool at all times to prevent heat loss to the 
surroundings and maintain isothermal conditions. 

The catalyst bed packed inside the reactor consisted of 0.5 g of the prepared catalyst in powder form 
which was intimately mixed with 5 g of HCI purified sand particles. The catalyst bed was 30 mm in 
length and was held in place with quartz wool plugs. The reaction products were sampled using a 
gas sampling valve with a 50 ILL sample loop and analyzed with a GC. Needle valve (V7) was used to 
maintain a constant pressure of 140 kPa for all runs. 
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2.6. REACTION ANALYSIS 33 

Vent 

GC 

Saturator 

Figure 2.2: Schematic flowsheet of the reactor system 

A GC (HP 5890) fitted with a Flame Ionization Detector (FID) and a column made up of fused silica 
with BP20 (polar) as the stationary phase, 50 m in length with an internal diameter of 0.53 mm was 
used. Column temperature was maintained at 90°C, detector temperature at 280°C and injector 
temperature at 240 °C. 

2.6.2 Reactor system leak test 

In order to test for leaks in the reactor and GC column, MFCl was first calibrated with a bubble meter. 
To calibrate MFCI the saturator, reactor and GC were by-passed and the flow rate measured by a bubble 
meter situated after V8. To do a leak test, the empty saturator, empty reactor and GC were put on-line 
and the flow rate recorded by a bubble meter situated after V8. When these two flow rates for MFCI 
calibration and for leak test differed by less than lml/min the system was considered to be leak free. 

2.6.3 Product analysis 

Prior to use, the column was conditioned at a temperature of 200°C for four hours. This conditioning 
ensured proper functioning of the column, as it was necessary to flush trace amounts of impurities and 
side products collected in the column. 

In order to verify the retention times of the isomers, the saturator ,vas filled with a pure sample for each 
of the isomers. The reactor was by-passed and GC analysis took place. The integrator (HP 3390A) 
output gave one peak at the specific retention time. In this way the retention times of all isomers were 
obtained. 
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Figure 2.3: Para-xylene saturator 

To find if the area counts recorded by the integrator corresponded to the concentrations of all the analyzed 
components, the saturator was filled an equimolar mixture of all the three isomers. The reactor was set 
to by-pass and the mixture analyzed by the Gc. The ratio of the area counts was then compared to the 
ratio of the equimolar mixture. Results showed that the area count ratios were equal to those of the 
calibration mixture indicating that all response factors were unity. 

2.6.4 Procedure 

Conditions used for experiments are shown in table 2.1: 

Step 1 Calcination was carried out by setting the reactor to vent through V6 and passing 80 ml/min 
(STP) of air over the catalyst which was maintained at 500°C for 16 hours. The reactor was then 
cooled to the reaction temperature. 

Step 2 The reactor was then by-passed to stabilize flow through the saturator, to check flow rate using 
bubble meter connected at the vent (V8) and to analyze feed on the GC. 

Step 3 The reactor was put on line to analyze products on the GC until steady state was reached which 
took approximately 45 minutes. Two product samples were then taken. 

Step 4 MFCI was then adjusted to the four different flow rates in random order and steps 2 and 3 were 
repeated for each case. 

Step 5 A new reaction temperature as indicated in table 2.1 was then chosen and steps 1 to 4 repeated. 

Step 6 The reactor was then packed with a new catalyst and steps 1 to 5 were repeated. 
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2.6. REACTION ANALYSIS 

Reactor inlet 
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Figure 2.4: Schematic diagram of the reactor 

2.6.5 Mass balance 

35 

A mass balance was done on the incoming and exiting gas streams to ensure that the mass entering was 
equal to the mass exiting. This was done by by-passing the reactor and comparing the flow measured 
from a bubble meter placed after V8 to now measured during on-line analysis. In all cases, the error 
between the inlet and exit volume now rates was less than 0.042 % indicating that there were no leaks 
in the reactor. 

A carbon balance was carried out by comparing by-pass and on-line analysis. Figure 2.5 shows the plot 
of area count for by-pass and for on-line for different samples. 

This carbon balance was done in order to check that no other side products, which are getting stuck 
inside the column and therefore not being integrated by the integrator are formed. On-line analysis area 
count should equal by-pass since all products formed are formed from the pam-xylene reacted. Standard 
deviation for the mass balance was ±4.1 % 

These results show that the mass balance was acceptable. 
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36 CHA.PTER 2. EXPERIMENTA.L 

Table 2.1: Experimental conditions 

---.. 

Temperature Catalyst Flow Catalyst Residence WHSV** 
mass rate volume time 

250 0.5 2.05 0.29 O.H 0.70 
0.5 4.67 0.29 0.064 1.58 
0.5 7.02 0.29 0.044 2.:38 
0.5 ILLS 0.29 0.030 3.78 

300 0.5 2.24 0.29 0.13 0.76 
0.5 5.12 0.29 0.062 1.74 
0,,5 7.70 0.29 0.042 2.61 
0.5 12,22 0.29 0.024 4.14 

350 0.5 2.44 0.29 0.12 0.83 
0.5 5.57 0.29 0,053 l.89 
0.5 8,37 0.29 0.031 2.84 
0.5 13.29 0.29 0.022 4.51 

2.6.6 Data analysis 

Conversion is defined by equation 2.2: 

(2.2) 

while the yield is given by equation 2.3: 

(2,3) 

Because the standard deviation in carbon balances were less than 4.1 %, the approximation that 
Fxylenes,in =F xylenes.out is acceptable Also, as these are all aromatic molecules of similar structure, 
all response factors are unity. Thus the area count in the product analysis is proportional to the molar 
fiowrate of the xylenes. Thus equations for conversion and yield may now be replaced by equations 2.4 
and 2.5 respectively: 

x = 1 - -'-=--'--- (2.4) 

(2.5) 

2.6.7 Confirmation that sand packing is inert 

To confirm that the sand packing was inert a run was carried out using a bed made up of sand particles 
only, The resulting product stream consisting of only one peak from the para-xylene showed that the 
sand was inert. 
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2.6. REACTION ANALYSIS 
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Figure 2.5: Carbon mass balance over the reactor system. 
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Chapter 3 

REACTOR MODEL 

3.1 Assumptions 

The assumptions made in modelling this system were: 

i the flow is that of a plug flow system; 

ii Fickian diffusion holds, and diffusion coefficients are independent of position and concentration; 

iii adsorption kinetics follow linear isotherms; 

iv acid sites are distributed homogeneously through the catalyst volume 

v that the reaches and maintains steady state. 

Spherical geometry and flat plate geometry can be related through the Thiele modulus by the 
following similarity: 

Lplate = (3.1) 

therefore for ease of calculations derivations to analyse experimental data are based on a flat plate 
geometry. 

3.2 Reaction kinetics 

kpJ' 

pX ;:=! mX 

mX oX (3.2) 
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40 CHAPTER 3. REACTOR MODEL 

Equation 3.2 represents the first order reversible reaction expression for the isomerization of para-xylene 
where kmx and kpx are the reaction rate constants for para-xylene and meta-xylene respectively. Since 
the reaction was carried out at high temperature and low xylene vapor pressure, there is a linear relation 
between the para-xylene concentration in the bulk gas and on the adsorbate surface. The first order 
rate expression is therefore employed by lumping together the adsorption equilibrium constants with the 
rate constants. 

Assuming ideal gas behavior, the equilibrium constants Kel:Ke2 for this reaction have been found, from 
thermodynamic equilibrium, to be 2.25:0.37,2.21:0.38 and 2.19:0.395 at 250, 300 and 350 DC respectively. 
Equations 3.3, 3.4 and 3.5 represents the rate equations for this reaction. 

( Cmx) 
cpx - R­

ei 

TmX = kpx (cPx 

cmX-~ 
( 

C K) 
Ke2 

where Cmx is the concentration of meta-xylene in the gas phase 

cpx is the concentration of para-xylene in the gas phase 

where cox is the concentration of ortho-xylene in the gas 

3.3 Model equations 

3.3.1 Reactor mass balance 

A reactor ma.ss balance yields: 

dFi -:::::-:-- = r~,ave 
dVzeolite 

where dF i is the flow of speciesi across a differential area 

dV ~eo"te is the volume of the zeolite across a differential area 

r"ave is the average reaction rate for the catalyst pellet 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

Assuming a constant density system at constant pressure and no change in the number of moles implies 
Fi=QC;, which, after manipulation and substitution into equation 3.6 yields equation 3.7 

(3.7) 
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3.3. MODEL EQUATIONS 41 

Vzeolite 
T 

Q 
(3.8) 

where Q is the volumetric flow 

C z, (T) is the concentration for component i in the reactor i.e. the z domain 

7' is the residence time of the reactant species in the reactor i.e. the z domain 

ri,ave can be obtained from a mass balance across the zeolite film. 

3.3.2 Zeolite pore mass balance 

Considering the molar flux: 

(3,9) 

where Di is the diffusion coefficient for species i 

Species i and x are the spatial coordinate for the zeolite pellet. 

equation 3.10 represents a material balance of species i diffusing through an area Az across the defferential 
element at any residence time (i.e" position) 7' in the bed and thus the concentration is both a function 
of x and 7' 

(3,10) 

where r i is a volume-based reaction rate. Division by Az~x, substitution of \V i and defining dimen­

sionless variables Yi= Ci ~Z'T) and U = L yields the dimensionless 2nd order partial differential equation 
3.11 for the zeolite at any position z in the reactor as ~x tends to O. 

U) = 0 (3,11) 

where Co is the total initial xylene feed concentration 

Yi is the gas phase mole fraction on the external surface, based on xylene concentration, for 
species i 

L is the length of the zeolite pore 

The solution to equation 3.11 requires 2 boundary conditions. 

At the center where x=O, (U 0), therefore the first boundary condition is given by equation 3.12. 
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42 CHAPTER 3. REACTOR AJODEL 

(3.12) 

At the gas solid interface, where x=L (U = 1), assuming film resistance is negligible, the concentration 
in the bulk gas and at the surface must be equal, thus equation 3.13. 

(3.13) 

The average reaction rate across the zeolite (ri,ave) at any T can now be evaluated (equation 3.14). 

(3.14) 

To obtain the second boundary condition requires the manipulation of the reactor and zeolite mass 
balances. 

3.3.3 Combining the reactor and zeolite mass balance 

Equation 3.14 can be evaluated by using equation 3.11 to yield equation 3.15 

Ti,ave = (3.15) 

The effectiveness factor (1}i) is thus given by equation 3.16. 

(3.16) 

Substitution of equation 3.8 and using equation 3.13 yields the second boundary equation (3.17) 

(3.17) 

The equations 3,11, 3.12 and 3,17 represent the final model equations. 

3.3.4 Solution of model equations 

An orthogonal collocation technique is employed to discretizc equation 3.11 into a set of algebraic equa­
tions (equation 3.18), 

k 1,2,3 i = L.N (3.18) 
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3.3. MODEL EQUATIONS 43 

where Ui is the coordinate node defined by the collocation procedure, Bij is the collocation coefficient ma­
trix representing the 2nd derivative, N the number of internal collocation points, and k=I,2,3 represents 
the pam-xylene, meta-xylene and oitho-xylene species, respectively. 

Using a symmetry transform, the support boundary condition (equation 3.12) is automatically satisfied. 
The 2nd boundary condition (equation 3.17) is also discretized to yield an ordinary differential equation 
(equation 3.19), 

(3.19) 

where Aij is the collocation coefficient matrix representing the 1st derivative. 

Equations 3.18 and 3.19 are repeated for each species k=1...3. They represent a set of differential­
algebraic equations (DAE) which are solved using the implicit integrator DDASAC. Sufficient accuracy 
of the steep gradients was obtained with N =30. 

3.3.5 Estimation of model parameters from experimental data 

To enable the extraction of the model parameters, further assumptions had to be made. It was assumed 
that Dpx:Dox:Dmx=1:100:1000 and k

p
x=2kmx [Chen et al., 1994]. The result was a 2-parameter 

model. A Levenberg-Marquardt routine was then employed to evaluate these parameters, with the least 
squares criterion defined by equation 3.20 

Nspecies Nexp 

E7Tor = L L 2 
Ymod (3.20) 

j i=1 

3.3.6 Typical response curves as a function of diffusion resistance 

The effects of diffusion resistance on the catalysts properties of the catalyst's were simulated by taking 
kpx=6.7 and varying the diffusion time constant by six orders of magnitude and plotting the corre­
sponding response curves. Figure 3.1 shows that increasing the diffusion time constant (larger diffusion 
limitations) decreases the conversion and makes the catalyst less active, as expected. More interestingly, 
Figure 3.2 shows that the meta-xylene yield decreases and the oitho-xylene yield increases with an in­
creasing diffusion time constant. Under strong diffusion limitations both meta-xylene and ortho-xylene 
appear as primary products with ortho-xylene being preferentially produced. This signifies an apparent 
change of mechanism from the series reaction pa7'a-xylene;cco: rneta-xylene~ or tho-xylene to a parallel 
reaction para-xylene~mX, para-xylene~ oitho-xylene. This discrepancy is a result of the diffusion 
resistance imposed by the zeolite on meta-xylene and ortho-xylene. 

Furthermore, the response for D/L2=103 shows a small decrease in the conversion but a large shift in the 
yield curves as shown in Figure 3.2, indicating that the yield data is considerably more sensitive to diffu­
sion limitations than the conversion plots for the typical model parameters used for xylene isomerization. 
The conversion, or catalyst activity continues to decrease with increasing diffusion limitations. This is 
in contrast to the yield response which varies between two boundaries. Typically, for all D /L2 > 104 the 
yield of meta-xylene and ortho-xylene remains unchanged, and represents the intrinsic selectivity of the 
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Figure 3.1: Typical para-xylene conversion variation with residence time. Thickness of lines represents 
severity of diffusion resistance, which increases in the direction of the arrow. Above/below each curve 
is the diffusion time constants (D/L2,[S-1]). 

catalyst. On the other hand, at D /L2> 102 the yield of meta-xylene reaches a minimum while that of 
ortho-xylene reaches a maximum. 

Further decreasing D /UI will not change the observed yield (or selectivity), although the conversion 
(or activity) of the catalyst continues to decrease. This is very important information for parameter 
estimation. It indicates that for this particular value of kpx, diffusion limitations strongly impact on the 
yield of meta-xylene and ortho-xylene for diffusion time constants in the range 102 <D/L2<104, or about 
2 orders of magnitude, in which diffusivity estimation would be most sensitive. Outside the bounds 
of these limitations it becomes increasingly difficult to estimate accurate diffusion coefficients. Outside 
the range 102 <D/L2<104 it is no longer possible to estimate diffusion coefficients from the experimental 
data. 

Figure 3.3 shows that the yield of meta-xylene is highest at low conversion when there are no diffusion 
limitations. Interestingly, under very strong diffusion limitations (small D/L2) it is possible for the 
meta-xylene:ortho-xylene ratio to exceed that predicted by equilibrium over a wide range of conversions, 
of course at the expense of very low reactivities. These results may be explained by the following physical 
reasoning. As resistance to diffusion increases, the slow diffusing meta-xylene isomer accumulates in 
the ZSl\I-5 pore matrix, thus driving further isomerisation into the faster diffusing ortho-xylene. Thus 
the decreasing meta-xylene:ortho-xylene ratio with increasing diffusion resistance. These simulations 
show that to maximize the effect of diffusion on the yield, operating at low conversions would be ideal. 
At higher conversions, the curves converge towards the chemical equilibrium line, thereby masking the 
effects of diffusion resistance. 

Figure 3.4 shows that the effectiveness factor for ortho-xylene (equation 3.21) is much than 1, and 
increasing with increasing diffusion resistance. The effectiveness factor approaches unity at negligible 
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Figure 3.2: Typical meta-xylene and ortho-xylene variation with para-xylene conversion. The broken 
lines represent ortho-xylene yields, and the solid ones meta-xylene yields. Thickness of lines represents 
severity of diffusion resistance. In increasing order of the thickness of the lines as indicated by the arrows, 
the diffusion time constants (D /L2 are 104 , 3x103 , 1x103 and UP. kpx =6. 

diffusion limitations and near equilibrium as expected. These observations can be explained with the 
following arguments. 

At low conversions, the reaction rate is highest, thus meta-xylene is formed at a high rate. Since it 
cannot escape with as much ease as the other isomers, its concentration rises within the particle, being 
highest at the centre. It must therefore convert to ortho-xylene. Because on the outside surface the 
meta-xylene concentration is much lower than in the zeolite pores, the rate of formation of ortho-xylene 
is also very low, thus 

T/OX = ----'----"'--'-- > > 1 (3.21) 
ToX(on the surface) 

TJoX should be highest at low para-xylene conversion, where the rate of formation of meta-xylene is 
the greatest, as observed. At higher conversions, some meta-xylene will escape to the surface and the 
reaction to ortho-xylene on the surface will slow down. Hence TJox decreases with increasing para-xylene 
conversion. 
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Chapter 4 

RESULTS 

4.1 Catalyst characterisation 

All catalyst will use the nomenclature given in Table 4.1. Thus the catalyst synthesized at 125 °e will 
be named ZS125. 

4.1.1 XRD 

Figure 4.1 shows that the intensity of the major peaks increases with an increase in synthesis temper­
ature. The crystallinity for each sample, as estimated using equation 1.1, shmvs that the crystallinity 
increases with increasing synthesis temperature (Table 4.1). These results correspond to those observed 
in literature [Nicolaides, 1999] and shown in Figure 1.5 in section 1.1. 

4.1.2 Crystal morphology 

Figure 4.2(a) shows that ZSM-5 prepared at 50 °e produces large (~ 10 {lm), irregular and amorphous 
particles similar to the products of the first step of the mechanism of crystallization which cannot be 
classified as Z81\1-5 (see section 1.3). Such particles are similar to grains of sand and are essentially 
non-porous. The smaller particles 1 {lm) which are visible in Figure 4.2 might be precursors to 
ZSM-5 crystals and could account for the low crystallinity, micropore volume and micropore surface area 
measured from an analysis of the N2 adsorption isotherm (see Table 4.2). The crystal size for the zeolite 
fraction in ZS50 could not be estimated. Figures 4.2(b) and (c) show that zeolites prepared at 100 and 
125 °e have well defined crystals with sizes between 0.2 - 1 {lm. Particularly in ZS100, amorphous 
material is visible in these SEM images corresponding to the background noise in the XRD spectrum. 
The crystallinities are estimated to be of the order of 50-66%. The highly crystalline (>70%) materials 
are shown in Figures 4.2( d), (e) and (f). The crystal size decreases as the synthesis temperature increases. 
These materials might well be agglomerates of much smaller crystals. Although ZS190 has the highest 
crystallinity of these samples, its crystals are not as well defined as suggested by the XRD. The SEM 
image is a local measurement, while the XRD is a bulk analysis, and thus this image might well be of a 
highly amorphous region of the sample. 

Assuming that the SEr-.l images, at least to a first estimate, represent the crystal sizes, then the size 
progression with increasing synthesis temperature goes through a maximum at approximately 150 °e. 
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Table 4.1: Physical characterisation of the prepared Z8"t\I-5 

Z8100 

Z8150 150 21.7 71.0 

Z8190 190 18.5 100.0 
small 

Standard deviation ±3.2 
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Figure 4.1: XRD spectrum of (a) ZS50, (b) Z8100, (c) Z8125, (d) Z8150, (e) Z8175 and (f) Z8190 
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This is related to the kinetics of the crystallization process. At low temperature, the rate of crystallization 
is not fast enough to produce the crystals in a synthesis time of 3 days and only amorphous particles form. 
As the temperature increases, the rate of crystallization increases and more crystals start forming. The 
large crystals are a result of kinetic controlled growth, in which sufficient nutrients are supplied and super­
saturation occurs at few well defined locations which act as crystal growth centers. As the temperature 
increases further, super-saturation increases, leading to rapid crystallization uniformly through the whole 
solution, possibly nutrient mass transfer limited. Thus there are many more growth centers leading to 
smaller overall crystal size. It should also be borne in mind that temperature (and thus also pressure) 
changes the liquid solution composition due to nutrients and templates evaporating into the vapor phase, 
an effect which is difficult to quantify. This could also give rise to a variation in the growth patterns in 
the zeolites. 

4.1.3 Chemical composition 

The bulk 8i! Al mole ratio (see Table 4.1) plotted in Figure 4.3 V,las approximately 24 with a standard 
deviation of 13%. These results are within experimental error of the synthesis procedure and ion clno­
matography analysis and to all intensive purposes the 8i/ AI mole ratio can be assumed to be constant 
for all catalysts. This result was expected since the synthesis composition was constant in all cases. 
These results suggest that no measurable preferential bulk incorporation of Si or Al was taking place as 
a function of temperature. This, however, does not mean that there are no AI concentration gradients in 
these catalysts. It also does not indicate that all the acid sites in the sample are accessible for reaction. 

4.1.4 Surface areas and pore volumes 

Adsorption within zeoli tic materials (micro-,meso- and macropore systems) has the following character­
istics. At very low N2 pressures adsorption occurs almost exclusively within the micropores. The strong 
zeolite-N2 interaction within the pores due to the small pore size, leads to rapid condensation of the N2 
molecules into a liquid like adsorbed phase at very low N2 pressures, before there is significant monolayer 
coverage of the meso- and macropores. Thus the micropore "monolayer coverage" needs to be viewed 
as pore filling. At higher N2 partial pressures all the remaining surface area is essentially covered with a 
monolayer of molecules. It is this quantity that the BET equation attempts to quantify. Increasing the 
N2 pressure even further (typically :':0>0.3) causes multiple layer adsorption to occur within the meso 
and macropores. A hysteresis loop occurs at these pressures in the adsorption/desorption isotherms due 
to different rates of condensation and evaporation which occurs within the meso- and macropores. Since 
the evaporation occurs at a different curvature from the desorption, the desorption occurs at a lower 
than the adsorption (i.e. the desorption curve must always lie above the adsorption curve when there 
hysteresis) . 

Figure 4.4 shows typical N2 isotherms at 77K for the prepared catalysts. At low temperatures (Figure 
4.4(c), Z850) the N2 loading at low relative pressure is about .5 times lower than for the samples syn­
thesized at higher temperatures (Figures 4.4(a) and (b)). The significant hysteresis loop observed at a 
relative pressure of approximately 0.9, indicates that Z850 contains a significant amount of macropores, 
possibly contained between the large sand-like particles observed in the SEM (Figure 4.2(a)). The hys­
teresis loop decreases in partially crystalline material. For the highly crystalline material the adsorption 
curve overlaps the desorption curve as shown in Figures 4.4(b), Z812,5 and (c) ZS190 respectively. This 
indicates the absence of any meso- and macropores. 8uch isotherms are typical of well formed zeolite 
crystals normally larger than 1 flm. Since ZS190 is the most crystalline sample and has the smallest 
crystals, the isotherm clearly indicates that essentially only micropores are present in this catalyst 

Table 4.2 shows that the BET surface area increases with an increase in synthesis temperature, the 

Univ
ers

ity
 of

 C
ap

e T
ow

n



52 CHAPTER 4. RESULTS 

(a) ZS50 

(b) ZSIOO (c)ZS125 

Cd) ZSlS0 (e) ZS175 

(f) ZS 190 

Figure 4.2: SEM images of prepared zeolites (see appendix A for enlarged photos) 
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Figure 4.3: Si/ Al mole ratio vs synthesis temperature 

53 

200 

largest increase occurring between ZS50 and ZS100. These results are supported by the SEM images 
in Figure 4.2. The BET surface areas obtained for ZS190 exceeds that typical of ZSM5 type zeolites. 
The BET surface area is representative of the total surface area of the sample, viz. micro-, meso- and 
macropores, in which typically the micropores1 make the largest contribution. The BET method cannot 
distinguish between these different pores. 

The Harkins-Jura t-plot method as implemented by the micromeretics ASAP2000 (see section 2.3.2) can 
be used to make a first order approximation of the micropore volume (V micro) and external surface area 
(Aexternal). Typical t-plots are shown in Figure 4.5. Consistent with SEM images and crystallinity 
estimates, the micro pore volume increases with increasing synthesis temperature (see Table 4.2). The 
external surface area goes through a maximum at the intermediate synthesis temperatures. Analysis of 
zeolite data with the t-plot method depends on the choice of t values, which in this case are between 3.5 
and 5.0. Clearly, if the later part of the t-plot (t >5) had been used the results obtained for micropore 
volume and external surface area would have been very different and possibly conform better to the above 
SEl\I and XRD observations. For example using the later part of the t-plot (see Figure 4.5), V micro is 
estimated to be ~ 120-150 ml(STP)/g giving Vmicro ~ 0.2 ml/g. This exceeds the pore volume of a 100 
% crystalline ZSM-5 which is 0.18 ml/g. 

1 The BET surface area in the case of micro-pores is a fictitious quantity calculated by approximating micro-porc filling 
via a luono-Iayer coverage as a surface area. 
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Figure 4.4: Nitrogen adsorption/desorption isotherms at 77 K for (a) ZS190, (b) ZS125 and (c) ZS50. 
Adsorption : filled; desorption : open symbols 

Table 4.2: Analysis of nitrogen adsorption isotherms at 77 K 

Sample ABET V micro Aexternal Amicro 

m2 /g m3 /g m2 /g m2/g 
ZS50 122 0.0056 106 15 

ZS100 439 0.048 343 95 
ZS125 452 0.088 253 199 
ZS150 475 0.128 190 285 
ZS175 440 0.134 144 296 
ZS190 521 0.164 160 361 

Am,cro is estimated as ABET - Aexternal by the Micromeretics ASAP2000 
ABET for typical ZSM5 is between 350-450 m2 /g 
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56 CHAPTER 4. RESULTS 

4.2 Analysis of reaction data 

4.2.1 Activity of the prepared catalysts 

The conversion as a function of residence time inside the reactor is shown in Figures 4.6, 4.7 and 4.8. 
for different reaction temperatures for each synthesized at different temperatures. In all cases 
conversion increases with increasing synthesis temperature for all reaction temperatures. At a reaction 
temperature of 250°C no conversion was observed for the amorphous material, Z850. These results also 
indicate that the activity (as measured by the conversion at constant residence time) of the catalyst can 
be grouped into 3 broad classes according to synthesis temperature: (i) Low activity, T synthesis 50°C, 
Oi) l\Iedium activity, T synthesis = 100 - 125°C, (iii) High activity, Tsynthesis 150 190°C. These 
three classes are consistent across all reaction temperatures, with the grouping becoming more defined 
as the reaction temperature increases. Figure 4.9 shows that as expected the activity (or conversion) 
increases with increasing temperature indicating consistency across all experiments with respect to flow 
rate and temperature. These results thus provide an indication of the reactivity of the prepared samples. 
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Figure 4.6: Conversion vs residence time at 250°C. Lines represent the model fit. 

4.2.2 Selectivity of the prepared catalysts 

The plots of yield vs conversion as shown in Figures 4.10, 4.11 and 4.12 are a good indication of whether 
selectivity depends on synthesis temperature. Results show that the is independent of catalyst 
preparation temperature at all reaction temperatures studied in this work. In order to investigate 
subleties not observable in a yield-conversion plot, the mole ratio of meta-xylene:ortho-xylene as a 
function of conversion is shown in 4.13. The results show that there is no trend with catalyst 
preparation temperature, in particular at high reaction temperatures, where the meta-xylene:ortho-

mole ratio was approximately constant with conversion for all catalysts. Figure 4.13(a) shows 
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considerable scatter, and this is a result of the magnification of experimental error when ratios of the 
yields are taken. The reduction in the scatter with increasing temperature is a result of the higher 
yields. which make the GC analysis more accurate. Notwithstanding the scatter, there is a statistically 
significant decrease in the meta-xylene:ortho-xylene ratio with increasing reaction temperature. This is 
not as a result of the changing equilibrium constant with temperature which yields a meta-xylene:ortho­
xylene ratio of approximately 2.2 over the entire reaction temperature range. Thus for all these catalysts 
it would be expected that the meta-xylene:ortho-xylene ratio should be independent of temperature, if 
there are no diffusion limitations. 

From Figure 3.3, decreasing meta-xylene:ortho-xylene mole ratio indicates that selectivity is influenced 
by diffusion limitations. This effect is particularly prevalent at low conversions, as observed in the 
results. These results show that this behavior is a global phenomena when averaged across all samples 
at a particular reaction temperature. Figure 4.14 investigates the influence of reaction temperature on 
the meta-xylene:ortho-xylene mole ratio with respect to catalysts prepared at different synthesis temper­
atures. 'When the model is used for extrapolation, results seem to suggest that the catalysts prepared 
at low synthesis temperatures have higher meta-xylene:ortho-xylene mole ratios i.e. less diffusion limi­
tations, than those prepared at high synthesis temperatures. However, the model seems to have a large 
deviation from the experimental data at low conversions, and this conclusion must remain speculative. 
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Figure 4.10: Yield of meta and ortho xylene vs conversion at 250 ce. Lines represent model fits 

4.2.3 Model parameter estimation 

Figure 4.15 and 4.16 show that the model is able to predict the raw experimental data satisfactorily. 
Such data fitting was carried out on all experimental data to yield the intrinsic reaction rate constant, 

kpx, and the diffusion time constant shown in Table 4.3. The intrinsic rate constant increases both 
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with increasing reaction temperature and increasing synthesis temperature, as observed from Figures 
4.6, 4.7 and 4.8. The variance in the rate constant in all cases was less than 17 %, which was acceptable 
given the scatter in the experimental data. However, the diffusion time constant DpxfR2 has a variance 

between 10 - 100 % making these data unreliable. Furthermore the values of are in all cases some 2 
orders of magnitude greater than kpx indicating diffusion is much faster than reaction and hence cannot 
be limiting. This is confirmed by the first order Thiele modulus ¢px which in all cases was less than 
0.05. 

Although ¢p:r only provides an approximation to the Thiele modulus, first order reaction theory indicates 
that diffusion limitations are negligible for < 1.0. ;';evertheless it should be borne in mind that the 
pseudo Thiele modulus of meta-xylene, ¢mxl and ortho-xylene rpOJ;, will be 33 and 10 times larger 
than (i.e. by a factor v'Dmx and VDo~). Even for this case the Thiele modulus remains less 
than approximately 1.0, indicating that diffusion limitations in these samples can be neglected. A 
consequence of this is that the diffusion time constant ~ presented in Table 4.3 is thus meaningless. 
Further manipulation to obtain Dpx using an inaccurate radius R, although presented, is not justified. 
These results thus indicate that to all intensive purposes, none of the samples are diffusion limited and 
that the speculative hypothesis in this work is not justified. 

The activation energy can be evaluated from an Arrhenius plot as show in Figure 4.17 by using equation 
'1.1. Results indicate that there are again 3 groups of data, as observed previously from the yield 
conversion plots (Figures 4.10, 4.11 and 4.12). 

(4.1) 

However, Table 4.4 shows that other than for sample Z8.50, there does not seem to be a trend in 
the pre-exponential factor (entropy term) or the activation energy (reaction barrier). Considering that 
the low temperature data for Z850 might be in error, would reduce the activation energy for Z850 to 
approximately 60 kJ fmol with a corresponding pre-exponential factor with an order of magnitude of 
10.5. Thus all activation energies lie between 50 and 70 kJ /mol, a rather large variation, but without 
any discernible trend with catalyst synthesis temperature. The activation energy might be considered 
rather low for intrinsic kinetics. However, it should be borne in mind that the rate constant actually 
represents a combination of linear adsorption and intrinsic kinetics (equation 4.2). 

(4.2) 

The heat of adsorption, ~Hads, is exothermic, and thus Kads decreases with an increase in temper­
ature, in contrast to kint. Thus the true activation energy for the reaction excluding the adsorption 
correction would be given by equation 4.3. 

Etrue E + ~Hads ( 4.3) 
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64 CHAPTER 4. RESULTS 

Table 4.3: Kinetic constants 

Temperature Catalyst k px =2k",x 2R Dpx 

°C [S-l] Il7n [m2s-1] 

10-08 10-03 

Z8100 0.8 ± 0.08 1381 ± 1117 0.2-1 0.002 0.024::1::0.42 0.81 
Z8125 1.4 ± 0.20 1038 ± 576 0.2-1 0.002 0.037±0.17 2.80 
Z8150 3.5 ± 0.40 8647 1077 0.1-0.5 0.053 0.020±0.34 7.8 
Z8175 4.8 ± 0.20 19890 ± 1924 0.2-1 0.008 0.014±0.75 2.61 
Z8190 5.0 ± 0.20 8306 ± 4099 <0.5 0.002 0.025±1.70 3.31 

1328 0.2-1 O.oI1 0.028±0.59 1.37 
4.3 ± 0.30 2394 687 0.2-1 0.007 0.O42±O.12 ;U5 
17.0 ± 1.4 20900 ± 1307 0.1-0.5 0.128 0.029±0.30 9.98 
18.4 ± 1.0 23600 ± 1158 0.2-1 0.036 0.028±0.97 5.51 
17.7 ± 0.3 12690 ± 1184 <0.5 0.016 0.037±0.04 4.60 

8117 0.2-1 0.001 0.033±1.67 5.09 
5796 2287 0.2-1 0.012 0.04l±1.64 1.04 

ZS150 53.7 ± 1.88 37080 ±8074 0.1-0.5 0.036 0.038±0.19 1.10 
Z8175 43.7 ± 0.39 47890 ± 3658 0.2-1 0.014 0.030±0.06 9.33 
Z8190 44.3 ± 0.67 25580 ± 1828 <0.5 0.012 O.042±0.92 2.48 

±Absolute error 

Table 4.4: Pre-exponential factors and activation energy for the intrinsic rate constant 

energy 
factor (A) (E) 
[S-l] [kJjmol] 

ZS50 5.9.108 (10") 100(61) 
ZS100 2.2.106 64 
ZS125 1.5.105 50 
Z8150 3.0.107 68 
Z8175 1.6.106 54 
Z8190 2.2.106 56 
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Figure 4.15: Yield vs residence time for Z8125 at 300 °C.Lines represent model fits 
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Chapter 5 

DISCUSSION 

5.1 Catalyst characterisation 

As observed by Xicolaides [1999] and others, the surface area of a catalyst plays a significant role in 
the observed activity of the catalyst. Increasing surface area leads to an increase in activity [Costas et 
al., 2001]. In order to identify the factors with regard to morphology which might be leading to the 
observed increase in activity with increasing crystallinity, suitable characterisation techniques were used 
to measure properties such as total surface area and micropore volume. 

Figure 5.1 shows that the total surface area (ABET) and micropore surface area (Amicro) increa<;e with 
increasing crystallinity. In contrast the external surface area (Aexternad goes through a maximum at a 
crystallinity of ca. 50 (i.e. sample ZSlOO). External surface area comprises of the macro- and mesopores. 
These are formed within amorphous material and by agglomeration of small zeolite crystals. Except for 
ZS;jO and ZS190 which show a larger deviation in crystal size from the other samples, the SEM (Figures 
4.2(a)-(f)) characterisation does not support these observations. The trend observed in the surface areas 
can be related to the observed changes in crystal morphology with crystal growth [Grieken et al., 2000] 
see [section 1.3]. Ignoring ZS50 and ZS190, external surface area shows a steady decrease with increasing 
crystallinity without a change in the total surface area. This indicates that the amorphous material is 
being converted into zeolitic material without a change in crystal size. The ZS50 outlier, is a result of the 
large amorphous agglomerate particles which have significantly reduced macropore volume (thus area) 
in comparison to small crystals. The Z190 outlier is a result of the agglomeration of very small zeolite 
crystals which have very high external surface areas notwithstanding their high crystallinity. 

Figure 5.2 shows that the relative contribution of the micropore area to the total area increases from 
ca. 10 to 70 % with increasing crystallinity. Previous work [Roeger et al., 2001], 1lanstein et aI, 2002] 
has shown that for typical ZSM-5, the external surface area can contribute between 20-30 % towards 
the total surface area. In contrast, carefully prepared ZS'NI-5 crystals have external surface areas which 
contribute less than 5 % to the total suface area [Zhiqiang at aL, 2004]. The kinetic reaction analysis 
carried out on these results estimates the first order rate constant per volume of catalyst (section 3.3): 

• The first order rate constant used here, is a global rate constant and not distinguished between 
internal and external acid sites. 

Figure 5.3 shows that the micropore volume increases with increasing crystallinity. Generally, the micro­
pores contain the strong acid sites which are responsible for most of the reaction activity [Nicolaides et 
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70 CHAPTER 5. DISCUSSION 

al., 2002], thus it is natural to expect an increase in activity with an increase in micropore volume, and 
hence also an increase with crystallinity. However, some of the strong acid sites will also be present on 
the external surface of the zeolite crystals. Para-xylene isomerisation is a fast reversible reaction which 
forms bulky products which might be subject to diffusion limitations within the zeolite pores. Thus, 
under zeolite diffusion limited conditions the contribution of the external surface to the total reaction 
rate can be significant and non-pam-selective [Roeger et al., 2001], [:t"lanstein et al., 2002] The diffusion 
limitations are also strongly related to the zeolite crystal size and to the temperature at which the reac­
tion is carried out. Thus the change of activity with micropore volume (and/or crystallinity) could be 
distorted due to the influence of the external activity. 

5.2 Analysis of reaction data 

The catalytic reaction data were analysed using a reaction-diffusion model to rigorously account for the 
effect of diffusion on the activity and selectivity [Figure 3.2] The influence of the external surface activity 
was not explicitly taken into account in the reaction-diffusion model and any effects of the external surface 
will reflect on both the activity and selectivity. However, the external surface is not selective and any 
influence of diffusion limitations on the reaction behaviour must be as a result of the diffusion limitations 
within the micropores. If the results are not influenced by diffusion limitations, then there is no way of 
separating the external activity from the micro pore activity and the rate constant represents a lumped 
coefficient. In the previous chapter it was shown that it was not possible to obtain reliable estimates of 
the diffusion coefficients and that to all intensive purposes the reaction was not limited by diffusion at 
all the temperatures and catalysts studied [see Table 4.3]. Thus the rate constant used in the following 
analysis does not distinguish between contributions from both the external and micropore active sites. 

Figure 5.4 shows clearly that the conversion increases as the crystallinity increases for all catalyst samples. 
This trend is consistent with increasing temperature and residence time. However, these results do not 
provide any clue as to the part of the catalyst that may be responsible for the activity. Based on the 
model analysis, there are two obvious choices in which to look for a correlation of activity. 

1. It can be assumed that the zeolite micro-pores are responsible for the total activity. Then a plot 
of conversion vs micropore volume (X vs V micro) should yield a consistent trend. 

2. Alternatively it can be assumed that all the available surface area is active and has equal activity. 
Then a plot of conversion vs BET surface area (X vs ABET) should yield a simple trend. 

However, these trends are distorted by two phenomena. Firstly, the conversion is only proportional to 
the activity at low conversion (typically below 10 %) and irreversible reactions. The conversion in most 
instances exceeded 10 Secondly, the conversion in some cases was very close to equilibrium. Under 
these conditions an increase in activity can no longer be observed experimentally as the conversion can 
no longer increase. 

Thus for these data it is necessary to resort to a reaction-diffusion model such that the intrinsic first 
order rate constants can be evaluated. The first order rate constants (kpx ), a characteristic property of 
the catalyst, depends only on reaction temperature and is independent of the operating conditions of the 
reaction system. However, a decision needs to be made to whether this rate constant is proportional to 
the % crystallinity, ABET or V micro' Figure 5.5 shows that the first order rate constant (kpx) increases 
with increasing % crystallinity. All the rate constants appear to have a rapid increase between 60 - 80 
% crystallinity, before and after which there seems to be very little change. The dashed trend line can 
be represented by equation 5.1 
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Figure 5.5: Kinetic constants vs crystallinity at different temperatures 

kpx = a exp((:1w) 

(5.1 ) 

where w represents either % crystallinity, ABET or V micro and 0:, (:1 are regression constants. It is clear 
from Figure 5.5 that the correlation of the activities with crystallinity is not as good as might be expected. 
Figure 5.6 shows that the correlation with the BET surface area (ABBT ) is considerably poorer than 
in the case of crystallinity, with ZS50 activity deviating significantly from the trend. Furthermore, zero 
surface area would imply zero activity, a behaviour that is not predicted by equation 5.1. However, 
in support of the trend line, the activity at zero surface area appears to be negligibly small. Lastly, 
Figure 5.7 shows that the correlation with micro-pore volume (V micro) appears better than the above 
two correlations. However, the ZS50 data seems consistently to deviate strongly from the trend predicted 
by equation 5.1 in all cases. The constants used in equation 5.1 for the trend line given in Figure 5.7 
are given in Table 5.1. It thus seems that the micropore volume provides the best correlation of catalyst 
activity. However, the rate constant kpx represents the overall activity of the catalyst, as there are no 
diffusion limitations. The activity of the catalyst can be separated into two contributions (i) activity 
of the external surface and (ii) activity from the micropores. The intercept of the trend line, 0:, can be 
viewed as the amorphous catalyst activity of the external surface, and this has an activation energy of 
approximately 60 kJ / mol. The slope of the trend line can be viewed as the contribution of the micropore 
volume to the total activity of the catalyst. The slope of all the trend lines are approximately the 
same, indicating that the contribution of the micropore volume to the total activity is independent of 
temperature. This is also the reason that the activation energy of 60 kJ / mol between the 0: f S represents 
the average activation energy of the individual rate constants for each catalyst. 
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Table 5.1: Activity correlation constants for equation 1 with w= V micro 

100 

~ 10 
X 
a. 

.::t:. 

1 

0.1 

250°C ... 
300°C • 
350 °c • 

o 100 200 300 

(3 
17.6 
18.4 
17.8 

BET area [m2jg] 

400 500 
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Although the correlation seems to work, there is some concern that the activity increases exponentially 
with increasing micro pore volume. A seeming more logical behaviour would have been to increase linearly 
with increasing micropore volume, similar to making a physical mixture of purely amorphous and purely 
microporous material. Figure 5.1 shmvs that the external surface area goes through a maximum with 
increasing micropore volume. This has not been accounted for in the above correlation (equation 5.1). 
If the amorphous catalyst activity is attributed to the external surface, this activity would vary with 
micropore volume and thus the intercept of the above correlation would depend on the external surface 
area. However, if it was assumed that the rate constants of ZS50 are representative of the amorphous 
catalyst activity, then except at 250 °e, their contribution to the overall rate constant is negligible. 

Although the analysis of the results in chapter 4 has indicated that diffusion has no influence on the 
results, this conclusion is based in the premise that the model is an accurate representation of the reaction 
system. It still seems of interest to quantify the behaviour of the experimental selectivity with respect 
to catalyst properties and to relate these observations to the behaviour predicted by the theoretical 
reaction-diffusion model (Figure 3.2 and 3.3 in theory section). Figure 5.8 shows that the meta:ortho 
xylene ratio goes through a maximum at intermediate crystallinities at constant conversion. The constant 
conversion analysis was achieved by using the model to extrapolate to the 20 and 30 % conversion where 
neccessary. A high meta:ortho xylene ratio indicates low diffusion limitations. This does not seem to 
be consistent with the physical characterisation, which shows that these catalysts (ZS150) appears to 
have the largest zeolite crystal size and hence should have the largest diffusion limitations. On the other 
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Figure 5.7: Kinetic constants VB micro-volume at different temperatures 

hand, ZS190 has the smallest crystals and thus should have the smallest diffusion limitations and thus 
the highest meta:ortho xylene ratio, again inconsistent with the expected trend. The behaviour with 
increasing micropore volume as shown in Figure 5.9 shows a similar trend to that of t.he crystallinity, as 
expected. These result.s support the observations made in the results [Table 4.3] that diffusion limitations 
do not influence the para-xylene isomerisation reaction. 

Thus is summary, these results have shown that the reaction rate increased with increasing crystallinity 
in contrast to the results observed by Nicolaides, and consistent with observations in other literature 
[Costas et al., 2001]. Furthermore, these results confirm the absence of any diffusion induced selectivity 
changes as a result of changing crystallinity. The differences between this work and that of Nicolaides 
may be explained as follows: Firstly, the reactions considered are different, and would have different 
behaviours making the work not immeditely comparable. The propane aromatization reaction is a much 
more complex reaction than the simple 1,2 methyl shift xylene reaction considered in this work. Secondly 
it is extremely difficult to reproducibly manufacture identical partially crystalline material and thus the 
samples used in both works could have sufficient difference to cause these deviations. 
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Chapter 6 

CONCLUSIONS 

1. Variation of synthesis temperature at constant synthesis times produced ZSM-5 of different morpholo­
gies. 

2. Increasing synthesis temperature resulted in an increase in the % crystallinity, micropore volume and 
BET surface area, while the external surface area went through a maximum. 

3. :\0 diffusion limitations were observed under all reaction conditions for all catalyst samples. Both the 
model results and experimental data confirmed this observation. 

4. The activity as represented by the first order rate constant and micropore volume increases with an 
increase in crystallinity. 

5. The first order rate constant increased exponentially with the micropore volume of the catalysts. The 
micropore volume provided the most reasonable correlation for the first order rate constant. 
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Appendix A 

List of symbols 

Si 

Al 

FCC 

HPLC 

XRD 

SEM 

NH3 

EFAL 

FAL 

N2 

K 

AHFS 

EDTA 

¢ 

7) 

TPA 

Si02 

NaOH 

Silicon 

Aluminium 

Fluid Catalytic Craker 

High Pressure Liquid Chromatography 

X-Ray Diffraction 

Scanning Electron :\licroscopy 

Ammonia 

Extra Framework Aluminium 

Framework Aluminium 

Nitrogen 

Kelvin 

Ammonium hexafluorosilicate 

Ethylenediaminetetraacetic acid 

Thiele Modulus 

Effectiveness factor 

Tetrapropylammonium 

Fumed Silica 

Sodium Hydroxide 
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82 APPENDIX A, LIST OF S't"AIBOLS 

AL(OHh Aluminium Hydroxide 

BET Branneur Emmet Teller 

MFC Mass Flow Controller 

L Length 

R Radius 

Ci Concentration of component i 

pX Para-xylene 

mX Meta-xylene 

oX Ortho-xylene 

k Reaction constant 

K Equilibrium constant 

Fi Flow of species i 

V zeolite Volume of zeolite 

Q Volumetric flow 

T Residence time of reactant inside the zeolite pores 

Wi Molar flux of species i 

Di Diffusion coefficient for species i 

A Area 

x Liqiud phase molar fraction 

y Gas phase molar fraction 

r Volume based reaction rate 

X COIlversion 
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Appendix B 

SEM images 

Figure B.l : Image for ZS50 
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84 APPENDIX B. SEM IMAGES 

Figure B.2: Image for ZSlOO with crystal size O.5-1J-Lm 
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Figure B.3: Image for ZS125 with crystal size O.2-2jlm 
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