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Table 4.1: Division of a continuous size distribution into discrete fraction such that all 
surface area or :::: O. 
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Chapter 5 

Experimental Procedures and 

Apparatus 

5.1 Unmodified sorbents 

This section refers to the unmodified ZSM-5 samples as discussed in Chapter 6. 

Characterisation data for sample A are available in the literature (Chen et al., 1988). The crystals 

are twinned and uniform in size and shape, with an average size of 9 x 10 x 12 /-Lm, as shown by scanning 

electron microscopy (SEM). The size and shape were verified for this work using a light microscope. 

The equivalent spherical diameter of these particles is 12/-Lm, defined as being the diameter of a 

sphere with an identical volume to surface area ratio. The silicon to aluminium (Si/ AI) ratio (on a 

molar basis) from the synthesis reagents was 51. This sample was provided by Professor Lovat V. C. 

Rees of Edinburgh University. 

The crystals of sample B (Figure 5.1) were manufactured within the Catalysis Research Unit by 

Mrs Leslie Petrik. They are twinned and spherulitic in shape, with a mean size of 3/-Lm as given by 

SEM analysis. The micrographs indicate that the crystals are not monosized; the distributions were 

not quantified. The Si/ Al ratio was approximately 100 for this catalyst. 

Sample C was manufactured by Dr Rein Weber for his PhD thesis (Weber, 1998) with an Si/ Al 

Figure 5.1: Scanning electron micrographs of sample B. 
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58 CHAPTER 5. EXPERIMENTAL PROCEDURES AND APPARATUS 

Table 5.1: Naming convention of silanised ZSM-5 samples used in this work. 

Sample 

Z-L-5jE 
Z-L-5jH 
Z-L-5jW 
Z-L-O.SjW 
Z-L-IOOj­
Z-L-IOOj-(60h)<t 

Diluent 

ethanol 
n-hexane 

water 
water 

TEOS concentration 
(vol %) 

5% 
5% 
5% 

0.5% 
100% 
100% 

"(Exposed for 60 h rather than 21 h) 

ratio of 34 as determined by atomic absorption analysis. Malvern particle size analysis showed two 

peaks on the size distribution plot at 2 and 4/-Lm; the former peak was the more significant however, 

and so the characteristic size was chosen to be 2/-Lm. No significant amounts of material were found 

smaller than 1/-Lm or larger than 10 /-Lm. SEM shows the crystals to be of uneven shape; some 

agglomeration is evident. No significant deposits of amorphous material were observed on either the 

SEM's or the X-ray diffraction data (Weber, 1998). 

All catalyst samples were used in the hydrogen ion-exchanged form. 

5.2 Silanised sorbents 

This section refers to the modified ZSM-5 samples as discussed in Chapter 7. This work will use the 

same naming convention as Weber (1998) for the different catalyst samples, as shown in Table 5.1. 

5.2.1 Silanisation procedure 

The liquid phase silanised ZSM-5 samples of Weber (1998) were used in this study, as was the parent 

sample of that work. Each modified sample was produced by contacting 2.5 g of the dry H form of the 

parent catalyst (sample C, described above) with tetraethoxy silane (TEOS) at ambient conditions. 

A total of 20 ml of TEOS mixed with water, ethanol or n-hexane, in varying concentrations, was 

used for the deposition. The mixture was stirred for 21 hours, then washed with water and dried. 

5.3 Apparatus and experimental procedure 

A schematic diagram of the ZLC apparatus is shown in Figure 5.2. The carrier gas is introduced 

as two streams: a high flow rate stream passing through mass flow controller (MFC) 1 and a low 

flow rate stream through another MFC (2). A bleed stream is controlled by a third MFC (7), the 

flow rate of which is set lower than that of 2. During the equilibration stage the three way valve 

(3) diverts the flow through 5 and the saturator. Some of this flow is bled off via 7, while a small 

amount mixes with the main stream, the dilution allowing very low concentrations. 
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I-!"'· ... n·"" 5.2: Flow sheet of the ZLC used in this work. 
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6.2: Arrhenius of the diffusional time constants measured for the three ~~-.-r-·-~ with best-fit 
lines. Full data sets are shown. 
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7.2. 
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allow radial diffusive flux. 
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h-zsm-5 

2 

2 

5738 

30.0 

14.00 

150 

0.25 

1200 

is rr.n"",n1t>1'11' to parse 

The SeCI)nQ a . prn eX1GenLslcmJ contains 

"Run Name: 

" 

"Sorbate' 

" 
h-zsm-5" 

size 

mass 

" 
" 

"Initial Partial Pressure 

"STP FloW' Rate 

IIFloW' Ratio: " 14.00 

2 

2 

• II 5738 
II 30.0 

same 

a .txt 

Fortran m 

a more no,""'£"", manner 

aU"'HCGl rl"'''lvI''ni',r.n curve 
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" 150 

" " 0.25 

"Number of "''''"1.11-'.1..<:1''' " 1200 

11 ____________________________________________________ II 

"Run Data" 

,,----------------------------------------------______ 11 

"Time " " " 

0.00 600.31 

0.25 599.59 

0.50 599.69 

0.75 600.70 

1.00 600.10 

1.25 600.09 

1.50 600.93 

1. 75 600.41 

2.00 600.62 

10.00 600.71 

10.25 599.91 

10.50 600.51 

10.75 606.38 

11.00 607.03 

11.25 606.15 

11.50 432.19 

11.75 359.28 

12.00 320.24 

12.25 292.55 

12.50 270.60 

12.75 252.25 

13.00 236.54 

13.25 222.69 

13.50 210.36 

13.75 199.30 

14.00 189.22 

14.25 180.15 

14.50 171. 70 
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14.75 

15.00 

295.00 

295.25 

295.50 

295.75 

296.00 

296.25 

296.50 

296.75 

297.00 

297.25 

297.50 

297.75 

298.00 

298.25 

298.50 

298.75 

299.00 

299.25 

299.50 

299.75 

164.05 

156.95 

0.03 

0.04 

0.05 

0.09 

0.05 

0.10 

0.07 

0.08 

0.06 

0.08 
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0.06 

o 08 

0.04 

0.03 

0.07 
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2. 

2. 

2. 

150. 2. 

2. 

150. 2. 

150. 2. 

2. 

2. 

150. 2. 

2. 

2. 

2. 

2. 

2. 

2. 

57.2 2. 

2. 

200. 114.4 2. 

2. 

2. 

2. 

2. 

2. 

2. 

2. 

azsm5_53 100. 2. 

2. 

125. 2. 

125. 70.0 1.0E-04 2. 

2. 

2. 

continued on next page 
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name T F L 

2. 

150. 3. 

1 3. 

3. 

3. 

3. 

3. 

azsm5_67 3. 

3. 

3. 

3. 

3 . 

. 1 3. 

3. 

3. 

3. 

3. 

1 3. 

3. 
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7. 

7. 

7. 

7. 

7. 

7. 

7. 

7. 

7. 

7. 

150. 7. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

name T F L 

4. 

4. 

4. 

4. 

75.1 4. 

4. 

4. 

4. 

1 120. 4. 

4. 

4. 

53.1 4. 

150. 4. 

150. 

4. 

4. 

4. 

129.1 4. 
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.5 

name T L 

3. 

3. 

3. 

3. 

3. 

100. 3. 

3. 

3. 

3. 

1 3. 

3. 

1 3. 

150. 3. 

100. 3. 

3. 

100. 3. 

3. 

3. 

ezsm5_19 125. 1 3. 

3. 

2. 3. 

2. 3. 

125. 75.1 1 3. 

1 3. 

1 3. 

3. 

100. 3. 

100. 
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name T F L 

3. 

3. 

3. 

3. 

3. 

3. 

120. 3. 

3. 

3. 

100. 3. 

name T L 

167. 4. 

4. 

4. 

4. 

4. 

4. 

200. 89.2 4. 

4. 

4. 

4. 

4. 

22. 

22. 
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name T 

1.0E-04 

250. 

L 

3. 

3. 

3. 

4. 

4. 

4. 

4. 
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.9 

name T 

rzsm5A2 

200. 

rzsm5_71 200. 379. 

rzsm5-12 

L 

22. 

22. 

22. 

22. 

22. 

22. 

22. 

22. 

22. 

22. 

22. 

22. 

continued on next page 
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225. 

59.7 

150. 

name T L 

2. 

2. 

2. 

2. 

2. 

191. 2. 

2. 
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a programs 

.1 

is reasons. It 

C f 1.3 26 Oct 2000 19:54:34 +0200 warwick $ 

********************************************************************** 
C I-'W)OT<lTn to fit the standard ZLC model to 
C 
C 
C Data file name is read from the standard 
C and results are written to the standard 
C 
C RunID 

U",O,,","'. data collected 

form: 

L 

C The normalised data a fitted model are written to pre-
C extension name as the files ; . fit 
C 

This is a more reliable program than ZlC/'}/'}()pt 

C is based. 
C 
C rddata.o zlc88. 0 

C 

, on which it 

C ********************************************************************** 

program zlc/:S/:S()pt 

2, 

127 

It is 

two 
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liv = 
& Iv = 78+n*(n+12), 
& 
& 
& nstart = 1) 

characteu40 fname 
character*8 runlD 
character*15 gas 
characteN44 efname 

external calef 
external 

common 
common 

EXECUTABLE 

data x / , L dO / 
data d 1.dO, 1. dO / 

b / 1. 
b / L 

1.d2 /, 
l.d2/ 

if ne.O.or.nerr(2).ne.O) then 
'''~~ .. \'''~''''~ , ') 

ne.D) then 
efname 

else 
efname = 

endif 

endif 

C Calculate default 

nmid nend / 2 

Dr20 

Error Vfj<;UHL" 

guesses for 

/ / 

Initial guesses 
factors for x 

Bounds for x 

andL 
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1000 

dt * Dr20 
zlcLO 2.dO / Cl * 

call divset 
=0 

iv, liv ,Iv 

C Calculate fitted model response 

call zlc88 

all 

C Write normalised data and fitted model to . fit file 

endif 

2000 

end 

C ***** SUBROUTINES 

C subroutine for dmnfb 

subroutine 
return 
end 

C Subroutine to calculate function 
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C 

subroutine 

Im,plllclt reah8 

common 
common 

call 

call 

return 
end 

is to 

zie88. 1.7 10 Oct 2000 18:52:23 +0200 warwick $ 

C ********************************************************************** 
C subroutine l 

C ********************************************************************** 
C 
C 

libmach 

response of the standard ZLC model. 
solution in time 

the named common block 
, which must be defined 

C Variables in 
C 
C 
C 
C 
C 
C 
C 

ndata 

dimensionless time 
maximum number of calculated for C 

- lower limit that should be calculated to 
number of values calculated for C 

C Variables set in zie88: 
C nsum - number of cu,cuva.u,"" calculated 
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C acc accuracy for summation for 
C - value over which 
C 
C 
C Common block names used: 
C 
C 
C 
C Note on calculation of 
C an initial number nsum are 'Ak':LU.t"""cu, 

C in the actual summation for 
C in the subroutine conc. 
C 
C ********************************************************************** 

subroutine 

common 

C ********************************************************************** 

C Set 

C Calculate 

do 1 
if 

else 

endif 
1 continue 

criteria 

of beta's 

C Sum for normalised concentration 

zlcLL zlcL * 

= l.dO 

1 = 
2 i=i+l 

t 

ndata = i 
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c 

return 
end 

C Function to calculate 
C Uses Newton's method 
C 

reab8 function 

Impncu; reah8 

common 

1 a 

else 

* 

* 

bold bold 
1 

C 

endif 
if 

betan = bold 

return 
end 

C Function to calculate for 
C 

common 

sum O.dO 

i = 0 
1 i=i+l 

if (i. .nsum) then 
if then 

else 

1 
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C 

beta2 
endif 

else 
beta2 = 

endif 
sumd / 

1 

cone 2.dO * zlcL * sum 

return 
end 

IS 

. f 1.3 10 2000 18:52:23 

3. 

warwick $ 

C ********************************************************************** 
C subroutine 

C ********************************************************************** 
C 
C ::iubrcmt:me to calculate the response of the flow ZLC model 
C the Domain solution into the time domain the 
C Fast Fourer Dimensionless time is used 
C (i.e. 
C 
C The user must the named common block 
C the variable ,which must be defined 
C 
C cdcoth.o 
C 
C Variables in 
C C 
C 
C 
C 
C 
C 
C 
C 
C 

dimensionless 
gamma dimensionless 

gamma = 
- dimensionless time 

- maximum number of calculated for C 
Clow lower limit that should be calculated to 
ndata number values calculated for C 

C Variables set in zlc88f: 
C nfft - number of for FFT (2 * IHaJl.~IL1> 
C has the effect of the time interval 
C 
C block names used: 
C 
C 

C ********************************************************************** 
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134 

subroutine 

s, a2 

reah8 

common 

C ********************************************************************** 

nfft 
one 

* dfioat ( nfft -1) 
I tinter 

tauf gamma I zlcL 

C Initialise array 

call 

C Calculate model reponse 

1 continue 

C Fold and reflect as FFT 

call fold ( nfft , 

C inverse FFT routine 

call cfftb ( 

Cfft 2.dO 
1, nfft 

Cfft(i) I tinter 
2 continue 

C Write data into reah8 array to be returned 

o 
3 

(i) ) 
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if (LIt 

ndata = i 

return 
end 

is 

3 

3. 3. 

C zlcdf. f 1.3 10 Oct 2000 18:52:23 +0200 warwick $ 

C ********************************************************************** 
C subroutine 

C ********************************************************************** 
C 
C Subroutine to calculate the response of the flow ZLC model 
C the Domain solution into the time domain the 
C Fast Fourier Transform Dimensionless time is used 
C(i 
C 

The user must the named common block 
C the variable pi, which must be defined 
C 
C cdcoth.o 
C 
C Variables in 

C 
C dimensionless fJCW"a,UL""'<JL 

C gamma - dimensionless pil."nunel,er; 

C Pe - Peclet Pe 
C 
C maximum number of calculated for C 
C Clow - lower limit that should calculated to 

ndata number of values calculated for C 
C 
C Variables set in zlc88f' 
C nfft - number of 
C the effect 
C 
C Common block names used: 
C 
C 
C 
C 
C 
C 

this subroutine can not be used for 
maximum Pe is between 630. and 650. 

C ********************************************************************** 

subroutine 
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reah8 

bottom 

reah8 

common 

C ********************************************************************** 

tauf = gamma / zlcL 

C Initialise 

call 

C Calculate model 

nhalf 
do 1 i = 2, nhalf 

1 continue 

C Fold and reflect 

call fold nfft, 

Call inverse FFT routine 

call cfft b (nfft , Cfft 

Cfft = 2.dO * Cift 
do 2 i = 1, nfft 

2 continue 

( nfft 

array 

reponse 

FFT 

C Write LV'.UIJ'""''.''' data into real*8 array to be returned 

i = 0 
3 i + 1 
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ndata 

return 
end 

IS UG"'VU 4. 

3 

in 4. 

c .f 1.3 10 Oct 2000 18:52:23 warwick $ 

c ********************************************************************** 
C subroutine 

C ********************************************************************** 
C 
C Subroutine calculate the response of the 
C a distribution of sizes 
C Domain solution into the time domain 

Dimensionless time is used (i. e . 
C 
C Mean radius here of the mean of the normal 
C distribution of the radius. 
C 

The user must the named common block 
C the variable ,which must be defined 
C 
C , cdcoth.o, gaussq.o, UO,a,HJlUl,:: ... ", 

C 
C Variables in 
C C 
C zlcL 

standard deviation of size distribution 
C dimensionless time 
C maximum number of calculated for C 
C - lower limit that be calculated to 
C ndata number of values calculated for C 
C 
C Variables in zlcrf· 
C nfft - number of for FFT (2 * UIO>AIJ'''' 

C has the effect of the time interval 
C nherm number of for Hermite 
C 
C Common block names used: 
C 
C 

C ********************************************************************** 

subroutine 
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! Hermite rule specifier for gaussq 
! no. pts for Hermite 

! roots & for Hermite 
reah8 ! scratch array for Hermite roots 
real*8 endpts(2) ! must be not used 

f, zint 

common /pie/pi 

C ********************************************************************** 

tinter = 
dw = 2.dO * 

* dfloat ( nfft 
/ tinter 

C Initialise array 

call cffti (nfft 

C Calculate Hermite roots and 

call gaussq(kind,nherm,O.dO,O.dO,O,endpts,b,z, w) 

response (outer loop) 
C Evaluate Gauss-Hermite 

Cfft(l) = UvU'P'~ 

+1 
do 1 nhalf 

s dcmplx(O.dO,dw*dfloat(i-l)) 
zint = UC,'UIJAA\ 

do 2 j=l, nherm 
tempI = dexp(root2 * * z(j)) 

* cdsqrt(s) 

2 continue 
Cfft ( i) zint / (const + zint) / s 

1 continue 

C Fold and reflect as FFT 

call fold (nfft , Cfft ) 

loop) 
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C Evaluate inverse FFT 

call cfftb (nfft , 

Cfft = 2.dO * Cfft 
do 3 i = 1, nfft 

Cfft = ( i) / tinter 
3 continue 

C Write \"Vl'LLj..WC;A"'" data to real*8 array to be returrled 

i 0 
4 i=i+l 

C 
C 

6 

ndata 

return 
end 

cdcoth() 

cdeoth.f 1.2 Sat, 

one = U~lHlJ!A\ 

if 

else 
edeoth = one 

endif 

return 
end 

4 

appear to 

CUI,<::U,l~t:lll" so I wrote my own 

Jun 200023:54:29 +0200 warwick $ 

/ 

one. 
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C :;ul)rOllltlIle to fold data as reaUlr<~d 

subroutine 

n2 = 1 

C Fold about 

1 continue 

C Retain if nfft is even 

nm 
if (nm. eq . ntest) then 

C 

endif 

return 
end 

is UH'~LlU'H I 

f 1.3 26 Oct 2000 19:54:34 warwick 

C ********************************************************************** 
C subroutine 

C ********************************************************************** 
C Subroutine to calculate the function for ZLC n""UYf'Tvj-'lnn 

a sum of square errors U,",.0.r"U',U 

the tail of the curve. 
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C 
C 
C 
C 
C 
C 
C 

m list: 
- vectors of data 

F - value of function (rPT.llrTlpn 

to compare 

wt - increases from 1 this 

C ********************************************************************** 

subroutine 

F 

a 

1 continue 

return 
end 

I 

() 

CUJli".l\::::; L'ctU,""LVU I use to in an 

C L3 10 2000 18:52:23 

curve 

is 

warwick $ 

C ********************************************************************** 
C subroutine 
C & 
C ********************************************************************** 
C 

the program 

C Note that the subroutine if errors are encountered 
C when the data files. Both the .txt and .pm files are used. 
C The files _MUST_be in the UNIX format NL=CR 
C 
C Variables in list : 
C C vector of values size 
C fname chau40 name of data file without the extension 

two text a 

run 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

Claw - value of the 'end' of the '-'.h.I-,,"~uU'~Ulj 
runID ehar*8 ID of the individual 

char*15 of 
R - radius of the 
catM - mass of in mg 
gas - char*15 name of adsorbate (returned) 
cone - initial sorbate pressure in Pa 

purge flow rate in @ TP 
T K 

nend 
nerr 

run data 
-> file 

nerr(2) .prn file 

unit numbers used: 1 both .txt and .prn files) 

C ********************************************************************** 

character*40 fname 
character*8 runID 
character * 15 gas 
characten40 ~~"""AA_' 
characten44 efname 

C '.txt' to fname and read run info 

R = R / 2.d4 

cone cone / + 
T = T + 273.dO 

diameter 
! radius in em 

!tracer 
! '~VU~~A'_' initial vapour pressure 

@STP 

C 

! initial 
!Kelvin 

pressure 
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flow flow * T / 273.dO @TP 

C .txt file 

C to fname read run data 

then read ndata data 
correspOIlds to t=Q 

do 

1 continue 

2 continue 

C Close .prn file 

C for initial concentration 

O.dO 
1 

3 continue 
CO = CO / 

C Normalise concentration data and find dead time 
C is converted to dO 
C is converted to 1. d-6 
C ndead is the iJUl>ibl.UU of the initial time 

ndead 
endif 
if ( 

4 continue 

then 

It .1. 1.d-6 

(less dead 

C data to remove dead total number of data 

5 continue 
ndata ndata ndead + 1 
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C default end time 

i = ndata 
6 if then 

endif 
nend 

return 
end 

in 

www . net lib. It essen1;lally 

convergence I 

use C constants. 

inverse vV~UVLv-"" lr,:Lm,to:rm are 

www.netlib.org. 
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