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Experimental 3 
3.1 Experimental Apparatus 

A diagnunm(l.tic f10wsheet of tlw apparatu~ dllSigrwd, m1l8trud.L~i and lL",d for 

experimentation is pn;s.onted in figure ~.l. The apparatus ~Oll"ists of" triclJ~ hed refl.Ctor 

followc'Cl by a vapouriser, which is mal to ensure th"t ><.11 downstream pnx\<ld,s from the 

rt't<£tor ar~ ill t:w vapour phaoo before going to on-line ga~ chromatographic an"ly"is. 

IIl~rt gas is int.roduced between th~ reHctor (l.nd th~ vapouriS€'f for both l'rc,;;;ure mntrol 

and dilution of the r~"ctor ~fflll"nt_ V"pomisoo prodl1ct" pass through a· throttle ~y"t~rn 

prior to sampling vif)." 6-port. "Hive 

A de,;criptioll of t<.ll major components as well lI., a sUIllmary of the operu.tioll of ""n"iti"" 

areElS in the sy~km follows. 

3.1.1 Feed Supply 

Liqnirl Il-C,4 is fed by a Ir1<'wring pUIllP (H~wlett Packard 110(j Series HPLC pump) with 

the f~l~l pot "itting on n balan,-,-'_ llydrogl'll is fL~1 vb themml mass fiow mntrollers 

(Brooks Instrum~nts) with flow rHnges of lI-20 "-nn 0·100 secm depending on the "-Pl'lied 

~ondit.ion"_ GH""ons f~~d strenms I'fl."b throll,(I;h H gllHrd ~Htch pot. {100 mIl, th~ purpose 

of whidl is to prevent the mMS flow controllers Ii:om contamination with liquid fred in 

the ~vent of down"tr~mn blod;age of the appHratlls. 
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CHAPTER 3. FX PFRI.UDVT.\ L 3.1. EXPERIMEl,lTAL APPARATUS 

3.1.2 Trickle Bed Reactor 

The trickle bed reactor (figure 3.2) consisl.5 of a stainless steel cylinder with an internal 

diruneter of approxima.tely 20 mm a.nd 350 mm in length. In the centre of the reactor 

tube is a thermowell of a.pproximately 3 mm outer dia.meter, which runs through the whole 

length of the reactor. 

The reactor is concentrically enclosed by a wider stainlOOlJ steel jacket (internal diameter 

approximately 23 mm). The jacket ma.kes prOvisiOll for the feed inlet line (n-tetradocMle) 

Mld the hydrogen feed gas line. The jacket is surrO\Ulded by three hea.ting coils over the 

top, mid and bottom sections, having length~ of 80, 160 BUd 80 mm respectively. These 

heating coils ensure that maximum hea.t transEer is ochieved a.nd that the reactor operates 

under isothermal conditioIllJ. The reaelur h"", b<.'<>n fOllnd to be isothermal down the entire 

length of the catalyst bed (Appendix C). 

The packed reactor vohlme c.(lmprises of three Z()I!e!J (figure 3.2): 

• An inert silioon cMbide pre-heating and (P8Iti81) evapon .. ~ion zone tha.I a.lso evens 

out the flow pattern (top) 

• A diluted catalyst zone (micklle) 

• An inert silicon carbide support zone for the catalyst bed (bottom) 

The diluted catalyst zone is made up of 3 g cataly!J~ extruda.tes (3 emS), in oxidic fonn, 

diluted in 6 em' of inert silicon carbide, 0.8 mm, making a. 2:1 (!Jilicon c-<lrbide:catalyst) 

dilution ra.tio, on a vohlme basis and yielding an effective bed length of approximately 4 

cm in the reactor. Tlle pre-heating and support Yllles (above alld below the eaWyst bed) 

are composed of 35 cm3 inert silicon carbide cuch. Dilution of the eat!l.lyst bed with inert 

!Jilicon carbide SCn"", to limit a.ny temperature [l,nd mdial concentration gmdients within 

the bed. 

3.1.3 Vapouriser 

The function of the vapouriser is to ClllJUfe tha.t all products from the trickle bed reactor 

axe in the vapour phase before going to on-line gas chroma.~ographic analysis. It is sirnil& 

41 
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3.2. OPERATING CONDITIONS CHAPTER 3. EXPERIMENTAL 

3.2 Experimental Operating; Conditions 

For the purpose of understanding the mechanism behind the hydrocrocking of wax, a 

model compound, n-letrooecane (n-Cl.) was used as a feed compound for experimentation. 

The reason and validity of using n-C14 as the model compound was discussed in chapter 2. 

3.2.1 CataJYHt 

The concept of wax hydrocracking is fairly new with no commercially recognised or 

'standard' catalyst being employed. Therefore, for these initial studies, a commercial 

"distillate hydrocracldng catalyst'· 1 Was employed, comprising of cobalt and molybdenum 

oxides on an amorphous silica-alumina support, provided by Albemarle Catalysts 

(previously Akzo-Nobel Catalysts). The catalyst was in the form of 1/16" extrudates 

of ca. 5 mm length. 3 g of catalyst was loaded in the form obtained a.nd diluted with 

silicon carbide (see section 3.l.2). 

In contrast to applications in hydrocracking petroleum fractions, the catalyst Was applied 

in unsulphided form. 

Conditions such as reaction temperature, pressure, liquid hourly space velocity (LHSV) 

and hydrogen to feed (H,/n-C,,) ratio were used to investigate the suitability of this 

catalyst in tenus of wax hydrocracking, such that future investigations into catalyst 

performance can be compared. 

3.2.2 Itcaction 'I'f~mperaturc 

Experiments to determine the effect of reaction temperature on the hydrocracking 

conversion and selectivity ranged from 300"C to 350"C in 10"C increments. Initial 

experiments were conducted at 35O"C with a low liquid hourly space velocity of 0.2 

ml!{ml·h), high total system pl"el'.'lure, 80 bar, and high Hl /n-C14 molar ratio, ll6:1. 

Due to the high overall C .. conversion observed at 35O"C (see section 4.3), subsequent IWlS 

were conducted at the Jower end of the temperature ra.nlle (SCKl"C) and then incrementally 

incressed by lCl"C until the temperature was again returned to the other extreme, 35O"C. 

1 A ""taly,t 'h' "' <>vtimil!ed foc mllXimum dil!tillat.e (i.e. dieoel and jet fuol) ... .lectivity from 
hydrocro.cking he"VieT crude oil ooTiwd f","",stoci: in" sulphur containing environment. 

45 
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CHAPTER 3. EXPERIMENTAL 3.1. EXPERIMENTAL APPARATUS 

is fed via a pressure controller and mass flow meter. The flow rate of the pressure 

regulating/dilution gm; stream is controlled by the throttle valves in the product line, 

see section 3.1.3.1. Delivery hydrogen pressure to the mllOB How controHer upstream the 

react<r that is controlling the food hydrogen flow is set approximately 5 bar above the 

reaction pressure. 

3.1.5 G-Port. Valve 

Sampling required for gas chromatographic analysis occurs via. a. 6-port valve (with a 1.25 

cma sample loop, (C) in figure 3.l)_ This valve has a maximum allowable temperature 

of 175"C and was operated at 15(]"C, whi~h is the basis for all dilution calculations and 

the bottom/outlet temperature of the vapouriser . The S!UIlple loop is charged in position 

I and the sample is introduced in the carrier ga.'l stream to the gM chromatograph in 

pooition II. 

3.L6 Throttle System 

For on-line gas chromatographic analysis, samples need to be taken at or slightly above 

atmospheric pressure. For this reason a two stage t.hrottle system was employed to reduce 

the system pressure to atmospheric_ 

The system pressure is reduced progressively in stages. The pressure is first reduced, for 

ex!UIlple from 80 bar to 8 bar, through the first throttle valve, then further lowered via 

the second throttle valve t() j bar prior to the sampliug loop_ This method of pressure 

reduction is flexible. The positioning of the throttle valveoJ depends on the react.ion 

conversion, food space velocity, Hdn-C14 ratio and, most importantly, the dilution gas 

requirement_ It was found by trial !IJld error, that if the reaction temperature was low 

(i.e. below 350"C) or a high space velocity was employed, the 10:1 pressure reduction in 

the first throWe valve did not allow for sufficient dilution. Therefore adjustments to the 

two stage pre5Sure reduction system had to be aJtered accordingly, where sometimes the 

system pressure could only be reduced to a minimum of 4 bar upstream of the S!UIlple 

loop. 

45 
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CHAPTER 3. EXPERi!vlENTAL 3.1. EXPERlM.ESL1L .. l PF,1R.1TUS 

in constmction to the reactor, having an intemaJ. diameter of 16 nun and a length of 350 

mm packed with inert silicon carbide, 0.8 nun (figure 3.3). 

The vapouriser is heated by means of a heating tape whieh is tightly wrapped around the 

length of the cylinder. Heating is concentrated at the base of the vapouriser to produce 

a ternperature gradient, and that way ensure smooth but complete vapourisation of any 

liquid products from the reactor. The silicon carbide helps in retarding the How of the 

liquid products through the cylinder thus increasing radial heat transfer, increasing the 

gas/liquid interface and m~ising the vap<lurisation rate. 

A further function of the "",,pouriser is to act as a dilution vessel. DilutiOll is achieved. 

by means of hydrogen fed bctwecn the reactOl" and the Vllop<luriser (stream labeled (A) in 

figure 3.1). In that way the vapoor pr€S';ure of the products is lowered so as to meet the 

temperature limitation of the ti-port gas sampling valw (175"C; see ' KEY' in figure 3.1). 

3.1.3.1 Dilution 

The dilutioo of products in the ,.."pouriser is monitored by mea.ns of a mass flow indicator, 

(D) in figure 3.1. The mass flow indicalDr is actually a 0-500 secm ma.ss flow controller 

with a set point of 100%. The flow through the indicator ,,"&ries according to the dilution 

required to reduce the vapour pressure according to the maximum allowa.ble temperature 

of the 6-port valve (see section 3.l.5). The total dilution gas flow is actually controlled by 

the throttle valves downstream the vapouriser a.nd the flow of hydrogeu that is required, in 

addition to the feed hydrogen, is monitored by the senS01" unit of the mass flow controller. 

Actual minimum dilution gas flow rates are cakulated by equation (3.1) in section 3.5.1 

and given in Appendix B. Note that too high a dilution ratio and dilution gas flow rate 

is unfavc.,rable with regard to gas chr<IIlatogmphic analysis. 

3.1.4 Pressure Cont.rol by Dilut.ion Gas 

The hydrogen gl'lB fed between thc reactor and the vapouriscr (strearn labelled (A) in 

figure 3.1) has a dual function. Firstly, it serves as a. dilution gas (soo ooction 3.1.3.1), 

and ~ondly it acts to control pr€S';ure in the reactor. 

Pressure regulation is achieved by setting the pressure of the diluent gas stream fed 

downstream the reactor to the desired reaction pre""ure. Xotc that the diluent gll8 
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CHAPTER 3. EXPERIMENTAL 3.2. OPERATING CONDITIONS 

All experiments were conducted at the same space velocity, pressure and H2/n-C14 molar 

ratio of 0.2 ml/(ml·h), 80 bar and ll6:1 respectively. 

3.2.3 Reaction Pressure 

Experiments to determine the effect of reaction pressure on the hydrocracking activity 

and selectivity were conducted at conditions more typical of industrial hydrocracking. 

The J.I~/n-C14molar ratio was reduced to 10:1 and the LHSV was increased to 1.3 

mlj{ml·h). The reaction pressure was kept at 80 bar. Experiments at 320°C, 330°C 

and 350°C were conducted at these new conditions. From these experiments, 330°C 

was chosen as the reference temperature for subsequent pressure variation experiments 

(inclusive of space velocity and H2/n-C14 ratio experiments, see sections 3.2.4 and 3.2.5), 

which included investigations at 80 bar, 40 bar and 20 bar at the aforementioned industrial 

conditions. See Appendix B for dilution gas flow rates. 

3.2.4 Space Velocity 

Investigations into the effect of liquid hourly space velocity (LHSV) on the cracking 

reactions were conducted at 1.3 ml/(ml·h), 1.0 ml/(ml·h) and 0.5 ml/(ml·h) at 330°C 

and 40 bar with a constant H2/n-C14 molar ratio of 10:1 (see Appendix B for dilution gas 

flow rates). 

Attempts to reduce the space velocity to below 0.5 ml/(ml.h) at these conditions proved 

to be difficult because the desired feed flow rate could not be achieved, therefore these 

experiments were abandoned. It emerged during data evaluation that the experiment at 

0.5 ml/(ml·h), 330°C, 40 bar and H2/n-C14 10:1 was fl~;~dlas well (data points presented 

in brackets in the results). 

3.2.5 H 2/n-C14 Molar Ratio 

H2/n-C14 ratio experiments were conducted to determine the effect of varying the hydrogen 

feed flow rate by keeping all other conditions constant, and to establish whether there is 

any correlation between the H2/n-C14 ratio and the total system pressure (which in effect 

is essentially made up by the hydrogen partial pressure). 
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3.3. OPERATING PROCEDURES CHAPTER 3. EXPERlMENTAL 

Experiments included investigations at molar H2/n-C14 ratios of 30:1, 10:1 and 3:1 at a 

liquid hourly space velocity of 0.5 ml/(ml·h), 330°C temperature and 40 bar pressure (see 

Appendix B). 

3.3 Experimental Operating Procedures 

3.3.1 Catalyst Loading Procedure 

The trickle bed reactor operates in a down-flow orientation. The catalyst loading to the 

reactor occurs from bottom to top. This entails securing the reactor in an upright position 

in a bench vice and then sequentially loading the various packed layers with the bottom, 

support zone for the catalyst bed loaded first. 

The first layer of inert 0.8 mm SiC granulate, 35 cm3 , is poured into the reactor by means 

of a funnel. The quantities of diluent, SiC, and catalyst (2:1 on a volume basis with 3 g 

of catalyst) are accurately measured, thoroughly mixed with a spatula and then funneled 

into the reactor as well. Thereafter, the final 35 cm3 layer of inert SiC, which acts as the 

pre-heating zone, is packed into the reactor using the same procedure as explained above. 

After each layer is added to the reactor, the external wall of the reactor wall is gently 

tapped to ensure the layer is thoroughly compacted. 

It is important to note that no silane treated glass wool is used in the reactor packing 

procedure as a support at the bottom end, as it was found to plug the reactor when a 

liquid phase is present. 

3.3.2 Catalyst Pretreatment and Reduction 

The catalyst-loaded reactor is secured into the stainless steel heating jacket and connected 

to the n-C14 and H2 feed lines and with the outlet line to the vapouriser. Prior to catalyst 

pretreatment and reduction, a leak test is performed over the entire system. For the leak 

test, the system is pressurized with nitrogen (N2) to 80 bar (at approximately 5 bar per 

minute) and then closed up to monitor the pressure. After the leak test the system is 

depressurized back to atmospheric pressure by venting the gas into the atmosphere. 
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CHAPTER 3. EXPERIMENTAL 3.3. OPERATING PROCEDURES 

3.3.2.1 Catalyst Pretreatment 

Catalyst pretreatment occurs under N2 gas flow (100 ml/min) at atmospheric pressure. 

The following procedure is used to pretreat the catalyst: 

1. The reactor is first ramped from room temperature to 90°C in a time period of 1.5 

hours and held at 90°C for 1 hour. 

2. From 90°C, the temperature is ramped to 100°C at a rate of 1°C per minute (i.e. a 

10 minute time period) where it is then again kept for 1 hour. 

3. Following the same ramp rate as in step 2, the temperature is raised to HO°C and 

held at this temperature for the same time period. This mild pretreatment is carried 

out in order to allow any moisture to desorb from the catalyst. 

4. The final step in the pretreatment process is to raise the reactor temperature to 

350°C in a period of 4 hours (1°C/min). 

Once the final temperature is achieved, the system pressure is increased to 80 bar with 

N2 gas bypassing the inlet mass flow controllers (see flow sheet, figure 3.1). 

3.3.2.2 Catalyst Reduction 

After the catalyst pretreatment process and system pressurization to 80 bar at 350°C with 

N2, the N2 is closed off (closing off the bypass line) and H2 is introduced to the system (at 

100 sccm and 80 bar) via the mass flow controllers. The guard catch pot (100 ml) acts 

as a kind of backmixing device (mean residence time, calculated as a CSTR = 1.3 hours) 

so that the catalyst is reduced under flowing H2/N2 mixture with slowly increasing H2 

concentration for approximately 5 hours. 

This reduction step also serves as a 'stabilisation period' in which the system pressure 

and gas flow rates are constantly monitored and adjusted. 
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3.3. OPERATING PROCEDURES CHAPTER 3. EXPERIMENTAL 

3.3.3 Reactor Operation 

3.3.3.1 Start-Up Procedure 

After the catalyst pretreatment and reduction steps, the following procedure is used in 

preparation for the experiment. Within all steps of the start-up procedure the two stage 

pressure reduction procedure as described in section 3.1.6 is always maintained. 

1. Once the system pressure and gas flows have stabilised, the temperature controllers 

for the heating coils on the reactor heating jacket are set to precisely meet the desired 

temperature levels and isothermal profile inside the reactor (see Appendix C). 

2. Temperatures are allowed to stabilise for 1 hour. 

3. Once the temperatures have stabilised, the feed vent valve is opened ('liquid bleed' 

in figure 3.1) while the feed valve to the reactor is kept closed. 

4. The n-C14 feed is purged to rid feed lines of any air or other gas. 

5. Once the n-C14 feed stream is bubble free, the vent valve is closed while 

simultaneously opening the feed valve, redirecting the n-C14 stream to the reactor. 

6. The feed line to the reactor is then primed for a few seconds. 

7. The pump is then adjusted to the desired feed rate. 

3.3.3.2 On-line Operating Procedures 

Procedures followed when changing from one condition to another are outlined below for 

temperature, pressure, space velocity and H2/n-C14 ratio. After each change in conditions, 

at least 24 hours re-stabilisation period is allowed to elapse prior to any sampling. 

All the on-line procedures described below require that the throttle system be adjusted 

simultaneously for the new conditions as to allow sufficient dilution in the vapouriser 

and ensure fully vapourised streams through the throttle system and the sample loop (as 

described in section 3.1.6). See Appendix B for dilution gas flow rates. 
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CHAPTER 3. EXPERIMENTAL 3.3. OPERATING PROCEDURES 

Temperature 

• Temperatures are ramped at a rate of 2°C per minute when the temperature is 

changed from a lower to a higher set-point. 

• When the temperature is reduced, the lower set-point is set and the reactor is allowed 

to cool to the desired temperature naturally. 

Pressure 

• To increase the system pressure, the diluent/pressure control hydrogen (stream (A) 

in figure 3.1) is set to the desired set-point at a rate of 5 bar per minute. The feed 

hydrogen pressure on the delivery side of the mass flow controllers is simultaneously 

increased at the same rate thereby it is always kept at least 5 bar above the pressure 

of the diluent hydrogen stream as to allow the feed hydrogen to continue flowing 

freely through the reactor without any impairment of the flow rate or cause of 

back-flow. 

• To reduce the pressure, the system is slowly depressurized to the desired level by 

venting the gas (through the throttle line in figure 3.1). The pressure on both 

(feed and diluent) hydrogen gas cylinders is simultaneously reduced to the required 

set-points maintaining the 5 bar pressure difference on the mass flow controllers. 

Space Velocity 

• When changing the space velocity, both the hydrogen and the n-C14 feed flow rates 

have to be adjusted accordingly such that the H2/n-C14 ratio remains constant. 

• Dilution gas flow rates also have to be adjusted via the throttle valves (see Appendix 

B for dilution gas flow rates). 

• To change the Hdn-C14 ratio, the n-C14 feed rate (Le. space velocity) is kept 

constant while the hydrogen feed flow rate and dilution gas flow rate are adjusted. 
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3.4. PRODUCT ANALYSIS CHAPTER 3. EXPERIMENTAL 

3.3.3.3 Shut-down Procedure 

1. At commencement of system shutdown, the feed pump is first switched off. 

2. The hydrogen feed gas is closed off from the system and is replaced by nitrogen 

through the mass flow controllers, set at 100% flow, at the same pressure. 

3. The nitrogen gas and diluent hydrogen are allowed to flow through the system for at 

least 24 hours to ensure that all remaining remnants of feed/products in the reactor 

and vapouriser are purged out of the system. 

4. After the 24 hour period, the diluent hydrogen is closed off allowing only the nitrogen 

to continue flowing through. 

5. All temperature controllers are switched off at this stage allowing the system to cool 

down under flowing nitrogen. 

6. Once temperatures are down or close to room temperatures, the nitrogen gas is 

closed off. Remaining nitrogen in the apparatus is allowed to vent out naturally. 

3.4 Product Analysis 

3.4.1 Gas Chromatography 

3.4.1.1 Sampling Procedure 

Sampling for gas chromatographic analysis occurs by means of an on-line 6-port gas 

sampling valve with a sample loop. Diluted, vapourised products leaving the throttle 

system of the experimental apparatus are passed directly to the gas chromatograph, where 

they enter the 6-port valve, pass through the sample loop and then are vented out directly 

into a knock-out pot, which is partially filled with water. Upon sampling, the 6-port valve 

is switched to position I (figure 3.1) to allow the vapourised product gas pass through the 

sample loop. It is held in this position for approximately 20 seconds to completely flush 

and charge the sample loop. Thereafter, the valve is switched to position II (in figure 3.1) 

so that the carrier gas, H2 , transports the sample to the column. 

Due to the diluted nature of the vapourised product gas, a fairly large, 1.25 cm3 , sample 

loop is required. 
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CHAPTER 3. EXPERIMENTAL 3.4. PRODUCT ANALYSIS 

Table 3.1: Gas Chromatography Column Properties 

Fused silica Column material 
Column phase 
Column length 

BP 1 (non polar, PONA) bonded phase 
50 m 

Column internal diameter 
Film thickness 
Maximum column temperature 
Minimum column temperature 

0.15 mm 
0.2/-lm 
360DC* 
-60DC 

* In temperature programmed mode 

Table 3.2: Two-Step Gas Chromatographic Temperature Programme and other Gas 
Chromatographic Conditions 

Initial temperature 
Hold time 
1 st Temperature ramp 
Final Temperature 
Hold time 
2nd Temperature ramp 
Final Temperature 
Hold time 

-30DGI< / -50DC** 
2 min 

10DC/min 
50°C 
o min 

5°C/min 
220°C 
2 min 

*Low conversion samples 
**High conversion samples 

A typical chromatogram from medium conversion product is shown in 
Appendix D, figure D.l 

3.4.1.2 Gas Chromatographic Conditions 

A Varian 3400 Gas Chromatograph (GC) fitted with a Flame Ionisation Detector (FID) 

in conjunction with a separate Hewlett Packard 3396 Series II integrator/printer, is used 

to determine the product composition. For start up, column temperatures below ambient 

temperature are required. For this purpose the GC is fitted with a cryogenic adapter, 

which utilises liquid carbon dioxide from a dip tube cylinder. The GC is fitted with a 

non-polar fused silica PONA capillary column having properties as indicated in table 3.1. 

Gaseous/vaporous samples are introduced into the GC by means of the on-line 6-port gas 

sampling valve with 1.25 cm3 sample loop, as described in section 3.4.1.1. A two-step 

temperature programme is used to separate the components in the sample, which is given 

in table 3.2. 

From practical use of the gas chromatograph, it was found that at low conversion, if the 

starting temperature for the gas chromatographic analysis was too low, the GC column 
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3.5. DATA WORK-UP CHAPTER 3. EXPERlMENTAL 

would plug. This was attributed to condensing of unconverted feed in the very first section 

of the column. For this reason, analysis of low conversion samples was started at -30°C 

(see table 3.2). Also observed was that at a high conversion, i.e. high concentration of 

methane in the product, the methane peak was wide and there was insufficient separation 

of compounds methane and ethane in the chromatogram if the starting temperature was 

too high. Therefore, as seen in table 3.2, the starting temperature for high conversion 

samples was -50°C. A typical chromatogram from medium conversion product is shown 

in Appendix D, figure D.1 

3.5 Data Work-Up 

3.5.1 Dilution 

As previously mentioned, the sampling valve has a maximum allowable temperature of 

175°C and was operated at 150°C, which means that all unconverted feed and products 

passing through the sampling valve need to be in the vapour phase at this limiting 

temperature. As a precautionary measure, all calculations and settings relating to the 

dilution were performed for 120°C and 1 bar total pressure. The calculation used for 

dilution requirements is as follows: 

H2 Dilution Gas Flow Rate -
'lin-Cl" x 22400 

Pn -c14 @ 1200 C 
P-lbar 

(3.1) 

Note that the 'H2 dilution gas flow rate' is made up by the sum of both feed hydrogen 

flow rate and dilution hydrogen flow rate. 

3.5.2 Conversion and Selectivity 

From the gas chromatogram data report, the peak areas, Ai, corresponding to the 

individual hydrocarbon species, i, were divided by the inherent number of carbon atoms, 

Nc;, in the respective compound to obtain a value that is proportional to the number of 

moles of each species. This is possible since the signal of the flame ionisation detector 
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CHAPTER 3. EXPERIMENTAL 3.5. DATA WORK-UP 

(FID) from hydrocarbons is proportional to the concentration of carbon eluted from the 

column. Using this method, the molar selectivity of each species was calculated as follows: 

Molar Selectivity, SCi - (3.2) 

i=l 

Where 

(3.3) 

so that 

(3.4) 

The total conversion of the feed (XC14)' was calculated as follows: 

13 

LAi 
X C14 

i=l (3.5) - 14 

LA 
i=l 

whereby A14 includes the feed compound n-C14 and its isomers, i.e. all other C14 

compounds. 

To determine the total selectivity of specific product fractions, e.g. light gases methane, 

ethane and propane (C1-C3 ) the selectivities of the respective gases were summerised. To 

determine selectivity ratios, e.g. C4/C lOl selectivities were divided. 
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3.5. DATA WORK-UP CHAPTER 3. EXPERIMENTAL 
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Results 

After the design, construction and commisioning of the experimental apparatus, a 3 month 

conditions screening programme was carried out by hydro cracking n-C14 over a commercial 

CoMo/Si02-A120 3 catalyst in non-sulphided form (see section 3.2.1). 

Hydrocracking reaction conditions were varied for temperature, pressure, liquid hourly 

space velocity (LHSV) and molar ratio (H2/n-C14) as specified in section 3.2 and 

summarised in table 4.1. Steady state conditions for each experiment were based on the 

reproducibility of feed conversion and product selectivity. Once the reaction had stabilised, 

conversion and selectivity over the product carbon number range were determined so as 

to observe the effect of varying these conditions. 

All experiments were carried out over the same charge of catalyst. Reproducibility runs 

showed that there was no deactivation of the catalyst (section 4.2) 

All references in this chapter (and subsequent chapters) to the product, refer to all products 

between CI -CI3 excluding all CI4 isomers. Similarly, the selectivity of products refers to 

the selectivity of products in the range CI -CI3 excluding all C14 isomers. All C14 isomers 

are considered as unconverted feed. Accordingly, conversion refers to n-C14 and all CI4 

isomers as feed. 

Data on carbon number distribution of total paraffins, n-paraffins and iso-paraffins, for 

all experiments are given in Appendix D, tables D.1 - D.19. 

Note that in graphs where selectivity is plotted vs. carbon number, selectivity 

comprises the sum of both paraffins and iso-paraffins in the respective carbon 

number fraction. 
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CHAPTER 4. RESULTS 

Table 4.1: Experimental Programme 

(Note that all these experiments were carried out over the same charge of catalyst) 
Parameter Temperature Pressure LHSV H2/n-C14 TOS Phase** 
Varied °C bar h-1 molar ratio days In Out 

350 80 0.2 116 5 Vapour Vapour 
300 80 0.2 116 8 Vapour Vapour 
310 80 0.2 116 7 Vapour Vapour 

Temperature 320 80 0.2 116 6 Vapour Vapour 
330 80 0.2 116 5 Vapour Vapour 
340 80 0.2 116 5 Vapour Vapour 
350* 80* 0.2* 116* 3 Vapour Vapour 
320* 80* 0.2'" 116* 11 Vapour Vapour 
320 80 1.3 10 4 Mixed Mixed 

Screening 350 80 1.3 10 3 Mixed Vapour 
350 40 1.3 10 2 Vapour Vapour 
330 80 1.3 10 2 Mixed Mixed 

Pressure 330 40 1.3 10 4 Mixed Vapour 
330 20 1.3 10 12 Vapour Vapour 
330* 80'" 1.3* 10* 4 Mixed Mixed 
330* 40* 1.3* 10* 6 Mixed Vapour 

LHSV 330 40 1.0 10 7 Mixed Vapour 
330 40 0.5 10 5 Mixed Vapour 
330* 40* 1.3* 10'" 4 Mixed Vapour 

H2/n-C14 330 40 0.5 3 5 Mixed Vapour 
Molar Ratio 330 40 0.5 30 3 Vapour Vapour 

330* 40" 0.5" 3'" 5 Mixed Mixed 

" Previous Results Reproduced 
"" See Appendix B for Reaction Phase Calculations 
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CHAPTER 4. RESULTS 4.1. STEADY STATE 

75r---r---r---.---.---.---.---.---.---.---.---.-~ 

?fl. 50 
15 
E 

~ 
>-

~ 
a; 
en 25 

2 3 4 5 6 

-t-- Sample 1 TOS +48 h 
---*-_. Sample 2 TOS 72 h 

... * ... Sample 3 TOS 96 h 

······8····· Sample 4 TOS 120 h 

-,-111'-'· Sample 5 TOS 123 h 
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Figure 4.1: Achieving Steady State Conditions for Temperature Experiments 
TOS refers to the moment conditions were changed from previous experiment to 

T=350D C, P=80 bar, LHSV=O.2 h-1, H2/n-C14=116 mol/mol 

4.1 Steady State 

Steady state performance for each experiment was taken to be achieved after conversion 

and selectivities stabilised for at least two samples. Data from the last sample of 

each stabilisation series were taken to be representative of the respective set of reaction 

conditions. After steady state was achieved, process conditions for the next experiment, 

i.e. either temperature, pressure, liquid hourly space velocity or Hdn-C14 molar ratio, 

were adjusted to determine their effect on the hydrocracking conversion and molar carbon 

number selectivities. 

Figures 4.1 - 4.4 show how the molar carbon number distributions changed as steady state 

was achieved after changing conditions. In general, there was no significant change in the 

'mid-carbon' number range distributions. The only significant changes in the carbon 

number distribution, prior to having achieved steady state conditions, were observed for 

C1 and carbon numbers above C lO (or Cs in the case of temperature experiments). 
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-t- Sample 1 TOS +48 h 
---*-_. Sample 2 TOS 50 h 

"'-lI!-'" Sample 3 TOS 74 h 
······8······ Sample 4 TOS 170 h 

-'-111'-" Sample 5 TOS 194 h 
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Figure 4.2: Achieving Steady State Conditions for Pressure Experiments 
TOS refers to the moment conditions were changed from previous experiment to 

P=40 bar, T=330°C, LHSV=1.3 h- 1, H2/n-C14=10 mol/mol 
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-t- Sample 1 TOS +48 h 
---*-_. Sample 2 ros 72 h 

"'-lI!-'" Sample 3 ros 96 h 
...... 8...... Sample 4 TOS 99 h 

-,-111,-" Sample 5 TOS 101 h 

-·-e·_· Sample 6 ros 125 h 
....•.. , Sample 7 ros 127 h 

.... .a.... Sample 8 ros 151 h 

......... Sample 9 ros 152 h 
__ Sample 10rOS 155h 

7 8 9 10 11 

Carbon Number 
12 13 

Figure 4.3: Achieving Steady State Conditions for Space Velocity Experiments 
TOS refers to the moment conditions were changed from previous experiment to 

LHSV=O.5 h- 1, T=330°C, P=40 bar, H2/n-C14=10 mol/mol 
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-----8----- Sample 4 TOS 151 h 
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Carbon Number 

Figure 4.4: Achieving Steady State Conditions for Molar Ratio Experiments 
TOS refers to the moment conditions were changed from previous experiment to 

H2/n-C14=3 mol/mol, P=40 bar, T=330oC, LHSV=O.5 h- 1 

4.2 Reproducibility 

To test the validity of the experiments conducted, the first experimental run of each series 

was repeated after the series was finished to determine the reproducibility of the results 

and to check whether there was any catalyst deactivation (table 4.1). Figures 4.5 - 4.8 

indicate that the results are repeatable. The reproducibility of results also indicated that 

there was no catalyst deactivation. 
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4.2. REPRODUCIBILITY CHAPTER 4. RESULTS 
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Figure 4.5: Reproducibility of Temperature Experiments 
T=350"C, P=80 bar, LHSV=O.2 h-1, H2/n-C14=116 mol/mol 
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Figure 4.6: Reproducibility of Pressure Experiments 
P=80 bar, T=330"C, LHSV=1.3 h-1 , H2/n-C14=lO mol/mol 
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Figure 4.7: Reproducibility of Space Velocity Experiments 
LHSV=1.3 h- 1 , T=330°C, P=40 bar, H2 /n-C14=10 mol/mol 
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Figure 4.8: Reproducibility of Molar Ratio Experiments 
H2/n-C14=3 mol/mol, P=40 bar, T=330°C, LHSV=O.5 h- 1 

Note that operation at LHSV=O.5 h-1 was difficult and unstable, see section 3.2.4 
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4.3. TEMPERATURE CHAPTER 4. RESULTS 

Temperature 
DC 
300 
310 
320 
330 
340 
350 

Table 4.2: Effect of Temperature 

P=80 bar, LHSV=0.2 h-1, H2/n-C14=1l6 mol/mol 
Conversion Selectivity, mol% % Isomers in 

% C1 C1-Cs Cn -C13 C40 C100 Total 
9.4 33.5 41.3 19.6 0.0 2.8 1.3 
27.3 32.8 40.3 23.0 1.8 4.2 2.3 
62.9 34.1 41.5 21.2 1.5 6.5 3.6 
94.9 40.0 48.4 14.3 1.3 11.0 4.7 
99.4 49.4 58.6 4.3 1.1 14.6 2.9 
99.8 51.8 63.7 0.2 1.8 35.3 3.4 

,. Contains no measureable amount of C13 

o Percentage isomers in carbon number fractions 

4.3 Temperature 

Molar Ratio 
C4/Cto CI/C13 

1.1 2.4 
1.4 2.1 
1.0 3.0 
1.5 8.2 
1.6 70.9 
8.0 -* 

Figure 4.9 shows that with increasing temperature conversion increases rapidly between 

300 and 330DC, from 9.4% to 94.9%. At temperatures above 330DC conversion is complete. 

For temperatures 300DC to 330DC the ratio of carbon numbers C4 and C lO ! which is the 

indicator for ideal (primary) hydrocracking, is close to unity (figures 4.10 and 4.11 and 

table 4.2). Within this temperature range, an increase in both light gases C1-Cs and 

tail ends Cll-C13 selectivity is noted. As the temperature increases to 350DC, a shift in 

the mid-carbon number range (C4-ClO) towards the lighter end of the carbon number 

distribution (CS-C7) is observed with Cll-Cl3 selectivity tending to zero (figure 4.11), and 

CI/C13 ratio tending to infinity (table 4.2). 

Most notable of all the distribution curves is the high molar selectivity to methane, which 

increases further with increasing temperature. However, the selectivity for this gas is 

noticeably lower on a weight basis (based on carbon percent, figure 4.12), which is a more 

accurate indication of selectivity in terms of industrial economic significance. 

From the molar distribution curves (figure 4.1O) and the last column in table 4.2, it 

can be seen that for every mol C14 demethylated to C13 more than one mol of methane 

is produced. It is further evident in figure 4.13 that with increasing temperature, in 

particular when approaching 100% conversion, there is an increasing significance of light 

gases, C1-C3 , selectivity. 

The percentage skeletal isomers in the product is extremely low, see table 4.2, e.g. not 

exceeding 2% in the C4 fraction whereas in higher carbon number fractions, such as C lO , 
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~ 
c: 
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290 300 310 320 330 340 350 360 

Temperature. °c 

Figure 4.9: The Effect of Temperature on Conversion 
P=80 bar, LHSV=O.2 h-l, H2/n-C14=116 mol/mol 

35% skeletal isomers are observed given the fact that the probability of skeletal isomer 

formation is greater for higher carbon number fractions. 
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4.3. TEMPERATURE 
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CHAPTER 4. RESULTS 
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_··G··· 3500e 
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Figure 4.10: Molar Carbon Number Distribution of Products: Effect of Temperature 
P=80 bar, LHSV=O.2 h-1, H2/n-C14=1l6 mol/mol 
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Figure 4.11: Molar Carbon Number Distribution of Products in C2-C12 Range: Effect of 
Temperature 

P=80 bar, LHSV=O.2 h-1, H2/n-C14=116 mol/mol 
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CHAPTER 4. RESULTS 4.3. TEMPERATURE 
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Figure 4.12: Weight Distribution of Paraffins: Effect of Temperature 
P=80 bar, LHSV=O.2 h-1 , H2/n-C14=116 mol/mol 
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Figure 4.13: Selectivity of Lights: Effect of Temperature 
P=80 bar, LHSV=O.2 h-1, H2/n-C14=116 mol/mol 
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4.4. PRESSURE CHAPTER 4. RESULTS 

Pressure 
bar 
80 
40 
20 

~ 
c: 
.2 
~ 
(!) 

> c: 
0 
U 

Table 4.3: Effect of Pressure 

T=330°C, LHSV=1.3 h-1 , H2/n-C14=10 mol/mol 
Conversion Selectivity, mol% % Isomers in 

% C1 C1-C3 CU -C13 C40 C100 Total 
9.6 41.5 47.9 30.1 0.0 0.0 2.4 
43.1 46.9 53.4 23.5 1.3 7.3 3.7 
94.8 60.6 67.6 6.4 2.9 22.9 4.9 

° Percentage isomers in carbon number fractions 

Molar Ratio 
C4/C lO CI/C13 

1.4 1.8 
1.2 3.4 
1.4 34.2 

100r---~-----r----~----r---~-----r----~--~ 

15 

50 

25 

o~--~----~----~----~--~----~----~--~ 
10 20 30 40 50 60 10 80 90 

Pressure, bar 

Figure 4.14: The Effect of Pressure on Conversion 
T=330°C, LHSV=1.3 h-1, H2/n-C14=10 mol/mol 

4.4 Pressure 

A significant impact is observed of pressure on conversion (figure 4.14). By decreasing 

the pressure from 80 bar to 20 bar at 330°C, the conversion increases from 9.6% to 94.8% 

(table 4.3). 

Figure 4.15 indicates that by decreasing the pressure there is an increase in selectivity 

in methane and a decrease in heavy fractions, CU -C13. The ratio of C4/ClO across all 

pressure experiments remains relatively unchanged at a little higher than 1 (table 4.3). 

The distribution between C2 and CIO remains almost constant with the three curves 

obtained at the different pressures remaining rather fiat and not deviating considerably 
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CHAPTER 4. RESULTS 4.4. PRESSURE 

---i- 80 bar 

---*-_. 40 bar 

···*···20 bar 

Carbon Number 

Figure 4.15: Molar Carbon Number Distribution of Products: Effect of Pressure 
T=330°C, LHSV=1.3 h-1 , H2/n-C14=10 mol/mol 
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Figure 4.16: Molar Carbon Number Distribution of Products in C2-C12 Range: Effect of 
Pressure 

T=330°C, LHSV=1.3 h- 1 , H2/n-C14 =lO mol/mol 

69 



Univ
ers

ity
 of

  C
ap

e T
ow

n

4.4. PRESSURE CHAPTER 4. RESULTS 
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Figure 4.17: Selectivity of Lights: Effect of Pressure 
T=330°C, LHSV=1.3 h-1, H2/n-C14=1O mol/mol 

from one another within this range (figure 4.16). The 80 bar curve tends to overlap the 

40 bar curve over this range but differs over the C lO to C12 range, where experiments 

conducted at 40 bar yielded a higher C lO-C12 selectivity. The 20 bar curves in figures 

4.15 and 4.16, which represent a product obtained at almost 100% conversion show a 

decreasing yield of tail ends ClO to Cu. 

Over the range of pressure experiments conducted it can be seen in figure 4.17 that an 

increase in conversion (due to decreasing pressure) results in an increase in light gas 

selectivity, with the greatest change observed between 40 bar and 20 bar. The degree 

of isomerisation in individual carbon number fractions as a result of decreasing pressure 

tends to increase rapidly but still on a very low level. The degree of isomerisation in the 

total product also increases significantly (table 4.3). 
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CHAPTER 4. RESULTS 4.5. HOURLY SPACE VELOCITY 

LHSV 
h-1 

1.3 
1.0 

[ 0.5 

Table 4.4: Effect of Space Velocity 

T=330°C, P=40 bar, H2/n-C14=10 mol/mol 
Conversion Selectivity, mol% % Isomers in Molar Ratio 

C4 /C1O CI/CI3 

::.li! 
0. 

c: 
0 
'j!! 
!2 
c: 
0 
() 

% C1 C1-C3 CU -C13 C40 C100 Total 
43.1 46.9 53.4 23.5 1.3 7.3 3.7 1.2 3.4 
61.0 54.4 61.2 14.4 1.7 14.1 4.4 1.2 7.9 
67.0 44.4 49.2 26.6 2.3 20.5 10.6 0.6 3.5] 

o Percentage isomers in carbon number fractions 

100~------------,-------------~--------------, 

75 

50 

25 

o~------------~------------~------------~ o 0.5 
LHSV. h-1 

Figure 4.18: The Effect of Space Velocity on Conversion 
T=330°C, P=40 bar, H2/n-C14=10 mol/mol 

1.5 

4.5 Liquid Hourly Space Velocity 

Decreasing the space velocity from 1.3 h-1 to 1.0 h-1 resulted in an 40% increase in 

the overall conversion (figure 4.18). Note that results from space velocity of 0.5 h-1 are 

somewhat erroneous due to experimental difficulties (see section 3.2.4). 

The carbon number distribution curves obtained at 1.3 h-1 and 1.0 h-1 indicate consistent 

selectivities over the C2-CU range and a similar trend of increasing carbon number 

fraction selectivities beyond Cll (figures 4.19 and 4.20). The C4/ClO ratios for these 

two experiments are identical (table 4.4). 

The selectivity of light gases C1-C3 increased slightly from a decrease in space velocity 
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4.5. LIQUID HOURLY SPACE VELOCITY 
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CHAPTER 4. RESULTS 
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Figure 4.19: Molar Carbon Number Distribution of Products: Effect of Space Velocity 
T=330°C, P=40 ba.r, H2/n-C14=10 mol/mol 

from 1.3 h-1 to 1.0 h-1 (figure 4.21). 

It emerged that results from the run at 0.5 h-1 are not only questionable e.g. a C4/CW 

ratio less than 1 (table 4.4), highest CW-C13 selectivity at lowest C1 selectivity (figure 

4.19) etc. but also do not fit in the trends set by the other runs (tables 4.4 and 4.5, 

figures 4.18 - 4.25, data, data points or legend in brackets '[ J'). 
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CHAPTER 4. RESULTS 4.5. LIQUID HOURLY SPACE VELOCITY 
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Figure 4.20: Molar Carbon Number Distribution of Products in C2,C12 Range: Effect of 
Space Velocity 
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Figure 4.21: Selectivity of Lights: Effect of Space Velocity 
T=330°C, P=40 bar, H2/n-C14=lO mol/mol 
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4.6. MOLAR RATIO CHAPTER 4. RESULTS 

Table 4.5: Effect of H2/n-C14 Molar Ratio 

T=330°C, P=40 bar LHSV=0.5 h-1 

H2/C14 

Molar Ratio 
Conversion Selectivity, mol% % Isomers in 

% CI C1-C3 Cn -CI3 C40 C100 Total 
Molar Ratio 

C4/C lO CtlC13 

3 
[10 

30 

~ 
c 
0 
'i!i 
II) 
::-c 
0 
0 

46.9 46.6 50.3 28.5 11.6 44.8 20.8 0.5 3.2 
67.0 44.4 49.2 26.6 2.3 20.5 10.6 0.6 3.51 
99.3 56.4 63.8 4.8 1.6 21.0 4.1 1.3 83.7 

0Percentage isomers in carbon number fractions 

100~----~----~----~-----r----~----~r---~ 

75 

50 

25 

O~----~----~----~----~----~------~--~ 
o 5 10 15 20 25 30 35 

Molar Ratio, HiC14 mol/mol 

Figure 4.22: The Effect of H2/n-C14 Molar Ratio on Conversion 
T=330°C, P=40 bar, LHSV=O.5 h-1 

4.6 H2/n-C14 Molar Ratio 

As experiments at a space velocity of 0.5 h-1 showed that a low C1-C3 selectivity is 

achieved at a high conversion, subsequent experiments to determine the effects of Hdn-C14 

molar ratio on cracking reactions were conducted at this space velocity. A slowly increasing 

overall conversion was observed when the molar ratio was increased (figure 4.22). 

Although there was a 20% conversion difference between molar ratios 3 and 10, their 

distribution curves did not differ significantly over the carbon range, having approximately 

the same C4/C lO ratio (figures 4.23 and 4.24, table 4.5). The distribution curve at a molar 

ratio of 30 indicated a C4/C lO ratio close to unity, whereas the C4/C lO ratios were below 
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CHAPTER 4. RESULTS 4.6. MOLAR RATIO 

75r---r---r---r---r---r---r---.---r---.---.---~--. 

2 3 4 5 6 7 

-a- Hin-C14::: 3 (mol/mol) 

[---*-_. Hin-C14::: 10 (mol/mol) 1 
___ Hin-C14::: 30 (mol/mol) 

8 9 10 11 12 13 

Carbon Number 

Figure 4.23: Molar Carbon Number Distribution of Products: Effect of H2/n-C14 Molar 
Ratio 

T=330°C, P=40 bar, LHSV=O.5 h- 1 

unity at lower H2/n-C14 ratios. 

There was no distinct mid-carbon range between molar ratios 3 and 10. The distribution 

curves for these two ratios showed trends of increasing selectivities of carbon numbers 

above Cs with a decreasing trend between Cs and C2. 

A more noticeable C4-C lO mid-carbon range for experiments conducted at 30 mol/mol 

was observed. The distribution of this curve showed a decreasing Cll-C13 selectivity as 

opposed to the increasing trend observed for molar ratios 3 and 10, however, at very high 

conversion (99.3%). 

All molar ratio experiments yielded high selectivities of light gases (consisting 

predominantly of methane) increasing with increasing molar ratio of H2/n-C14 and 

conversion (figure 4.25). 
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4.6. H2/N-C14 MOLAR RATIO CHAPTER 4. RESULTS 
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Figure 4.24: Molar Carbon Number Distribution of Products in C2-C12 Range: Effect of 
H2/n-C14 Molar Ratio 
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Figure 4.25: Selectivity of Lights: Effect of H2/n-C14 Molar Ratio 
T=330°C, P=40 ba.r, LHSV=O.5 h-1 
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Discussion 5 
For the purpose of this study all references to isomers are assumed to be structural isomers 

(including traces of cyclic compounds) with negligible olefin selectivity. This assumption 

is based on thermodynamic equilibrium calculations (as shown in figure 5.1, for example 

the 1-butene/n-butane ratio) indicating that olefinic intermediates have a very minor 

contribution to the isomer selectivity in hydro cracking under the conditions applied. 

Indeed, no peaks that could be assigned to the typical olefin patterns in hydrocarbon 

carbon number fractions (e.g. the internal n-olefins that would appear shortly after the 

n-paraffin peak) were observed in the product chromatograms (see Appendix D). 

5.1 Operability - Catalyst Stability 

Sections 4.1 and 4.2 deal with catalyst stability and reproducibility of results. Steady 

state operation was achieved after every change of conditions so that the data could be 

taken from the steady state results (section 4.1). It was shown, that steady state results 

were reproducible and no noticeable deactivation occured. 

5.2 Hydrocracking vs. Hydrogenolysis 

From the results obtained (figures 4.9 - 4.25 and tables 4.2 - 4.5), it is clear 

that neither 'true' hydro cracking as occurring over a bi-functional catalyst (with a 

hydrogenation/dehydrogenation and a strong acid function) nor, at a glance, one of 

the hydrogenolysis mechansisms described (equal reactivity and cleavage of bonds i.e. 

'non-selective' hydrogenolysis mechansim, and successive methyl abstraction, respectively) 

are demonstrated in these figures. However, a combination of the mechanisms for 

hydrocracking and hydrogenolysis reactions, covered in section 1.4, may explain the 

observed phenomena. 
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5.2. HYDROCRACKING VS. HYDROGENOLYSIS CHAPTER 5. DISCUSSION 

1.2)(10.5 .-----,-----,-----.-----,...-------, 

8.0)(10-6 

\\ 
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''II ... , .. , 

"""", 

-- 3500e 
.----- -. 3400e 
......... 3300e 
................ 3200e 
-'-'-'-" 3100e 

...... ... ..... 

...... '" .... ~~."". """"" "''''''''-._--. " .. ,,--"-------. 

0.0)(10+0 '-----"-----"-----"-----"-------1 
10 25 40 55 70 85 

Hydrogen Partial Pressure. bar 

Figure 5.1: Themodynamic Equilibrium of Olefin Intermediates 
e.g. 1-Butene to n-Butane 

(see Appendix B and table B.7 for calculations) 

Table 5.1 compares which product properties are expected from each of the three different 

possible reaction mechanisms and what was found. 

The observed results show that the dominant products were methane with an almost 

equally distributed mid-carbon number range between C2 and Clo and increasing tail-ends 

between CIO-CI3 with very little isomerisation over the entire carbon number range. None 

of the aforementioned features are characteristic of bi-functional, 'true' hydrocracking 

reactions. 

It emerges clearly from table 5.1 that if the 'ideal' shapes of carbon number distributions 

of the two types of hydrogenolysis reactions, 'non-selective' hydrogenolysis and methyl 

abstraction, introduced in section 1.4.2 (reproduced in figure 5.2) are combined as shown 

in figure 5.3, a similar shape is observed to that which was found within this study (see 

"Observed" in table 5.1 and figures 4.1 - 4.8, 4.10, 4.15, 4.19 and 4.23). 
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Table 5.1: Expected and Observed Results at Low to Medium Conversion for the Various Hydrocracking and Hydrogenolysis @ 
Mechanisms ~ 

'i:! 

Property Expected Observed ~ 
::ti 
~ 

'True' Hydrocracking Hydrogenolysis 
t:l 
~ 

Bi-Functional 'Pt - Type' Methyl Abstraction Q 

C1-Selectivity none equal to mid-carbon very high very high &3 
number range 8 

~ 

C2-Selectivity minimal equal to mid-carbon none equal to mid-carbon 
number range number range C11 

~ 

-l Cg-Selecti vity very low equal to mid-carbon none equal to mid-carbon ~ (0 

number range number range ~ 
0 

Mid-Carbon Number equally distributed equally distributed almost equally 
~ 

none ~ Range C4 - C lO distributed 
~ 
Q 

C4/C lO Molar Ratio 1 1 0 between 0.5 - 1.6 0 

~ 
Tail Ends very low - none equal to mid-carbon exponentially steeply increasing 

~ 
0 

mimicking C1-Cg number range increasing Q 

~ 
Degree of very high low none low g 
Isomerisation ~ 

Ci:l 
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5.2. HYDROCRACKING VS. HYDROGENOLYSIS CHAPTER 5. DISCUSSION 

2 3 

-- Hydrogenolysis - Successive Methyl Abstration 
•••••... Ideal Primary Hydrogenolysis - 'Platinum Type' 

4 5 6 7 8 9 10 11 

Carbon Number 

12 13 

Figure 5.2: Plots of both Successive Methyl Abstration and 'Non-Selective' Hydrogenolysis 
Carbon Number Distribution (reproduced from figures 1.12 and 1.14) 

The above attributes indicate a combination of essentially the following reactions: 

• Successive methyl abstraction hydrogenolysis reaction - due to the high selectivity 

of methane and increasing selectivities of products with carbon numbers above C lO 

• 'Non-selective' hydrogenolysis reaction - due to the almost equally distributed 

mid-carbon number range between C2-C lO 

It is important to note that, if 'true' bi-functional hydro cracking was taking place, more 

significant selectivities to isomers would be expected. This is due to the nature of the 

hydrocracking mechanism (refer to figures 1.4 and 1.6) which suggests that isomerisation 

occurs readily prior to cracking resulting in high degree of isomerisation before cracking 

even becomes significant (figure 5.4), which later is reflected in the products. The results 

showed, however, high preference for producing n-paraffinic cracking products over skeletal 

isomerised products, corresponding to figure 5.5. This further supports the conclusion that 

hydrogenolysis reactions are dominant in this study and corresponds to literature (see 

section 1.7.2) that suggests if a very high metal to acid ratio is present, hydrogenolysis 

reactions may predominate. 
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CHAPTER 5. DISCUSSION 5.2. HYDROCRACKING VS. HYDROGENOLYSIS 

2 3 4 5 6 7 8 9 10 11 12 13 
Carbon Number 

Figure 5.3: Combined Effect of Successive Methyl Abstraction and 'Non-Selective' 
Hydrogenolysis Carbon Number Distributions 

Isomerisation of 
Feed 

o~~============~ ________ ~ 
o 

Conversion 

Figure 5.4: Ideal 'True' Hydrocracking: Isomerisation and Cracking Yields over 
Bi-Functional Catalysts (Martens and Jacobs, 2001) 
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5.2. HYDROCRACKING VS. HYDROGENOLYSIS CHAPTER 5. DISCUSSION 
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Figure 5.5: Observed Isomerisation and Cracking Yields over 'Non-Selective' 
Hydrogenolysis Catalysts, such as, Group VIA and VIllA Mixed Metal Oxide Catalyst 

5.2.1 Contribution of Individual Catalyst Constituents 

The following section deals with the role of the individual constituents of the catalyst and 

their contribution to the composition and characteristics of the product. 

5.2.1.1 The Carrier - Isomerisation 

Even though a catalyst with an acid carrier, CoMo/Si02-AI20 3 , was chosen, it appears 

that the acidity of the carrier did not contribute significantly to the reactions that 

occured, though the comparably very low activity of the acid catalyst constituent may 

have contributed to the degree of isomerisation observed (see section 5.6). However, it 

cannot be said conclusively whether isomerisation was only due to the slight acidity of 

the catalyst carrier (i.e. formation and isomerisation of carbenium ions) or also a result 

of the 'non-selective' hydrogenolysis mechanism (with some isomerisation of the adsorbed 
radicals formed). 

82 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CHAPTER 5. DISCUSSION 5.2. HYDROCRACKING VS. HYDROGENOLYSIS 

5.2.1.2 Metallic Cobalt - Methanolysis 

Considering the catalyst composition employed (CoMo/Si02-AI20 3) and recognising that 

the catalyst is not present in the form of metal sulphides, as is commonly employed 

in refinery hydrocracking applications, it may be reasonable to ascribe the degree of 

methanolysis observed to the presence of free cobalt metal, in much the same way as 

has been reported for free cobalt-sulphide clusters in the case of sulphided CoMo-type 

hydroprocessing catalysts (Tops¢e et al., 1996). 

5.2.1.3 The CoMo-Oxide Phase - 'Non-Selective' Hydrogenolysis 

A CoMo-oxide phase is known not to differ significantly from a CoMo-sulphide phase in 

its catalytic properties in hydroprocessing reactions, see sections 1.4.2.3 and 1.4.2.4. 

So the product fraction represented by the almost equal carbon number distribution (at 

low conversion) in the middle range, C2-C IO , and its shift to lower carbon numbers due to 

secondary cracking at higher conversion can be attributed to 'non-selective' hydrogenolysis 

reactions over the CoMo-oxide phase. 

5.2.2 A Methanolysis Model 

To distinguish and explain the trends observed over the entire carbon number range, a 

simple model was formulated for the methyl abstraction hydrogenolysis mechanism. The 

model was set-up as follows: 

• The Cz/C13 molar ratio obtained from the results of the temperature series (see 

table 4.2) was used as a starting or convergence point for the modelling calculations 

• n-C14 , used as a basis, undergoes methyl abstraction to form methane and n-C13 

• Part of the n-C13 desorbs from the catalyst and leaves the system (fraction I-a) 

while the rest of the n-C13 stays adsorbed on the catalyst (fraction a) to undergo 

further methyl abstraction to form methane and n-C12 etc. (see figure 5.6) 

• The number of moles of methane that are produced equals: 

(5.1) 
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5.2. HYDROCRACKING VS. HYDROGENOLYSIS CHAPTER 5. DISCUSSION 

/ desorbs 

/l-a 
n-C 13 + CH4 

/ desorbs 

/l-a 
)10 n-C 12 + CH4 

stays ad,"'.d j a 

Figure 5.6: Schematic of the Successive Methyl Abstraction Model 
'a' represents the probability of the long fragment to stay adsorbed and be demethylated again 

i = carbon number of species 

ni = mols of species i 

+ n2 considers that the fragment obtained after methyl abstraction from C2 is 

another methane molecule 

• The fraction of the species that remains adsorbed, a, (see figure 5.6) was determined 

using Microsoft Excel's SOLVER converging towards the observed CdC13 molar 

ratio. The spreadsheet is given in Appendix A. 

• Note that the model does not include secondary methanolysis, i.e. further 

demethylation of the long fragment once desorbed. This is because the reactivities 

(mainly adsorption kinetics) of C13- compounds, relative to C14 , are unknown. In 

addition, products from the 'non-selective' hydrogenolysis mechanism produced over 

the CoMo-oxide phase were to be considered. The methanolysis model therefore only 

holds for low to medium conversion. 

The results of the above model, applied to the temperature series, are shown in figures 

5.7 and 5.8. 

The figure shows a trend that is very similar in shape to what was obtained experimentally 

(see figure 4.10), namely: 
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CHAPTER 5. DISCUSSION 5.2. HYDROCRACKING VS. HYDROGENOLYSIS 
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Figure 5.7: Modelled Carbon Number Distribution for the Methyl Abstraction Mechanism 
Based on the CI/C13 Molar Ratios Obtained from the Results of the Temperature Series 

(X=Conversion) 
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Figure 5.8: Modelled Carbon Number Distribution for the Methyl Abstraction 
Mechanism, in the C2-C12 range 

Based on the CI/C13 Molar Ratios Obtained from the Results of the Temperature Series 
(X=Conversion) 
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5.2. HYDROCRACKING VS. HYDROGENOLYSIS CHAPTER 5. DISCUSSION 
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Figure 5.9: a-Values Resulting from the Methanolysis Model Applied on the Product 
from Hydrocracking of n-C14 at Different Temperatures and Conversions, respectively 

• very high selectivities of methane 

• high tail ends at low to medium conversion 

This indicates that carbon number distributions as observed in this study, particularly 

at low Hdn-C14 ratios (see e.g. figure 4.4) are mainly due to the methyl abstraction 

mechanism. Differences between the model and the observed trends, i.e. a higher and 

more equal level in the mid and low carbon number range can then be attributed to 

the 'non-selective' hydrogenolysis mechanism (see figure 4.10 for the carbon number 

distributions obtained from the temperature series or the almost 'ideal' curves in figure 

4.2 observed from the settling in to steady state in a space velocity experiment). 

The model seems to show, additionally, that the methyl abstraction mechanism also 

contributes to secondary cracking as there seems to be an indication of increased 

selectivities to lower carbon number fragments at higher temperatures i.e. higher 

conversions (see the modelled 330°C and 340°C series in figures 5.7 and 5.8) 

with aforementioned trends seemingly becoming apparent at high conversion in the 

experimental results (see figure 4.10, obtained from the temperature series and, almost 

'ideal', figure 4.15). 
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CHAPTER 5. DISCUSSION 5.3. CONVERSION AND SELECTIVITY 

However, as mentioned above, the kinetic methyl abstraction model, equation (5.1), does 

not contain terms that consider secondary reaction steps. So, when applied on very high 

CdC13 molar ratios as obtained at high temperature, i.e. high conversion, pseudo a-values 

result as shown in figure 5.9 

a is the fraction of the long fragment from a methanolysis step that stays adsorbed on the 

catalyst to undergo further methyl abstraction (see figure 5.6). a-values approaching unity 

cannot be considered as being real. Also, the result of excessive secondary methanolysis 

would clearly not result in an equal carbon number distribution, C2-C13 , as resulting from 

the model for high conversion (see figure 5.7) and a-values approaching their upper limit 

of 1 (figure 5.9). 

It can be concluded that a-values obtained at low to medium conversion (300 and 310°C 

in figure 5.9) eventually represent primary methanolysis. This means that about one third 

of the long fragment stays adsorbed and undergoes further methyl abstraction. 

5.2.3 Mid-Carbon Number Range Distribution 

Another feature that was observed, was some preference for medium carbon numbers in 

the cracked product (i.e. around C6-C7) suggesting that the 'non-selective' hydrogenolysis 

function of the catalyst shows some preference for cleaving centrally situated bonds 

resulting in a 'hump-like' shape. However, a combination of the carbon number 

distributions obtained from methanolysis at conversions <99% (see figures 5.7 and 5.8) 

and secondary hydrogenolysis of the higher carbon number product may produce this 

'hump like' shape as well. 

5.3 Conversion and Selectivity 

It was seen in the results, that a change in the process conditions had a significant effect 

on the conversion (see tables 4.2 - 4.5 and figures 4.9, 4.14, 4.18 and 4.22). 

Indeed, figures 5.11 - 5.15 clearly indicate that the major or only influence on selectivities 

is by conversion and that there is no or very little direct influence of the process conditions 

on the selectivity except via conversion. A remarkable influence, to some extent, is only 

observed when the H2/n-C14 molar ratio is very high (as for the temperature series, see 

table 4.1). 
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Figure 5.10: C1-Cg Selectivity for Different Series of Experiments 
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Figure 5.11: CH4 Selectivity for Different Series of Experiments 

88 



Univ
ers

ity
 of

  C
ap

e T
ow

n
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Figure 5.12: Cll-C13 Selectivity for Different Series of Experiments 

100r_----------r_---------,,----------,,----------, 

- Temperature 
---.-_. Pressure 
... ~ ... LHSV 

75 

(5 
E :::::: 
0 
E 
cS 50 ;; 
I'll 
IX: 

.... <'l 

cS 
........... ... ........ 

______ --__ --_;;;f:{ :~': :;----------------------------- .. 
o ~====:::L.'!===~~====~ 

...... 
cS 

25 

o 25 50 75 100 
Conversion, % 

Figure 5.13: CI/C13 Molar Ratio for Different Series of Experiments 
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Figure 5.14: C4/C lO Molar Ratio for Different Series of Experiments 
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Figure 5.15: Total Isomer Selectivity for Different Series of Experiments 
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CHAPTER 5. DISCUSSION 5.4. REACTION CONDITIONS VS. CONVERSION 

Results show that with increasing conversion there was an increased light gas (C1-C3) 

selectivity especially in methane (see figures 5.10 and 5.11) and decreasing CU -Cl3 

selectivity (see figure 5.12). With this observation a shift in the mid-carbon number 

range to the lower carbon number range was also observed as indicated by increasing 

CdC13 and C4/C lO ratios (see figures 5.13 and 5.14). Similar trends appear in figures 

4.10 and 4.11 and table 4.2 where conversion is increased by increasing temperature. 

The above indicates that with increasing n-C14 conversion there is a shift from primary 

cracking to secondary cracking. 

Note the apparent paradox that C1 selectivity is lower at very high H2/n-C14 molar ratios 

as was applied for the temperature series (molar H2/n-C14 ratio of 116 instead of 10 for 

the majority of the other experiments, see figure 5.11). 

Figure 5.15 shows that the degree of isomerisation increases significantly with increasing 

conversion, however still at very low levels <5 mol%. Apparently, a very low H2/n-C14 

ratio (3 mol/mol represented by the data point at 46.9%) accelerates isomerisation. 

5.4 Effect of Reaction Conditions on Conversion 

The temperature series showed increasing conversion with an increase in reaction 

temperature (see figure 4.9), as expected. Also, as expected, a decrease in space velocity 

resulted in an increase in conversion (see figure 4.18). 

Pressure and H2/n-C14 ratio experiments showed a decreasing conversion with an increase 

in total pressure (figure 4.14) and an increasing conversion with an increase in H2/n-C14 

ratio (see figure 4.22). The former trend was not expected. However, the picture 

changes when conversion is plotted as a function of partial pressures (figures 5.16 - 5.19). 

Hydrocracking literature indicates that an increase in hydrogen partial pressure would 

result in an increase in conversion (see section 1.6.3.2). This was also observed when the 

H2 partial pressure increased due to increasing the H2/n-C14 ratio (figure 5.18) but not 

as a result of increasing the total pressure (figure 5.19). In contrast, conversion changes 

were consistent when increasing the n-C14 partial pressure (i.e. by both decrease of the 

H2/n-C14 ratio as well as increase of the total pressure, see figure 5.16 and 5.17). 

Therefore the pressure effect that is observed in this study is not a result of hydrogen 

partial pressure, but is rather a result of the n-C14 partial pressure. It appears, as if the 

adsorbed n-C14 species are inhibiting the hydrogenolysis reactions. 
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Figure 5.16: Effect of n-C14 Partial Pressure on Conversion: Molar Ratio Experiments 
T=330°C, P=40 bar, LHSV=O,5 h-1 
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Figure 5.17: Effect of n-C14 Partial Pressure on Conversion: Pressure Experiments 
T=330°C, LHSV=1.3 h-1, H:z/n-C14=1O mol/mol 
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Figure 5.18: Effect of the H2 Partial Pressure on Conversion: Molar Ratio Experiments 
T=330°C, P=40 bar, LHSV=O.5 h-1 

100~--------~-----------r----------~--------~ 

75 

'$. 
c::: 
0 
'j!! 50 
Ql ::-
c: 
0 
U 

25 

Ob---------~-----------L----------~--------~ o m ~ ~ 00 
H2 Partial Pressure, bar 

Figure 5.19: Effect of the H2 Partial Pressure on Conversion: Pressure Experiments 
T=330°C, LHSV=1.3 h-1, H2/n-C14=10 mol/mol 
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5.5. N-C14 ADSORPTION EFFECTS CHAPTER 5. DISCUSSION 

5.5 n-C14 Adsorption Effects 

Some results appear to be a paradox. Firstly, high n-C14 partial pressures reduce 

conversion, with n-C14 apparently having an inhibiting effect. Such inhibiting effects are 

usually associated with high occupation of the catalyst surface by the respective species. 

This is not a surprise since many of the experiments were carried out in mixed phase, i.e. 

with some liquid feed present in the catalyst bed (see table 4.1) or at conditions where 

the bulk fluid phase is vapour but capillary condensation may still occur in the pores of 

the catalyst. 

Secondly, low C1 selectivity is observed at high H2/n-C14 ratios i.e. very low n-C14 partial 

pressure. It can be speculated in accordance to Sinfelt (1973), see section 1.4.2.1, that 

'non-selective' hydrogenolysis, which results in random bond cleavage over the length 

of the chain, requires spatially demanding, 'flat' adsorption with a double bond at the 

central part of the hydrocarbon chain on the catalyst surface, whereas for demethylation 

the carbon chain might be adsorbed with a double bond at the terminal carbon, i.e. 

almost perpendicularly to the catalyst surface and in that way requiring less space. Under 

conditions of high surface occupancy by n-C14 , i.e. at high n-C14 partial pressure, the 

'non-selective' hydrogenolysis mechanism would be suppressed resulting in preference for 

the methanolysis mechanism, i.e. higher C1 selectivity. 

Finally, methane selectivity does not increase with increasing temperature (as long as 

conversion is <99%), as one might expect (see table 4.2 and figure 5.11). Accelerated 

methane formation at higher temperature may be balanced by accelarated 'non-selective' 

cracking due to the reduced occupation of the catalyst surface. 

The three phenomena addressed above are consistent, supporting the conclusion of high 

surface occupancy by n-C14 at high n-C14 partial pressure. 

94 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CHAPTER 5. DISCUSSION 5.6. ISOMERISATION 

5.6 Isomerisation 

Increasing selectivity to skeletal isomers was observed with decreasing H2/n-C14 ratio 

(table 4.2, 330°C data and table 4.5). The lower the H2/n-C14 ratio, i.e. the hydrogen 

partial pressure, the higher the equilibrium partial pressure of olefins in the reaction 

system, see figure 5.1. Since olefins are reactive over the acid constituent of the catalyst, 

namely the Si02-A120 3 carrier, acid catalysed isomerisation and possibly acid catalysed 

isomerisation/cracking (for the mechanism see figures 1.4 and 1.6) are accelerated at 

low H2/n-C14 ratios (see figure 5.4 and section 5.2) resulting in higher branching of the 

product. 
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Conclusions 6 
With increasingly stringent legislation in respect of transportation fuel specifications, a 

growing demand for high quality diesel fuel is likely to be met by synthetic production 

via proposed GTL plants based on F-T synthesis of heavy hydrocarbon wax followed 

by hydrocracking of the wax. As this feedstock differs substantially from conventional 

refinery feedstocks, existing hydrocracking catalysts and processes are not necessarily 

optimized for use in the GTL environment. Consequently, and recognising the high value 

of wax feedstock to the GTL hydro cracking stage, selective wax hydrocracking presents a 

significant opportunity for improving overall GTL performance. 

Non-sulphided conventional hydro cracking catalysts, such as CoMo/Si02-Al20 3 , proved 

suitable for F-T wax hydrocracking, although the mechanism appears to be hydrogenolysis 

and hydrogenolytic methyl abstraction ('methanolysis') rather than 'true', acid catalysed 

hydrocracking. It must be noted that due to the application of the catalyst in its 

non-sulphided form, no sulphur is introduced to the product. 

The high yields of linear paraffins observed in the mid-carbon number range (C4 - ClO), 

due to minimal isomerisation through the hydrogenolysis mechanism, would be of interest 

to high cetane number distillate fuel production from F-T wax. The challenge, therefore, 

may be to optimise the catalyst in its pretreatment, i.e. avoid/minimise the presence of 

metallic cobalt, and to optimise reaction conditions (eventually by keeping once through 

conversion somewhat below 100%) so as to avoid additionally observed high methane and 

light gas yields which correspond to undesired fuel gas and undesired poor quality gasoline 

(naphtha) in the case of wax feedstock. 

97 



Univ
ers

ity
 of

  C
ap

e T
ow

n

CHAPTER 6. CONCLUffiONS 

98 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Bibliography 

F. Alvarez, F. R. Ribeiro, G. Perot, C. Thomazeau, and M. Guisnet. Hydroisomerization 

and hydro cracking of alkanes. Journal of Catalysis, 162:179-189, 1996. 

J. R. Anderson and N. R. Avery. Mechanism of isomerization of aliphatic hydrocarbons 

at a platinum surface. Journal of Catalysis, 7:315-323, 1967. 

K. Andrews, F. M. Anderson, A. Baronova, H. Horth, N. Kilde, H. V. Larsen, and 

T. Zabel. Study on investment and employment related to EU policy on air, water and 

waste. Technical report, European Commission Directorate General - Environment, 

WRc Medmenham, Henley Road, Medmenham, Marlow, Bucks, SL7 2HD, 2000. Final 

report annex 1, Best estimates of costs. 

R. C. Archibald, B. S. Greensfeider, G. Holzman, and D. H. Rowe. Catalytic hydro cracking 

of aliphatic hydrocarbons. Industrial Engineering Chemistry, 52:745, 1960. 

P. W. Atkins. Physical Chemistry. Oxford University Press, Oxford (England), 5th edition, 

1994. 

A. Cimino, M. Boudart, and H. S. Taylor. Ethane hydrogenation-cracking on iron catalysts 

with and without alkali. Journal of Physical Chemistry, 58:796-800, 1954. 

H. L. Coonradt and W. E. Garwood. Mechanism of hydro cracking. Reactions of paraffins 

and oletins. Industrial Engineering Chemistry, 3:38-45, 1964. 

M. J. Corke. GTL technologies focus on lowering costs. Oil & Gas Journal, (9) 1998. 

T. E. Daubert and R. P. Danner. Physical and thermodynamic properties of pure 

chemicals: data compilations. Hemisphere Pub. Corp, New York, 1989. 

M. E. Dry. High quality diesel via the Fischer-Tropsch process - A review. Journal of 

Chemical Technology and Biotechnology, 77:43-50, 2001. 

M. E. Dry. Practical and theoretical aspects of the catalytic Fischer-Tropsch process. 

Applied Catalysis A: General, 138:319-344, 1996. 

99 



Univ
ers

ity
 of

  C
ap

e T
ow

n

BIBLIOGRAPHY BIBLIOGRAPHY 

M. E. Dry. Chemical concepts used for engineering purposes. Studies in Surface Science 

and Catalysis, 152:196-257, 2004. 

P. Dufresne, P.H. Bigeard, and A. Billion. New developments in hydrocracking: low 

pressure high-conversion hydrocracking. Catalysis Today, 1:367-384, 1987. 

H.-D. Eichhorn. Die Umsetzung von Chinolin und Wasserstoff an 

Nickel-Wolfram-Aluminiumoxid-Katalysatoren (The conversion of quinoline and 

hydrogen over nickel-tungsten-alumina catalysts). PhD Thesis, University of 

Karlsruhe, Germany, 1979. 

J. Eilers, S. A. Posthuma, and S. T. Sie. The Shell middle distillate synthesis process 

(SMDS). Catalysis Letters, 7:253-270, 1990. 

L. Fernandez and A. A. Keller. Cost-benefit analysis of methyl tert-butyl ether and 

alternative gasoline formulations. Environmental Science (3 Policy, 3:173-188, 2000. 

J. P. Franck and J. F. Le Page. Catalysts for the hydrocracking of heavy gas oils into 

middle distillates. Studies in Surface Science and Catalysis, 7:792-803, 1981. 

G. F. Froment. Kinetics of the hydroisomerization and hydrocracking of paraffins on a 

platinum containing bifunctional Y-zeolite. Catalysis Today, 1:455-473, 1987. 

B. C. Gates, J. R. Katzer, and G. C. A. Schuit. Chemistry of catalytic processes. Chemical 

Engineering Series. McGraw-Hill, New York, 1979. 

C. Kemball and H. S. Taylor. The catalytic decomposition of ethane and ethane hydrogen 

mixtures. Journal of American Chemical Society, 70:348-351, 1948. 

C. E. Maier, P. H. Bigeard, J. Lemaire, and J. Taoka. NPRA Annual Meeting, San 

Antonio Texas, 1984. 

C. Marcilly and J. P. Franck. Use of zeolite containing catalysts in hydrocracking. Studies 

in Surface Science and Catalysis, 5:93-104, 1980. 

J. A. Martens and P. A. Jacobs. Introduction to acid catalysis with zeolites in hydrocarbon 

reactions. Studies in Surface Science and Catalysis, 137:633-671, 2001. 

1. E. Maxwell. Zeolite catalysis in hydroprocessing technology. Catalysis Today, 1:385-413, 

1987. 

100 



Univ
ers

ity
 of

  C
ap

e T
ow

n

BIBLIOGRAPHY BIBLIOGRAPHY 

J. A. Munoz Arroyo, G. G. Martens, G. F. Froment, G. B. Marin, P. A. Jacobs, and J. A. 

Martens. Hydrocracking and isomerisation of n-paraffin mixtures and a hydrotreated 

gasoil on Pt/ZSM-22: confirmation of pore mouth and key-lock catalysis in liquid phase. 

Applied Catalysis A: General, 192:9-22, 2000. 

S. 1. Sandler. Chemical and engineering thermodynamics. Wiley, New York, 1989. 

J. Scherzer and A. J. Gruia. Hydrocracking Science and Technology. Dekker, New York, 

1996. 

H. Schulz and H.-D. Eichhorn. Hydrogenative quinoline denitrification on 

nickel-tungsten-alumina. Studies in Surface Science and Catalysis, 7:1474-1475, 1981. 

H. Schulz and N. M. Rahman. Elementary steps of hydrogenative sulphur-, nitrogen- and 

oxygen-removal from organic compounds on sulphided catalysts. Studies in Surface 

Science and Catalysis, 75:585-596, 1993. 

H. Schulz, M. Schon, D. Eichhorn, and N. M. Rahman. Comparative study of 

hydrogenative cleavage of nitrogen from quinoline and isoquinoline. Chemie Ingenieur 

Technik, 59:148-152, 1987. 

J. M. Schweitzer, P. Galtier, and D. Schweich. A single events kinetic model for the 

hydrocracking of paraffins in a three-phase reactor. Chemical Engineering Science, 54: 

2441-2452, 1999. 

SET Laboratories Inc. http://TifWTiI.setlaboratories.com/hydrocra . htm, 2002. Last 

visited June 2002. 

P. P. Shah, G. C. Sturtevant, J. H. Gregor, M. J Humbach, F. G. Padrta, and 

K. Z. Steigleder. Fischer-Tropsch wax characterisation and upgrading: Final report. 

Technical report, U.S. Department of Energy, Pittsburgh Energy Technology Center, 

Pittsburgh, Pennsylvania, 6 June 1988. By UOP Inc., Des Plaines, Illinois, and 

Allied-Signal Engineering Materials Research Center, Des Plaines, Illinois. 

S. T. Sie, M. M. G. Senden, and H. M. H. van Wechem. Conversion of natural gas to 

transportation fuels via the Shell Middle Distillate Synthesis Process (SMDS). Catalysis 

Today, 8:371-394, 1991. 

J. H. Sinfelt. Specificity in catalytic hydrogenolysis by metals. Advances in Catalysis, 23: 

91-119, 1973. 

101 



Univ
ers

ity
 of

  C
ap

e T
ow

n

BIBLIOGRAPHY BIBLIOGRAPHY 

J. H. Sinfelt. Catalytic hydrogenolysis over supported metals. Catalysis Reviews, 3: 

175-205, 1969. 

J. W. M. Sonnemans, F. J. Plantenga, P. H. Desai, V. J. D'Amico, and P. H. Dixon. Mild 

hydrocracking of heavy oils in the eighties. Technical report, Akzo Chern. Nederland -

Ketjen Catal., Amsterdam, Neth. Natl. Pet. Refiners Assoc., 1984. 

D. R. Stull, E. F. Westrum Jr., and C. S. Gerard. The chemical thermodynamics of 

organic compounds. Wiley, New York, 1969. 

S. C. Thompson and J. F. Mathews. Characterisation of hydro-cracking catalysts by 

acidity measurement. Applied Catalysis, 47:45-57, 1989. 

H. Tops¢e, B. S. Clausen, and F. E. Massoth. Hydrotreating catalysis. Catalysis - Science 

and Technology, 11:29-33, 1996. 

UOP. Diesel fuel - specifications and demand for the 21 IJt century. 

http://www.uop.com/solutions_and_innovations/issues&solutions/UOPDieselfuel.pdf, 

1998. Last visited August 2002. 

http://www.cheresources.com/refining5.shtml.Students·guide to refining, 2004. 

Last visited January 2005. 

G. E. Weismantel. Petroleum Processing Handbook. Dekker, New York, 1992. 

J. Weitkamp, P. A. Jacobs, and J. A. Martens. Isomerization and hydrocracking of C9 

through C16 n-alkanes on platinum/HZSM-5 zeolite. Applied Catalysis, 8:123, 1983. 

102 



Univ
ers

ity
 of

  C
ap

e T
ow

n

APPENDICES 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Methanolysis Model 

• Results of Methyl Abstraction Hydrogenolysis Model (section 5.2.2) 

tables A.I (300°C, 310°C and 320°C) and A.2 (330°C and 340°C) 

• Normalised Selectivity Results of the Methyl Abstraction Model 

table A.3 

A - I 

A 
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Table A.1: Results of Methyl Abstraction Hydrogenolysis Model: 300°C, 310°C and 320°C 

Temperature* 300°C 310°C 320°C 
Adsorbed Desorbed° C1#0 Adsorbed Desorbedo C1#0 Adsorbed Desorbed° C1#0 

Carbon mols mols mols mols mols mols mols mols mols 
1 1.549 1.549 1.449 1.449 1.732 1.732 
2 0.00000 0.00001 0.00009 0.00000 0.00000 0.00002 0.00003 0.00004 0.00053 
3 0.00001 0.00002 0.00022 0.00000 0.00001 0.00006 0.00008 0.00010 0.00115 
4 0.00003 0.00006 0.00057 0.00001 0.00002 0.00018 0.00018 0.00025 0.00248 
5 0.00009 0.00016 0.00145 0.00003 0.00006 0.00053 0.00043 0.00059 0.00529 
6 0.00025 0.00045 0.00363 0.00009 0.00019 0.00152 0.00102 0.00139 0.01112 
7 0.00070 0.00128 0.00897 0.00027 0.00061 0.00428 0.00241 0.00329 0.02303 
8 0.00198 0.00361 0.02168 0.00089 0.00197 0.01184 0.00570 0.00779 0.04671 
9 0.00560 0.01019 0.05097 0.00286 0.00637 0.03184 0.01348 0.01842 0.09210 

:> 10 0.01579 0.02876 0.11503 0.00923 0.02054 0.08218 0.03191 0.04359 0.17434 
11 0.04455 0.08112 0.24336 0.02977 0.06629 0.19886 0.07549 0.10313 0.30939 :;t.. 

l'-' '-0 
12 0.12567 0.22883 0.45766 0.09606 0.21387 0.42775 0.17862 0.24401 0.48803 ~ 
13 0.35450 0.64550 0.64550 0.30993 0.69007 0.69007 0.42264 0.57736 0.57736 @ 
14 1 1 1 

~ Calculated C1/C13** 2.40 2.10 3.00 :;t.. 
Measured Ct/C13** 2.40 2.10 3.00 
Absolute Error 5.08E-08 1. 76E-05 6.53E-05 ~ 
Alpha (0:) 0.35 0.31 0.42 

~ Sum Mols 2.55 2.45 2.73 ).: 

#C1 = Mols methane formed g 
*Reaction temperature 

**Molar Ratio ~ 
° To columns desorbed mols and Cl formed mols: 

t;j 

Note that 1 mol of C13 desorbed corresponds to 1 mol of C1 formed. 1 mol of C12 desorbed corresponds to 2 mols of C1 formed, g 
and so on, C14 - C i + (14-i)C1 (according to equation 5.1, section 5.2.2) 

~ 
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Table A.2: Results of Methyl Abstraction Hydrogenolysis Model: 330°C and 340°C 

Temperature* 330°C 340°C 350°Cx 
Adsorbed Desorbed° CI#o Adsorbed Desorbedo C1#o 

Carbon mols mols mols mols mols mols 
1 2.838 2.838 2.168 2.168 
2 0.00612 0.00324 0.03885 0.68886 0.02173 0.26078 
3 0.00935 0.00495 0.05445 0.71059 0.02242 0.24659 
4 0.01430 0.00757 0.07570 0.73301 0.02312 0.23125 
5 0.02187 0.01157 0.10417 0.75613 0.02385 0.21469 
6 0.03345 0.01770 0.14160 0.77998 0.02461 0.19685 
7 0.05115 0.02707 0.18946 0.80459 0.02538 0.17768 
8 0.07822 0.04139 0.24833 0.82997 0.02618 0.15710 
9 0.11960 0.06329 0.31644 0.85616 0.02701 0.13505 
10 0.18289 0.09678 0.38711 0.88317 0.02786 0.11145 

:> 11 0.27967 0.14799 0.44397 0.91103 0.02874 0.08622 
C...:I 12 0.42766 0.22630 0.45260 0.93977 0.02965 0.05929 

13 0.65396 0.34604 0.34604 0.96942 0.03058 0.03058 
14 1 1 
Calc. CI/C13** 8.20 70.90 
Actual CI/CI3** 8.20 70.90 
Absolute Error 1. 34E-05 2.37E-05 
Alpha 0.65 0.97 
Sum Mols 3.83 2.48 

#C1 = Mols methane formed 
*Reaction temperature 

XNo CI3 compounds found in the product anymore 
**Molar Ratio 

o To columns desorbed mols and C1 formed mols: 
Note that 1 mol of C13 desorbed corresponds to 1 mol of C1 formed. 1 mol of C12 desorbed corresponds to 2 mols of C1 formed, 

and so on, C14 -t C i + (14-i)C1 (accor9.ing to equation 5.1, section 5.2.2) 
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APPENDIX A. METHANOLYSIS MODEL 

Table A.3: Normalised Selectivity Results of the Methyl Abstraction Model 

Carbon 300°C 310°C 320°C 330°C 340°C 
1 60.77 59.17 63.40 74.06 87.45 
2 0.00 0.00 0.00 0.08 0.88 
3 0.00 0.00 0.00 0.13 0.90 
4 0.00 0.00 0.01 0.20 0.93 
5 0.01 0.00 0.02 0.30 0.96 
6 0.02 0.01 0.05 0.46 0.99 
7 0.05 0.02 0.12 0.71 1.02 
8 0.14 0.08 0.28 1.08 1.06 
9 0.40 0.26 0.67 1.65 1.09 

10 1.13 0.84 1.60 2.53 1.12 
11 3.18 2.71 3.77 3.86 1.16 
12 8.98 8.73 8.93 5.91 1.20 
13 25.32 28.18 21.13 9.03 1.23 

Total 100.00 100.00 100.00 100.00 100.00 

A - 4 
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Calculations B 
• Thermodynamic Equilibrium Data for Paraffins Hydrocracking, table B.l 

• Dilution Rates, table B.2 

• Reaction Phase Calculations, tables B.3 - B.8 

- Assumes ideal gas 

- Assumes only n-C14 present with no lights (crude approach based on the boiling 

point of n-C14) 

• Thermodynamic Equilibrium Calculations of Olefins Concentration in the Product, 

table B.7 

B-1 
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APPENDIX B. CALCULATIONS 

Only the overall reaction scheme was considered for thermodynamic evaluation of the 
# 

hydro cracking of n-paraffins. The following reaction was taken as an example: 

(B.l) 

(B.2) 

~GR = 2 ~a;,n-C7 - ~G"n-C14 (B.3) 

x=M 1 + 1-K 

(B.4) 

B-2 
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APPENDIX B. CALCULATIONS 

Table B.1: Xhermodynamic Equilibrium Data for Paraffins Hydrocracking at 1/1 Molar 
H2/n-C14 Feed Ratio (thermodynamic data from Daubert and Danner, 1989) 

T,OC 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 

T,K 
423 
433 
443 
453 
463 
473 
483 
493 
503 
513 
523 
533 
543 
553 
563 
573 
583 
593 
603 
613 
623 
633 
643 
653 
663 
673 

K(T) 
2.67E+06 
2.00E+06 
1.52E+06 
1. 16E+06 
9.04E+05 
7.lOE+05 
5.63E+05 
4.51E+05 
3.64E+05 
2.97E+05 
2.44E+05 
2.02E+05 
1. 68E+05 
1.41E+05 
1. 19E+05 
1. 01 E+05 
8.60E+04 
7.38E+04 
6.36E+04 
5.52E+04 
4.80E+04 
4.20E+04 
3.69E+04 
3.25E+04 
2.88E+04 
2.55E+04 

Xcrack,eq 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

Table B.2: Calculated Minimum Dilution Gas Flow Rates for Varying n-C14 Space Velocity 
Based on eq. (3.1), section 3.5.1 

(Note that the dilution gas flow rate is made up by both feed hydrogen flow and dilution 
hydrogen flow. Also note that no additional dilution was required when running at high 

H2/n-C14 molar ratio of 116:1. Dilution gas flow rate was kept just high enough to 
maintain pressure control) 

LHSV (h 1) 
0.2 
0.5 
1.0 
1.3 

Dilution Gas Flow Rate (seem) 

B-3 

86 
215 
430 
560 
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APPENDIX B. CALCULATIONS 

Reaction phase calculations: 

II Assumes ideal gas 

II Assumes only n-C14 present with no lights (crude approach based on the boiling 

point of n-C14) 

Phase calculations are based on the following formula (Daubert and Danner, 1989): 

Pvap(T) = exp { A + ~ + C . In(T) + DT2 } (B.5) 

A = 140.47 

B = - 1.3231 X 104 

C = - 16.859 

D = 6.5877x10-6 

The criterion in this crude approach for having pure gas/vapour phase or a mixed phase 

containing liquid n-C14 , was the presence of n-C14 at the reaction temperature being higher 

or lower of what results at the calculated partial pressure of the pure compound. 

B-4 
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APPENDIX B. CALCULATIONS 

Table B.3: Phase Calculations for Temperature Reactions (Rep = reproduction) 

Temperature 300 310 320 330 340 350 350 Rep 320 Rep 
Pressure 80 80 80 80 80 80 80 80 

LHSV 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Molar Ratio 116 116 116 116 116 116 116 116 

PH2 79.3 79.3 79.3 79.3 79.3 79.3 79.3 79.3 
PCu in 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

P C14 out 0.6 0.4 0.1 0.0 0.0 0.0 0.0 0.1 
P~~~ (T) 2.6 3.1 3.7 4.4 5.2 6.0 6.0 3.7 

Phase in vapour vapour vapour vapour vapour vapour vapour vapour 
Phase out vapour vapour vapour vapour vapour vapour vapour vapour 

Table B.4: Phase Calculations ,for Pressure Reactions (Rep = reproduction) 

Temperature 330 330 330 330 Rep1 330 Rep2 
Pressure 80 40 20 40 40 

LHSV 1.3 1.3 1.3 1.3 1.3 
Molar Ratio 10 10 10 10 10 

P H2 72.0 36.0 18.0 36.0 36.0 
P Cu in 8.0 4.0 2.0 4.0 4.0 

P C14 out 6.4 1.3 0.0 0.5 1.4 
pvap (T) 

Cu. 4.4 4.4 4.4 4.4 4.4 

Phase in mixed mixed vapour mixed mixed 
Phase out mixed vapour vapour vapour vapour 

Table B.5: Phase Calculations for Space Velocity Reactions 

Temperature 330 330 330 
Pressure 40 40 40 

LHSV 1.3 1.0 0.5 
Molar Ratio 10 10 10 

PH2 36.0 36.0 36.0 
P C14 in 4.0 4.0 4.0 

PCa out 1.3 0.6 0.7 
PQ:~ (T) 4.4 4.4 4.4 

Phase in mixed mixed mixed 
Phase out vapour vapour vapour 

B - 5 
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APPENDIX B. CALCULATIONS 

Table B.6: Phase Calculations for Hdn-C14 Molar Ratio Reactions (Rep = reproduction) 

Temperature 330 330 330 330 Rep 
Pressure 40 40 40 40 

LHSV 0.5 0.5 0.5 0.5 
Molar Ratio 3 10 30 3 

P H2 26.7 36.0 38.7 26.7 
PC14 in 13.3 4.0 1.3 13.3 

PCu out 4.2 0.7 0.0 8.1 
pvap (T) 

C!4, 4.4 4.4 4.4 4.4 

Phase in mixed mixed vapour mixed 
Phase out vapour vapour vapour mixed 

Table B.7: Calculated Thermodynamic Equilibrium Concentration of Olefins, expressed 
as 1-0Iefin/n-Paraffin Molar Ratio for the Example in the C4 Fraction 

Pressure PI-Butene / P n-Butane Molar Ratio 
bar 350°C 340°C 330°C 320°C 310°C 300°C 
15 1.01E-05 6.67E-06 4.37E-06 2.83E-06 1.80E-06 1. 13E-06 
20 7. 55E-06 5.0lE-06 3.28E-06 2. 12E-06 1.35E-06 8.50E-07 
25 6.04E-06 4.00E-06 2.62E-06 1.70E-06 1.08E-06 6.80E-07 
30 5.03E-06 3.34E-06 2. 18E-06 1.41E-06 9.02E-07 5.67E-07 
35 4.31E-06 2.86E-06 1. 87E-06 1.21E-06 7. 73E-07 4.86E-07 
40 3.77E-06 2.50E-06 1. 64E-06 1.06E-06 6. 77E-07 4.25E-07 
45 3.35E-06 2.22E-06 1.46E-06 9.42E-07 6.01E-07 3.78E-07 
50 3.02E-06 2.00E-06 1.31E-06 8.48E-07 5.41E-07 3.40E-07 
55 2. 74E-06 1. 82E-06 1.19E-06 7.71E-07 4.92E-07 3.09E-07 
60 2.52E-06 1. 67E-06 1.09E-06 7.07E-07 4.51E-07 2.83E-07 
65 2.32E-06 1. 54E-06 1. 01 E-06 6.52E-07 4.16E-07 2.62E-07 
70 2. 16E-06 1.43E-06 9.36E-07 6.06E-07 3.87E-07 2.43E-07 
75 2.0lE-06 1.33E-06 8. 74E-07 5.65E-07 3.61E-07 2.27E-07 
80 1. 89E-06 1.25E-06 8. 19E-07 5.30E-07 3.38E-07 2. 13E-07 

B-6 
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APPENDIX B. CALCULATIONS 

Thermodynamic Equilibrium Concentration of Olefins. 

As an example the I-butene/n-butane ratio is calculated (thermodynamic data, 
.6.G,(T), obtained from Stull et al., 1969 and calculations based on Sandler, 1989) 

(B.6) 

(B.7) 

(B.8) 

(B.9) 

Table B.8: Phase Calculations for Conditions Screening Reactions (Rep = reproduction) 

Temperature 320 330 350 330 Rep 350 
Pressure 80 80 80 80 40 

LHSV 1.3 1.3 1.3. 1.3 1.3 
Molar Ratio 10 10 10 10 10 

PH2 72.0 72.0 72.0 72.0 36.0 
PC14 in 8.0 8.0 8.0 8.0 4.0 

PCl4 out 7.2 6.4 1.7 7.0 0.0 
P~~ (T) 3.7 4.4 6.0 4.4 6.0 

Phase in mixed mixed mixed mixed vapour 
Phase out mixed mixed mixed 

B-7 
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APPENDIX B. CALCULATIONS 
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eactor Temperature Profiles c 
• Temperature Profiles over Reactor at: 

c - 1 
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ilPPF.:,\'DrX C. HEACTOR TEMPERA TUllE PROFILES 

T,\bl~ C.l: Oat" of T crnpcril.t.nre Profiles Over lteador Length " C€rtain Sd 
T~IJll'c[aturcs 

(bold mnnlwrs inrlic"t ~ th~ position or tlle cat<J.ly"c bed) 

Lengt.h 35O"'C 3.,)()"C REp· :J:JO"C :J~O"C ltEl'" 

0 :}.5J 3.53 :>32 ~2<J 

1 352 353 332 329 
2 :'I.~3 3.~3 332 ~2<J 

" :JCi~ :JCi~ 33:J '" 4 354 3~3 333 329 
,\ 3M 352 3.,2 3~9 

\ :JCi4 :J~2 331 3~9 

7 353 351 330 329 
8 3.53 351 329 329 
0 35~ :J~l 3~8 3~9 

10 352 350 328 329 
11 3.~2 3.~0 328 329 
l~ :JCi2 3.19 328 329 
13 352 :J49 3~8 3~9 

11 352 349 328 329 
15 3.~2 350 328 329 
16 352 350 3'8 330 

" 352 350 328 330 
18 352 :1.~O 328 330 
19 352 350 328 330 
20 3.~2 350 328 330 

" 3.52 3\0 329 330 
22 35~ 30() :J2"'cl :J~1 

2~ 35~ 3\0 ~29 331 
14 35~ 3\0 330 332 
2Ci 35~ 3\0 3~0 332 
2(j 35~ 3\0 330 332 
27 ~5~ 30() :J~O :}32 
28 3~2 30() :J29 :J:Jl 
29 35~ 30() :J17 :J29 
30 :-152 349 324 321 
31 352 347 323 326 
32 352 346 31cl 322 
33 352 344 312 316 
34 352 340 300 310 
35 %2 338 :JOO :J04 

'RtlpwchH"M Profil~s 

c - 2 
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.,1.PJ-'ENDlX C. RE.4CTOR TEMPEflATURP PROFILES 

350 

300 ----<>- 350'C 1 

" 
-- 350'C ReprodllCed 

"" ; 

t "'" 150 , 
• " 100 

50 i 
, 

0 5 10 15 '" " 30 35 

Figur~ C.L TAmp~Hture Profile Owr It.euclor "l ~GI1'C Sel Temp<cmlurc 

350 

300 

9 "" • 
i '00 

150 

(> - 330'C 
x 330'C ReprodllCed 1 

, 
• " 100 

50 

0 
0 1 0 

... ~.~~~~-...; 
15 20 25 30 35 

Figure C2: Temper"lu[c Frofile O""r Re,,,::tm at 33O"C Set TeIIll",mture 

c - 3 
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Data 

• Gas Chromatogram of lIydrocra.cking Product, figur~ D.1 

T"'mp"'r"t,nr~ Exp"",imBnts, !.abl .. D.l 

Pr<'SSllf" ExpBrim",nr.., tahle D.2 

Space V .. l{)city Exp .. rim<'nt", t.abl .. D.:) 

H,/n-C14 Molar R",ti() EXPf'riIll"'nt~, I,ablc D. j 

• EIToct or 'l'~ml'~rature 

100 + Normal P...-J.ffins, tabl~ D,,'i 

-"'orIllul Pamffins . table D.6 

100 l'araffill.>, tablc 0.7 

• Effect of Prffib1J[C 

T'lO + Normal Paraffins; tab l .. 0.8 

",,'arm,,] Paraffi Il~; (,abl .. 0.9 

Iso ParaffiIlb, tabl~ 0,10 

• Effcd of SpaN' V",]ocity 

100 + -"'onual ParaffiIl~, 1,ablc D, II 

"'-'orm,,1 Paraffins, !.abl .. D.1L 

Iso l'amffin3, table D,13 

• Effect, of H,/n-Cj ~ \1()1"r Ra.t,io 

D 
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- 1>0:> .. :'\onn,,1 Paraffin". tRhl .. 0 14 

Nor",;,.1 P&affitl ~ , L",hle 0 .15 

1"0 Pilrilffins tahl ~ D.16 

• Cow;l1iions Sc.""""ing Expmmeut~ 

l~ + Norm31 P3f~ ffins t llble 0 I? 

"orm"l P amlfi,"". t able D IS 

1>10 P:lTlllbu>, l!\hle D.19 

APPE:,-':VIX U. D.-l.Ti\ 



Univ
ers

ity
 of

  C
ap

e T
ow

n

" 
w 

, • 
• 

" [" T r , , , , 
I 

I 
"' .. 

I • • I c ;, , • 
I 

, • , 
• 

• 
" , , L 

Fljo(UIC 0.1 r;"" ('hmm"iogram 01 Hwir()l.roUiu j( P roduct 
(Tht !!l'rit':$ of high p",w; "' .... 1<>. t hr II-parllfhns All pea"" bch ,t:t:fI ~W(l n-Vdrllffin(. ar" comiideroo as isom('l~ or the highfT Oll<', 

f,N' rOT ".~nm rlr i-(,~ 1110 pIududs higher Ih,\I'I I),,: !~~ l'Ul1)POUIl(I, n- Cl~ ' arc oblai,,~-d) 

1';; 
~ 

~ 
" -~ 
" ~ 
~ 

~ 



Univ
ers

ity
 of

  C
ap

e T
ow

n

APPFJi'mTX D. DATA 

Table 0.1. Achieving Steady State Conditiom; [or T~mp~rl\tur~ Exp~rim~nts 

C 14 Conv~r;;ion ami s,,1fl('Jivity to lHO + Normal P[Lr[Lffin6 (mol%) 
T=3~If'C P=80 har, LHSV=U.2 h 

, 
, H,jn-C l1 =1l6 mol/mol, 

Ph,,"e in: V¥UL Ph,,!lC ont: Vapour 
TOS 

C[LThon \"0. +4~h 72h %6 120h 123h 
1 64.5 47.9 ~0.8 52.7 ~H 

2 3,2 5.1 5.4 5.(j 5G 
3 3,( ,~.6 6.1 6.1 6,3 , 4.0 5.9 (l.(i 6.8 6.9 
5 4.7 (j,9 7,(j 7,8 7.G 
6 4," (j.7 7.3 7.3 7,7 
7 40 6.1 6.3 6,3 5.4 
8 3~ 5.2 H 4.1 4.2 
9 2,8 4.0 3.1 22 24 
10 1.9 3,1 U 0$ OD 
11 1.3 " 0,5 0.2 0.2 
12 11 11 01 0,0 OU 
13 0.8 0.3 0.0 0.0 U.O 
14 00 00 00 0,0 0.0 

... _--
'1olfll lOO,O 11);)0 100.0 100.0 100.0 

ConversIOn (%) 93.2 98.0 98.2 9(,8 99.8 

'1'abl~ 0.2: Arhi~vinf\ Steady State Conditions [or Pressure Experinwntll 

C ,., Conversion and .Selectivity to Too + Normal P[Lraffins (rnol%) 
P=·JO bar, '1'=33O"C, LllSV=1.3 h-" H,jn·C,.,=IU mol/mol, 

Phil.'" in: \tixoo, Phas~ out: Vapour 
TOS 

C",.-bon No, --;-48h 5Uh 74h 170h 194h l%h 
1 48.6 4~.1 'i'J,() 1-1.2 ,19,7 16.9 
2 3.2 3.1 3.R 2.9 3,1 3,2 
3 3.3 3.2 3.2 3,1 3,3 3,3 , 3.2 3.3 3,3 3,1 3.-1 3A 

" 3.8 3.6 3,() 3.6 3.R 3,() 

" 3.8 3.,~ 3,7 3.7 3.8 3.7 
7 3.() 3.4 3,6 3.6 3.7 3." 
8 33 3.1 3.4 32 3.4 32 
9 3.0 2.9 3.1 3.0 3.0 29 
10 29 27 3.2 33 2.7 2 8 
11 3." 3.2 4.0 ,~ ." 3.1 3G 

" ,q ,~.9 ".2 84 ".2 (i2 
13 12.2 IHJ 10.3 12.4 11.8 13 (i 

Total 100.0 100.0 100,0 100.0 100,0 1()(),O 
Conver:;ion (%) 43,1 39.0 ·J6,3 '13,0 ·JU HI 

D·4 
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r"lJk 0.3, Achk"ing St,~..,jl' Sbte C<Jlldilio.u.lm Sl!ac'" Vd",,-ity F."p~lim~n\. 
~ 
~ 

('l~ CO)I,"~I'li(ln ~\lld Sdect.ivir,y w r,<, + Noml'll l'ilrWli !ll< (mol};) " ~ 
LHSV=O.:; h ' l' :J~C. F-·lO bar, HJ/n-C1.="10 mul/mul. t'h!ll>',; in: )Iixcd Ph".~ out. VFIflOllr , . 

,[OS 
Caroon Xu, I·i~h nh 96h 99" 10th lZ'1l1 lz7h 1::'11l 15211 155h . 

1 \5.5 -10.0 :16.8 41 S " .1 4:t9 4.'>.7 46." '" 44.4 
2 " 'l.U 18 2.1 2.2 2,:1 'l :1 1.4 2.:j 2.3 , 

" '.!..'J 2.0 2.3 2.' 2.~ " '1.7 2.5 2.5 , 1.S 2.3 2.1 2..1 2.' 16 27 2.8 2.7 26 
0 5 3.2 2.7 2.3 'lS 'U 3.0 3.\ 3.2 31 '" ~ 6 3.1 2.9 2.1 ~J.l 3.3 3.:$ " 3_~ 3.3 :u 

7 3.~ :l.1 2.9 :u 3.5 3 .. ; " :Uj 3.4 3.1 
.~ :j4 JJ 3.2 3 .6 3.7 :j7 :.1. 7 3.7 3.6 :L'i , :I 4 3.5 3.6 1.0 3!'1 41 4.0 3,Y 3.9 3.E! 
1.0 4 U 1.9 LO H 4,1 4.5 ·j .6 1." 4.,'i ...;, 
II 5.8 «7 7.1 j.9 :;.1 5' .'d 5,:1 .'iJi 5.8 
12 ••• !j !l HI 8.9 7.8 "' 7.-1 71 8.0 8.2 

C:")rn=mUD (%) 19.6 62.0 .-,,'iO ::'8.1:! ':'8.2 6.'1.6 67.2 69.'1 65.1) (i';.0 
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Tabk 0.4: Achieving Steady State Conditions for fhin-C", .'Ilolar Ratio Expcrimcllts 

C,. Conversioll ami Sf'lcdivity to Ioo + Normal Paraffins (mol'f,) 
U,/n-C l1 =3 mol/mol, P=40 bar, T=330"C, LllSV",,0,5 h- 1 

Phl1,';c ill: Liquid, Plw,,.,, out: Vapour 
TOS 

Cs!bon Xo, +51h 147h 149h 151h , 35.7 4~.3 49,5 40.6 
2 L6 L7 21 L7 
3 1.9 2.0 2.0 2,0 , 2.1 2.2 2,2 2.2 
5 2.4 2.5 2, 4 2_~ 

0 2.7 2.6 2,6 2.6 
7 2.9 2.8 2.8 2,8 
8 3.3 3.1 :l.l 3.2 
9 ~.7 ~.5 3,5 3,(i 
W .u U 1,0 Ll 
U 60 5.2 5.0 5,5 
12 10,6 8.2 77 8,_~ 

'" 22,8 1~.8 12,9 14.5 
Tot-al 100.0 100.0 100,0 100.0 

Com'ersion (%) 354 475 46.~ 46,9 

Table D5: Efffd of Temperature 

Sckdivity to Iso + N<Jlmal P,u,\ffins (mol%) 

P=SO bar LHSV=0.2 h-1. H2/n-C14=1l6 mol/mol 

Carboll 3ocr-'C 310"C 32(TC 330"C "'34&C 3WC nT5lrC &'}1 3211'C Rcp -----. , 33.5 32,8 34.1 40,0 ,19.4 51.8 _~7,9 49,~ 

2 3,(i 35 3.5 3.9 H 3.6 (i,0 " 3 43 4.' 39 H -L7 6.3 (i,(i 4.5 
4 47 4,(i H " 5,2 6.9 7.3 52 
5 5.8 5,4 5, I 5,8 " 7.6 8,4 6,6 
6 6,3 5,9 54 (i,3 6,(i 7.7 (i,g 7.3 
7 6.2 6.2 5,7 66 " 64 44 5.2 
8 5.8 60 60 63 " 4.2 , 9 2.6 
9 6.' 5,3 62 " 4.3 2.4 0,5 " W 4 3 32 45 33 32 0,9 " LG 

U 2.8 31 4,2 " 2,2 0.2 o 0 1.7 

" 2.9 4,2 5,7 53 " 00 o 0 3.0 

'" 13 9 137 lL3 4.9 o 7 00 00 7.0 
Tot-al 100.0 100.0 100.0 100.0 100.0 100.0 100,0 100.0 

-
For conwniI('Ii:~'300 table 4.2 

-----'-'-,- . n. ____ . 

D - 6 
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Table D.6: EfI,,-,t of Tcntp",nttUl'e 

Splectivity to Norm"l p"",ftin" (mol%) 

P=80 bm' LIISV=0,2 h-1 , H,ju-CH =116 mol/mol 

Carbon 3OO·C 31O"C 320"C 330°C 340'C 3~0°C 3~0°C Rep 320"C Rep 
33." , 32.8 34.1 40,0 4YA 51.8 57.Y 4Y,3 

2 3.6 3° ., 3.5 3,9 4.4 5,6 6,0 4.0 
3 4.3 4.1 3.9 4.4 4.7 6,3 6.6 4,5 
1 4,7 4.5 4.;, 4,9 5.1 6.7 7,2 5.2 
8 5.b 5;, 5.0 5.7 0.3 7.3 81 6.5 
0 6,3 5,8 5,3 6,1 6.4 7,3 6,5 7.2 
7 6.2 6.0 5.6 6,3 5.8 5,7 3.0 5.1 
8 5.8 5,9 5.8 5.9 5.0 3.5 '" 2.~ 

9 5,5 4.9 5.9 3.7 3.8 16 04 13 
W 4.2 3.1 4.2 3,0 2.7 0.6 0.1 l.6 
n 2.8 2.9 33 3° , 1.7 0.1 0.0 1.7 
12 2,9 4,1 ~.1 4.2 10 0.0 0.0 2.8 
U U,5 14.7 9.8 3,b 0.5 00 o 0 6.4 -_ .. -

Total 98,7 97.7 %.4 95,3 97.1 96,6 %.3 98,7 

Tahle D.7: Eff""t o[ TBlllpemtmp 

Selectivity to I~o T'a,l'a!flll~ (mol%) 

P=80 Lm' LHSV=0,2 1,-', H~jn-C14=116 mol/mol 

C(\ri)(ln 300'C 310"C 320°C 33O"C 34lfC -3.5o'C -js(J"C fup 320"C fup 
1 00 00 00 00 00 00 00 00 
2 00 0.0 0.0 0.0 0.0 0.0 00 0.0 
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4 00 0.1 0.1 0.1 0.1 0.1 0.1 00 
5 0.1 0.1 0.1 0.1 01 0.;, 0.2 01 
6 00 O. , " 0.2 0.2 0.8 0.4 O. , 
7 0.0 0.1 0.2 0.3 0,3 0.0 0.5 0,1 
8 0.0 0.1 0.2 0.4 0.4 0,7 0,3 0,1 
0 0.6 0.4 0.2 0.4 0.4 0.8 0.1 0.0 
10 0.1 0.1 0,3 0.1 0,5 0,;, 00 0.1 
II 0.0 0.1 0,3 0.6 0,5 0.1 0.0 0,1 
12 00 0.2 0.6 11 0,3 0.0 0.0 0.2 
13 0.4 1 0 l.b L3 0.2 00 00 0.5 . -----_. 

Tot(\j 1.3 2.3 3,6 4.7 2,9 3.4 1.7 1.3 

0-7 
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Table D.S: EfhC(;\. of Pn-,;,ure 

sP]p£tivity to 100 + ;\orm",l P~r~ffino (mol%) 

T=3:JO<'C, LIISV= 1 .:) h- 1, H~/n-CI4=lO IIlol/nwi 

CU\XJIl 80 bar 40 bAr 20 har ·10 har REP 40 blU ru;P2 

I " 5 ,16.!} 60.6 ~U 3' , 
2 :3.1 32 3,2 3,5 ~.!} 

3 ~.~ ~.:) :)7 3,5 ~,!} , 3.3 3.4 :3. 7 :).7 3.0 

5 3.7 3,6 1,1 4.~ SA 
6 3 " I :)7 ·1.3 4,3 SA , 3,3 :3. ~ 4.2 ,1.2 :3.4 

8 3,0 3.2 ~.8 3.8 3,5 

I) " ~ " I 2.8 3.2 3,4 :).11 

W 2.4 ~.~ 2.7 3,1 Vi 
I J 2.5 3,fj ~.4 :).4 3.3 

12 4~ 6.2 2,2 4') 5.1 

13 n.'1 13,6 l.R , J 1L!) 

Tmal 1 (Hlll 100.0 100,0 1000 100,0 

Fur cUllversiollS 'lee t,~bl~ .£.3 

Tabl" D,!); EIToct of Prp,%ur~ 

Selenivicy w "orm",l Pawffius (mo!'7c) 

I :tlIf'C LHSV=1.3 11-1, ih/n-C,.= 1 0 mol/m,,1 

C",rlxm SO bl\r 40 l>&r ~o bar ·1(J bar REP 40 l>l'.r TtEP2 

I 41.0 16,!} 60,6 51 3 31.7 

2 :u 3,2 :3. 2 :1.0 2,!} 

1 ~.3 3,3 3.7 :1.0 2,!) 

4 3.:) 3,4 3.6 :1.6 2,9 

5 :)(i :1,6 ~.9 ,. J :),3 
(j :37 3.6 4.0 U 3,·1 , 3.:) 3A 3,8 39 :).2 

1 30 :u 32 3,6 :U 
g 27 2.7 2,fj :3. I 2,7 

10 24 2.6 2,1 2.8 2.4 

11 25 3,3 1.7 28 :1.0 

12 4.~ 3,6 1.1 :3.7 U 

1~ 21.2 11,S 1.1 5.8 l(J.(J 

T"tal !}7,fj 9G3 95.1 !)5. !) !}6,1 

1) - 8 
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Tflble D 10: Effect. of PR"!;I;ure 

Selectivity W Iso PamITws (mol%) 

T=3J.CfC, LllSV -'.1.3 h" lljn·C'4= 10 mol/mol 

C"rbon SObfl.l" 40 har 20 har 40 har REP 10 bHr REP2 , 00 0.0 o 0 0.0 0.0 
2 o 0 00 00 00 0.0 
0 0.0 00 o 0 00 00 
4 0.0 0.0 01 0.1 01 
5 0.0 0.1 0.2 0.1 0.1 

" 0.0 O. , 0.3 o , 0.1 
7 00 O. , 0.4 0,2 0, I 
8 00 0.2 00 0,3 0.2 
0 0.0 0.2 0.0 0.3 0.2 
10 0.0 0.2 0,6 0.4 0.2 

" 00 0,3 07 0,5 0,3 
U o , 0.7 0,7 0,8 0,7 
13 22 18 0,7 l.3 19 

Total H :3.7 " 4 , 3,8 

T"ble 0.11: Eff""t of Spew V .. lorjw 

Seledivicy to Iso + Normal Paramns (moJ%) 

T=330"C, P=40 hal'; H2/n-C1,=10 mol/mol 

Carboll 13 10 0.5 
1 46.9 54.4 44.4 
2 3.2 3.4 2.3 
3 3.3 3.5 2.5 
4 :3.4 3.5 2.~ 

5 :3.6 :J.8 :J.O 
6 :J.T 3.9 3.:J 
7 3.5 3.7 3.4 
8 3.2 3.1 3.5 
9 2.9 3.0 3.~ 

CO 2.S 22 'L~ 
11 3.6 3.3 5.8 
12 6.2 1.2 8.2 
13 13,6 6.9 12.6 

Tot"l 100,0 100.0 100.0 
Vor eonverslOns see tilile 4.4 

D - 9 
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Tahk 0.12: Efk~t, of Space Velocity 

Sdedivity to Norm"l Pll.Cl1.ffins (mol%) 

1'=3:J.O'C, P=40 bar, ll,;'n-C,,=lO mol/mol 

Carhon L3 LO 0.5 
1 46.9 54.4 44.4 
2 3.2 :J.4 2.:) 
3 3.3 3.0 25 
4 3.4 3.5 2.6 

" 36 :J.8 29 
G 3.6 3_~ :.;. I 

7 3.4 3.5 3.1 
8 3.1 3.1 31 
0 2.7 2.7 3.2 
W 26 2.0 :.l,U 
11 3.3 2.7 4.3 
12 5,(; :1.3 5.7 

'" 1 L8 u_u S.U 
Tot",1 %.3 9')_0 89.4 

TaLk D.1J: EHc'<:t of Span' Vdocity 

S~lect,ivity 1.0 I"", Pamffins (mol%) 

T=330"C, P=40 bar, H2 /n-C,,=10 mol/mol 

Carbon 13 10 0.0 
1 0.0 0.0 0.0 
2 0.0 0.0 0.0 
3 0.0 0.0 0.0 
4 0.0 0.1 0.1 
5 0.1 0.1 0.1 
6 0.1 0.2 0.2 
7 0.1 0.2 0.3 
8 0.2 0.3 0..1 
0 0.2 03 0.6 
10 0.2 0.1 0.)) 
II 03 0.6 1.5 
12 0.7 00 2.5 
13 18 U 4.0 

Total 3.7 4.4 10.6 

D-lO 
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Tahl~ D.14: Eff""t of H2/n-C I4 Molar Ratio 

SciL'divity to 100 + .\ormai Para.irlll~ (mol%) 

T=33lf'C, po=4U bar, LHSV=U,5 h·· 1 

Carbon :j mol/mol 10 mol/mol 3U mol/mol 3 mol/mol H.EP 
1 16.6 H,4 56,4 24,4 
2 1.7 2.3 3.6 1.0 
3 20 ' ~ _.0 :J.~ 12 
9 22 2.6 42 H 
0 2,5 3.U 9.9 2.3 
0 2,6 3.3 . , 

0.- 3.5 
7 2.8 3,4 3.0 4.5 
8 3.2 3.:; 4.~ 44 
9 3.~ 3.~ 9.U H 
10 4.3 1,5 3A 4.1 
11 55 5,8 2.6 4.8 
12 8.5 8.2 1.0 1O.~ 

" 14.5 l2.(i 0.7 32.7 
Total 100.0 100.0 1000 IUU.U 

For eonversions """ t,ah\~ 4.5 

Table 0.13: Elkd of H./n-C!' ),Iolar Ratio 

S<>lectivity to NOlmal Panll'lins (mol%) 

T=330"C, P=10 har, LHSV=0.5 h- I 

CadJOn 3 mol/mol 10 mol/mol 3U mol/moi 3 mol/mol REP 
1 46.6 44.4 564 24.4 
2 L7 2,3 3,0 1.0 
3 2.0 2,5 3.9 12 
1 U 2 0 " 1 3 
0 2, 1 2.9 4.8 21 
6 2,1 :U 5,0 3,1 
7 2,1 3.1 4,7 37 
8 " :J.l 41 3A 
9 2,2 32 3.4 3,0 

'" 2.4 3.0 2,7 2,8 
11 27 4.3 19 3,1 
12 1,0 5 7 1.1 6.7 
13 7,3 8.6 (j,4 18.6 

Total 79.2 8~A ~5,9 75,1 

D-11 
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AJ'l-'LI\'llLX D. DATA 

I'a,hlp D.lo, EffflCt, of H2/n-C I4 ,",,[olar Rat,io 

S~l<x,tivity to Iw Pa,raHill" (mol%) 

'1'=:13lfC, P=4U hal' LHSV=O,) h 
, 

Caxoon 3 mul/mul 19_~~:,::,Y m.~l 3~_~nuyI11?1 ~,~:j?l/mul ~EP 
; 0.0 0.0 0.0 0.0 
2 00 O.U 00 00 
3 0.0 0.0 U.O 0.0 
4 0.3 o ; 0.1 0,2 
5 0.4 0; O. ; 0,3 
6 0,5 o 2 U.2 0.5 
7 0.7 0,3 0.4 0.8 
6 LO 0.1 0.5 10 
9 1.4 0.0 0.6 1 2 

10 UJ 09 0.7 14 
11 2.~ L') 0,7 1.7 

" 4.0 2.,) 0,5 3,\1 
;S 7.2 4.0 U2 14,1 

'Iota.! 2U.~ 10.0 4 ; 24\1 
. _ .. 

, I a bl~ D,1 7: Cunditions SCrL''-'ninp; Expcrim~Ilt" 

Sdeclivily to Iso + Normal Paraffins (mol%) 

P=~O hal'. LHSV=1.3 h- 1. H2/n-CI4=10 mol/mol 

Carhon 3T.ilC 40 bar 

1 
2 
3 
4 

43,5 41.5 51.8 
3.8 
4.0 
40 
4,3 
42 
3 7 
3.4 
3,0 
2.S 
3,1 
4,5 

12.3 
0.9 
0.9 
0.8 
0.9 
1 2 
2,8 
40 
4.7 
(i,5 

8.4 
11,3 
45,3 

65.6 

o 
7 
6 
o 
10 
11 
12 

3,2 :1.1 

3,3 :1.3 
3,4 :1.3 
36 3.7 
:Hi :l.7 
3,\ 3.3 
2.7 :l.O 
2,5 2.7 
2,2 2.4 
2,3 2,5 
3,9 4,2 

13 22,,') 23.4 7,4 
Total 100,0 100.0 100.0 

52 
57 
55 
5,0 
3,7 
2.S 
10 
14 
10 
0.8 
0.7 
O.(i 

Conwrsion ('it) 4,3 !16 ,0;3,9 
100,0 
9,4 

1000 
97,} 

0-12 
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T"IJle 0.18: Conditions Screening Experiments 

Selectivity to Norm,,1 P"mffins (molVc) 

P=80 bale, LHSV=1.3 h-1
, H,/n-C,,=lO mol/mol 

C<ll.'lJon 320°C 33O"C 35O"C 330°C REP 350'C 40 b"r 
1 43.5 41.5 5U; 12.3 65.6 
2 3.2 3.1 3." 0.9 5.2 
3 3.3 3.3 ·1.0 O.!) .~.7 

1 3..1 3.3 4.0 0.8 .~.3 

5 3.(; 3.6 4.2 09 4.7 
6 3.6 3" , ·1.0 1.2 3A 
7 3.1 3.3 3.-1 2.8 2.5 
8 27 :),0 :l. I 4.0 Hi 
9 2~ 2.7 2.7 47 U 
10 2.2 2.4 24 0' .0 0.8 
11 2.3 2.5 2.7 8.2 0.6 
12 3.9 4.2 3.8 ILl 04 
13 22.2 21.2 u.3 44.2 0.3 

TotoJ 9'c17 97.6 fl(i.3 98.4 97.2 

'l',,J:,le 0.19: Conditions Screening EXperiments 

Selectivity to iHO Pa:raffiu; (mol7c) 

P=80 bor. LHSV=L3 h I, H2/n-Cu =1O mol/mol 

calli-on 320'C 330'C 35lfC 3.1O'C REP 3.'irrC 10 bar 
1 0.0 0.0 0.0 0.0 0.0 
2 00 00 00 00 00 
3 00 00 00 00 00 
4 0.0 0.0 0.1 00 0.2 
5 0.0 0.0 0.1 0.0 0.3 
6 0.0 00 0.1 0.0 0.3 
7 00 00 0.2 00 O.:l 
8 00 00 0.3 00 0.3 
9 0.0 0.0 0.3 0.0 0.3 
10 0.0 0.0 0.3 0.0 0.3 
11 00 00 05 01 0.3 

" 00 o 1 07 0.3 0.3 
13 0.3 2.2 1 1 11 0.2 

'1ol,,1 0.3 24 3" , 16 2.8 

D _ l:l 




