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Kandidaatintyon johdantokappaleessa esitelladn vetyperoksidi ja mihin sitd kaytetaan
teollisuudessa. Tyodssé vertaillaan antrakinoniprosessia ja suoraa prosessia seka selvi-
tetddn nykyisin enemman vetyperoksidituotantoon kéytetyn antrakinoniprosessin on-
gelmakohdat ja osoitetaan, miksi suora synteesi vetyperoksidin tuotannossa olisi pa-
rempi vaihtoehto.

Kandidaatintyon késittelee suurilta osin turvallisuusongelmia, joita esiintyy suoran
synteesin yhteydessé. Kirjallisuudesta on etsitty ratkaisuja nadihin ongelmiin, kuten
membraaniprosessin kayttoa rajahdysvaaran valttamiseksi.

Pienemman reaktorin eli ns. mikroreaktorin kéytté tuo mukanaan monia etuja vety-
peroksidin tuotantoon. Talléin prosessi on turvallisempi ja sitd on helpompi hallita.
Mikroreaktorissa voidaan kéayttaa korkeampia lampatiloja ja paineita kuin makroreak-
torilla ilman, ettd rajahdysvaara prosessissa kasvaisi. Mikroreaktorin sisalla olevat
mikrokanavat luovat turvallisen ympériston synteesille.

Aspen plus — simulointiohjelmalla mallinnettiin ja simulointiin suoran prosessin Kriit-
tisid virtoja mikroreaktorissa. Tarkoituksena oli 10yt&a virrat, joissa kulkee mahdolli-
sesti rajahtava kaasuseos. Kaasumaiset prosessivirrat ovat kriittisimmat vetyperoksi-
din suorassa synteesissd, koska ne aiheuttavat todenndkdisemmin rajdhdyksen kuin
nestemaiset prosessivirrat. Kaikkein eniten prosessiturvallisuutta uhkaavat ainevirrat
ennen ja jalkeen mikroreaktoria.
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At the beginning of this bachelor thesis, it shortly presents hydrogen peroxide and its
industrial applications. The main differences between direct synthesis and anthraqui-
none auto-oxidation process and the problems in currently used process to produce
hydrogen peroxide are discussed, indicating that direct synthesis is more suitable.

Current safety challenges in the direct synthesis and the solutions for them are the
main discussion topic in the thesis. Solutions for safer process might be, for example,
using membrane process.

Microreactor technology has advantages for hydrogen peroxide production. Use of
this kind of technology makes the process safer and easier to be handled. Higher tem-
perature and pressure can be used comparing to macroreactor. The risks of explosion
are also minimized. Therefore, microreactors enable a safe environment for synthesis.

Aspen plus simulation program was used to model and simulate critical streams in the
direct synthesis process in a microreactor. The purpose was to determine the critical
streams which may consist of explosive gas mixture. Critical streams are those that
are in gas phase, before and after the reactor. They have higher tendency to cause
explosions than the streams in liquid phase.
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1 Introduction

Hydrogen peroxide is one of the most important inorganic bulk chemical in the world
and it has been used in multiple applications in chemical industry (Figure 1). H,O; is
known for environmental friendly oxidizing agent. (Samantha') Hydrogen peroxide is
produced around 2.2 million metric tons each year and demand for this chemical
compound is increasing 4 % per year. (Campos-Martin et al.?) The demand of hydro-
gen peroxide has increased because nowadays H,O, substitutes harmful chemicals,

such as chlorine, in paper and pulp industry. (Samanta®)
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Figure 1 Main uses of hydrogen peroxide (Campos-Martin et al.?)

Hydrogen peroxide has been manufactured with several different techniques. In the
early days of 20" century, reactants as barium peroxide and sulfuric acid were used to
produce hydrogen peroxide via hydrolysis. After that, other electrochemical methods
such as electrolysis and auto-oxidation of organic compounds were used for finding
the most suitable procedure for H,O, manufacturing. Nowadays hydrogen peroxide is
mostly produced with auto-oxidation process. (Samanta') In the market there are two
companies producing hydrogen peroxide that both have quite a large market share.
Solvay has market share of 30% and Degussa 20%. The next closest companies
(FMC and Arkema) have a 10% market share each. (Centi et al.’)



1.1 Anthraguinone auto-oxidation process

The first commercial process producing hydrogen peroxide, anthraguinone auto-
oxidation process (AQO), was introduced in the 1940s in Germany. Nowadays more
than 90% of all hydrogen peroxide is produced with AO-process. Process operating
conditions are practical and safety issues, like explosions, are avoided because of no
direct contact between hydrogen and oxygen. The process consists of four steps: hy-
drogenation, oxidation, hydrogen peroxide extraction and working solution treatment.
There have been improvements along the way and the process has a high yield of

hydrogen peroxide in each cycle. (Campos-Martin et al.?)
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Figure 2 Anthraquinone auto-oxidation process (Samantha®)



1.2 Problems in AO-process

There are several disadvantages in AO-process. The current commercial process has
side reactions in working solution, which needs periodically some regeneration and
impurity removal. In hydrogenation step, problems occur with excessive hydrogena-
tion and rapid deactivation. Also some by-products are produced in this step and
small amount of product is lost during extraction by organic contamination. In addi-
tion, the product needs a removal of organic impurities. The process requires high
energy input and it also generates waste. Reaction pathway of AO-process is present-

ed in Figure 2. (Campos-Martin et al.?)

These issues decrease process sustainability and increase production and maintenance
costs. The product needs to be transported to the customer, and there are safety issues
with transport, storage and handling of hydrogen peroxide. The process is inefficient
because of mass transport problems in reactors in hydrogenation and oxidation steps.
For better reaction Kkinetics, the process requires increase of temperature and some
development in equipment units. (Campos-Martin et al.?) Both capital and operating
costs are high for the AO-process and it is profitable only when producing more than
40 000 tons of hydrogen peroxide per year. Therefore hydrogen peroxide is not pro-
duced onsite, and transportation is required for this unstable chemical compound.

(Samanta’)



1.3 The differences between AO and direct synthesis process

In AO-process, process streams and catalyst are in liquid medium. In direct synthesis
feed streams are gaseous, catalyst is in solid form and solvent is in liquid phase. No
purification unit is needed in direct synthesis, but organic impurities have to be re-
moved from hydrogen peroxide in anthraquinone process. Hydrogen peroxide is pro-
duced in large-scale AO-process somewhere and then transported. In the future there
is possibility to produce even small amounts of hydrogen peroxide with direct synthe-
sis in profitable way and also doing it onsite. Differences in process flowsheets are

shown in the Figure 3.
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Figure 3 Comparison between AO and direct synthesis (Centi et al.®)



2 Direct synthesis of hydrogen peroxide

Henkel and Weber* patented the direct synthesis for hydrogen peroxide in 1914.
Within last two or three decades, interest towards the direct process has been rising
because demand for hydrogen peroxide has increased. With direct synthesis hydrogen
peroxide could be produced in environmentally sustainable way. (Samanta®)

Intense research activity started in 1980s and during 1980s and 1990s about 100 pa-
tents were issued. One of those active companies was DuPont. It started pilot-scale
plant and experienced explosions in the reactor. It led to lack of interest to research
on the direct synthesis for quite some time. After new inventions like new catalysts
and reactor solutions, it created new motivation in academic and industrial circles to

do research work for the direct synthesis. (Centi et al.®)

Direct synthesis consists of three phase reaction where oxygen and hydrogen are in
gas phase. Liquid phase is used as solvent and as storage for produced hydrogen per-
oxide while catalyst is in solid form. According to the reactions shown in Figure 4,
only by-product produced in the process is water so the process is environmental
friendly. Process is also rewarded for consuming less energy comparing to AO-
process. Also there is little need for purification or condensation unit in unit opera-

tions. (Inoue et al.>, 2010)
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Figure 4 Direct synthesis production route and side reactions. (Samanta®)



2.1  Safety issues in direct synthesis

Recent research has been focusing on improvement of both catalyst and reaction or
reactor processes. Safety issues have been also gathering strong attention. It can be
seen as a general trend that in patents, concentration of hydrogen is kept below the
explosive range in industry related research. Research institutions often use hydrogen
concentration inside the explosive range in their studies. Meanwhile, the concentra-
tion of oxygen is maintained under the lower explosion region if methanol is used as
solvent and above the upper explosion limit if solvent is water and H,SO,4 or water
and H3PO,. (Centi et al %)

The catalyst choice is critical to avoid unwanted reaction pathways. The catalyst can
be active in both production and decomposition of hydrogen peroxide. Promoters can
be added to suppress side reactions that form water and enhance selectivity towards

the reaction that produces hydrogen peroxide. (Burch and Ellis®)

Intense mixing helps maintain well-dispersed gas-bubble distribution in the batch
process but still process conditions such as high pressure creates an issue up 10 MPa
(Inoue et al.”, 2007). Huckins® claims that continuous process can be operated within
hydrogen-oxygen mixture in explosive range when the reactor’s inner part is designed

the way that it allows separations of tiny bubbles. Explosions are then avoided.

Hydrogen-oxygen ratio in gas mixture is explosive or flammable in the range of 4 -
94 vol. % of hydrogen at 25°C and in atmospheric pressure. When the pressure is
increased, the flammable range of hydrogen-oxygen becomes wider. Possible explo-
sions can be avoided using feed stream composition below explosive rage or using
chemical compound as a diluent, such as carbon dioxide, argon or nitrogen and mix it
together with hydrogen-oxygen mixture. For large-scale production, it is not an op-
tion to operate process with low feed stream concentrations. Operating with low hy-
drogen-oxygen ratio, the production of hydrogen peroxide is less and concentration or

separation unit is needed. (Samanta®)
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2.1.1 Membrane catalyst for direct synthesis

One application for safe direct synthesis process is using membrane to avoid the for-
mation of explosive mixtures. However, the drawback is that membrane decreases
reaction rate and slow reaction rate impact negatively on mass transfer. Membrane
application is not applicable on large-scale manufacturing because membrane is made
out of palladium. Palladium is expensive and membrane would be difficult to build
for large-scale production. Hydrogen transport through membrane can be enhanced
by increasing the pressure of hydrogen but at the same time more irreversible damage

is caused to palladium catalyst. (Samanta’)

Thick palladium membrane works properly in liquid-phase direct synthesis. Mem-
brane transports atomic hydrogen to the surface pores of catalyst. Catalyst surface is
in contact with liquid-phase included oxygen. Selectivity can be increased slightly by
covering oxidized palladium catalyst with a specific hydrophobic polymer that is
permeable only for hydrogen atoms and layer efficiently prevents side reactions on
the catalyst surface. (Campos-Martin et al.?) A hydrophobic layer increases selectivi-
ty because reactions, like chemisorption of hydrogen and re-adsorption of hydrogen
peroxide, are limited. The membrane can be polymeric or ceramic but mostly ceramic
one is preferred since it allows more robust operations (Centi et al.?). This modifica-
tion leads to total consumption of hydrogen and it can be seen that the rate limiting
part of the process is penetration of hydrogen through membrane. (Campos-Martin et

al.?)
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Figure 5 Membrane application for direct synthesis (Inoue et al.’, 2009)

2.1.2 Organic and inorganic solvents

The process productivity depends on how well gaseous reactants transfer to catalyst
surface and the overall rate of mass transfer. Efficiency of mass transfer can be im-
proved with sophisticated selection of solvent. Firstly, process conditions such as
pressure can be increased resulting on higher solubility of hydrogen and oxygen.
Secondly, solvent which has high solubility of gases can be selected and finally, the
solvents with viscosity and surface tension can be used. Methanol, ethanol and iso-
propanol have been used as reaction medium because they have higher hydrogen and

oxygen solubility. (Samanta®)
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Water is the most favorable solvent, because it is environmentally friendly, available
and affordable compared to other solvents. In all-aqueous medium, some safety is-
sues, like combination of hydrogen peroxide concentrations and organic co-solvents,
are eliminated. Also build-up of organic peroxy is avoided. Luckily, these issues are
associated with explosion hazards. Reaction is also protected against catalyst deacti-

vation because there is no decomposition of organic materials. (Samanta')

Hydrogen and oxygen also have higher solubility in alcohols than water, hydrogen
has 4 - 5 times and oxygen has even 8 times more solubility in alcohols than water.
Using alcohol as a solvent has also manufacturing benefits. Mass transfer is better
and production rate of hydrogen peroxide is much higher than in agueous medium
because of increased solubility of reactants. Researchers disagree whether methanol is
suitable solvent for direct synthesis. Some say that methanol should be used before
higher alcohols for its tendency to have low peroxy formation and methanol has
higher solubility of hydrogen. Others say that methanol solvent has potential explo-
sion hazard due to higher vapor pressure than, for example, ethanol. Small explosions
have been detected during direct synthesis with methanol and further development
had to be postponed. (Samanta') Compressed CO, is also suggested to be used as a
solvent in the direct synthesis of hydrogen peroxide. The possibility has been re-
searched but the results were unsatisfactory for large-scale production. When using
compressed CO, as solvent, also catalyst has to be CO,-soluble. There has been pre-
liminary test for CO,-expanded methanol, and the results have been promising so far.
It gives almost twice selectivity compared to using nitrogen as a solvent. The results

were reached when pressure is 6.5 bar. (Centi et al.%)
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2.1.3 Gold-Palladium catalyst for avoiding hydrogenation

As mentioned earlier, palladium catalyst for the direct synthesis of hydrogen peroxide
promotes both formulation and decomposition reactions. Jennifer K. Edwards et al.*
have discovered that decomposition of hydrogen peroxide can be limited or even
avoided with acid pretreatment of a carbon support for gold-palladium alloy catalyst.
The acid pretreatment makes alloy nanoparticles smaller and they inhibit location
spots for decomposition reaction. When the sequential hydrogenation and decomposi-
tion of hydrogen peroxide is avoided, hydrogen peroxide synthesis can be performed
in safe conditions and also higher selectivity and production rates can be achieved.

The group of researchers (Edwards et al.’

) tested different catalysts and supports and
the result of the study showed that the support has an important role on how the cata-
lyst behaves in the direct synthesis. The support dictates how active components are
distributed in the system and offers the site for H,O, hydrogenation and decomposi-
tion to occur. The acid-pretreated carbon support has decreasing effect on H,O, hy-
drogenation activity compared to non-treated material. The acid-pretreated Au-Pd
catalyst does not promote substantial activity for the sequential hydrogenation if con-

centration of H,O, is below 14 wt. %.

3 Microreactor technology

There has been considerable progress in the field of microreactor technology and the
production of hydrogen peroxide with direct synthesis is much safer with microreac-
tors. Devices have been engaging attention and components are commercially availa-
ble. The process has been improved in such areas as fluid handling, microfabrication

and simulation and modification strategies. (Wang et al.'*)
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3.1  Safety benefits of microreactor

Alternative method for producing hydrogen peroxide compared to macroreactor is
microreactor. When the process equipment is miniaturized, the process becomes safer
to handle and monitor potentially explosive hydrogen-oxygen mixture. Unlike in
macroreactor, the process can be conducted within explosive range of gas mixture

and it has a promotion effect in mass transfer. (Inoue et al.*?, 2012)

Multichannel microchemical reactor using packed-bed palladium catalyst allows op-
erating with hydrogen-oxygen ratios in potentially explosive range at the pressure of
2 - 3 MPa. Homogeneous reaction with free radical branching is avoided because
microchannel structure and catalyst packing boost the heterogenous reaction. Ho-
mogenous reactions increase chances of explosions. (Inoue et al.’, 2007)

Microreactor is safe equipment for producing H,O, because width of channels is
smaller than the quenching distance of hydrogen and oxygen radicals. It means that to
cause explosions in microreactor, higher temperature and pressure is needed than in a
conventional reactor. The process is safe to use with all hydrogen-oxygen ratios and
all process conditions. Therefore, using high pressure is unnecessary because of high
hydrogen concentration and expensive equipment required for high pressure system

can be avoided. (Voloshin et al.™)

Microchannels have a higher surface area to volume ratio and generation of hot spot
is prevented because of rapid heat dissipation by factor of 100 compared to conven-
tional reactors. In multiphase system, mass transfer is promoted by high interfacial
surface due to reactor’s microstructure. Also radical propagation in hydrogen-oxygen

mixture is suppressed due to rapid heat dissipation. (Inoue et al.®, 2010)



15

Optimum channel width for safe direct synthesis process is 0.6 mm according to ex-
perimental investigation. Using wider channel, with the width up to Imm, small ex-
plosions were detected and they were strong enough to damage catalyst packed bed.
Explosions indicated that the radical propagation is presented in the process and
could not be prevented because bubbles in hydrogen-oxygen gas mixture have grown
too large. Channel width of 0.6mm is considered to be wide enough to propagate
flame when the process conditions are dry and the pressure is 1 MPa. This channel

width together with water works as flame arrest (Inoue et al.>, 2010)

For creating a proper gas-liquid distribution in the reactor, it is crucial to have dispari-
ty of channel sizes. For maintaining proper gas-liquid flow, the pressure drop can be
prevented with higher superficial velocity (Inoue et al.>, 2010). However, there might
be a problem with plugging of microchannels when operation is long-term. (Centi et
al®)
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Figure 6 Microchannel in microreactor (Centi et al.®)
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4 Case study: Microreactor process with Aspen plus simulation program

Safety study was conducted with a simulation program called Aspen plus. Flowsheet
of hydrogen peroxide process is shown in Figure 7. The purpose of the case study is
to indicate the possible points where the streams might consist of possible explosive
levels of hydrogen and oxygen mixture.

4.1  Process description

The flowsheet of the process is presented in the Figure 7. Oxygen is dissolved into
solvent which is methanol in vessel VE-101. The direct contact of two reactants is
avoided before reactor R-201. The gas mixture fed to the reactor consists of 5% hy-
drogen and 95% carbon dioxide. Temperature and pressure were assumed to be the
same in all equipment. Temperature was set to 0°C and pressure 20 bar. In the reac-

tor, both reactions were taken into account and the conversion was varied.
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Figure 7 Hydrogen peroxide process in Aspen

The oxygen feed stream (stream 2) has temperature of 20°C and pressure 20 bar. To-
tal flow is 0.5 I/min based on the real experimental conditions. Another feed stream
that is injected to process unit VE-101 is methanol. The feed rate is calculated based
on the circulation stream (stream 10) and the feed stream to the reactor (stream 4)

using Design spec tool. The target value for the stream 4 was set at 34 ml/min.



17

The flowsheet consists of three separators, one reactor and one splitter. The model
Flash2 was selected for the separators allowing determination of thermal and phase
conditions. For the reactor type, stoichiometric reactor was selected so that conver-
sion and selectivity can be manipulated. Stoichiometric reactors are good choice
when the kinetics is unknown or not so important. On the other hand, reaction stoi-
chiometry and extent are known. Splitter is dividing stream 9 into streams 12 and
recycling stream 10. With splitter, stream flows can be manipulated with bleed val-
ues. Split ratio for split separating product and recycling stream is 0.1. (Advanced

process simulation -course slides, aspen unit operations review)

4.2  Property method

Fugacities for thermodynamic equilibrium and enthalpy calculations are required data
for mass and heat balance calculations. Selected property method has a strong impact
on final simulation results. (Aspen databank)

Property method choice, Unig-RK, belongs to group of activity coefficient property
methods. Activity coefficient method is the most suitable method when there are non-
ideal liquid mixtures at low pressures. Liquid phase activity is UNIQUAC and vapor
phase fugacity is Redlich-Kwong. UNIQUAC model needs binary parameters for
both vapor-liquid equilibrium (VLE) and liquid-liquid equilibrium (LLE). Parameters
are included in Aspen physical property system databanks and they can be also found
in literature and experimental data regression. If there is interest to investigate solu-
bility of supercritical gases, Henry’s law is needed. Redlich-Kwong is a simple cubic
equation of state. Vapor phase thermodynamic properties can be represented quite
accurately when medium pressures and the vapor phase is close to ideal. Maximum

operating pressure is 10 atm. (Aspen databank)
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4.3 Hazard identification

Critical streams, where the formation of explosive gas mixture is possible, are identi-
fied. In this case, the streams in gas phase consisting of the mixture of hydrogen and
oxygen were considered, namely stream 5 and 8. Hydrogen is mixed with dissolved
oxygen in liquid phase at the inlet of the reactor. The stream 5 represents the equilib-
rium state of the gas phase at the inlet of the reactor. The stream 8 represents the gas
phase at the outlet of the reactor where excess reactants can be accumulated. Simula-
tions with Aspen were done with different conversion, selectivity and gas and liquid
feed rates. The conditions for the simulations are presented in the Table 1. Gas com-

positions were determined from the simulations.

Table 1 Conditions for the calculation in Aspen
Total conversion, % |Selectivity, % | H,0,conversion, % | H,O conversion, %
30 50 15 15
30 10 3 27
30 25 7,5 22,5
30 75 22,5 7,5
60 50 30 30
60 10 6 54
60 25 15 45
60 75 45 15

4.4  Aspen calculation results

For the stream 5, the fraction of hydrogen remained the same in stream 5 despite the
increase of conversion because hydrogen in recycling stream is removed by saturation
vessel. Therefore the liquid feed to the reactor has almost only oxygen gas. In con-
trast, the hydrogen fraction in the stream 5 is changed by manipulating the hydrogen
feed in stream 3. The effect of changing gas feed rate to the hydrogen fraction in
stream 5 is presented in Figure 8.
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Unlike the stream 5, the conversion and selectivity have significant effect on stream

8. The results are presented in Figures 9 — 11. It can be seen that when the conversion

was set to 0% (Figure 9), there were no reaction, therefore, the gas concentrations at

the outlet of the reactor (stream 8) were the same as inlet (stream 5) presented in Fig-

ure 8. When the conversion increased, hydrogen and oxygen were consumed more

leading to a decrease in concentrations.
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The effect of selectivity is presented in Tables 2 and 3. It can be seen that the selec-
tivity has no significant effect on the composition of gases. According to the reaction
mechanisms, oxygen would be consumed slightly more when the selectivity is high.

Therefore the composition of hydrogen slightly increased when increasing selectivity.

Table 2 Effect of selectivity on the gas compositions in stream 8
(Conversion 30%)
Stream 8 Selectivity 10% Selectivity 25% Selectivity 75%
mole frac frac | [ml/min] frac [ml/min]| frac [ml/min]

Hydrogen 6,39 % 1,2025 6,40 % 1,2041 | 6,43% 1,2093
Oxygen 88,01% | 16,5590 | 88,00% | 16,5573 | 87,97 % | 16,5517
Carbon dioxide| 5,40% 1,0158 5,40 % 1,0160 5,40 % 1,0163

Table 3 Effect of selectivity on the gas compositions in stream 8
(Conversion 60%)
Stream 8 Selectivity 10% Selectivity 25% Selectivity 75%
mole frac frac | [ml/min] frac |[ml/min]| frac | [ml/min]

Hydrogen 4,78 % 0,6874 | 4,80% 0,6874 | 4,86% 0,6874
Oxygen 89,61% | 12,8750 | 89,59% | 12,8289 | 89,54 % | 12,6768
Carbon dioxide| 5,41% 0,7771 | 541% 0,7746 | 541 % 0,7665
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Since the oxygen is dissolved in liquid phase, therefore, liquid feed rate has signifi-
cant effect on the gas composition in the considered streams. The sensitivity analysis
was also used to analyze the composition of gases at different liquid feed rates. When
liquid feed rate increased from 34 ml/min to 68 ml/min, hydrogen composition de-
creased around 25%.

Table 4 Effect of the liquid feed rate on the stream 5
Conversion | 34 ml/min| 68 ml/min difference
0% mole frac | mole frac %
Hydrogen 0,076 0,057 -24,9
Oxygen 0,868 0,912 51
Carbon dioxide 0,054 0,029 -46,5

4.5 Calculation results and conclusion

Aspen calculation was used to determine the compositions of gases in hazardous
streams. Increasing liquid and gas feed rates make the process safer when the hydro-
gen concentration in the gas phase decreases in both inlet and outlet streams. The
reaction mechanisms, in terms of conversion and selectivity, have slight effect on the

gas compositions at the outlet of the reactor.

However, inert gas in the gas mixture has to be taken into account. Further study on
the influence of the inert gas is required to determine whether the gas mixture is ex-
plosive. The inert gas may shrink the explosive range of oxygen-hydrogen mixture
and therefore, allows the system to be operated safely at higher concentration of hy-
drogen.

Appendix I  Flowsheet of hydrogen peroxide process

Appendix Il Stream table
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Appendix 11, 1(12)

Conversion 0 %

Stream ID 5 4 6 12 8 10
Temperature K 273,15 273,15 273,15 273,15 273,15 273,15
Pressure atm 19,73847 | 19,73847 | 19,73847 | 19,73847 | 19,73847 | 19,73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr | 0,001214 | 0,047541 | 0,048184 | 0,004819 | 0,001214 | 0,043367
Mass Flow kg/hr 0,036854 | 1,523992 | 1,564971 | 0,156502 | 0,036856 | 1,40852
Volume Flow I/min | 0,022507 | 0,031587 | 0,032001 | 0,0032 | 0,022508 | 0,028802
Enthalpy MMkcal/h|-6,54E-06| -0,00223 | -0,00239 | -0,00024 | -6,54E-06| -0,00215
Mole Flow kmol/hr

OXYGEN 0,001053 | 0,009171 | 0,008117 | 0,000812 | 0,001053 | 0,007306
METHANOL 2,42E-06 | 0,038282 | 0,03828 | 0,003828 | 2,42E-06 | 0,034453
HYDROGEN 9,29E-05 | 2,59E-19 | 1,12E-10 | 1,12E-11 | 9,29E-05 | 1,01E-10
CARBO-01 6,55E-05 | 8,85E-05 | 0,001787 | 0,000179 | 6,55E-05 | 0,001609
HYDRO-01 0 0 0 0 0 0
WATER 0 0 0 0 0 0
Mole Frac

OXYGEN 0,86759 | 0,192897 | 0,168462 | 0,168464 | 0,867601 | 0,168464
METHANOL 0,001992 | 0,805241 | 0,794445 | 0,794445 | 0,001992 | 0,794445
HYDROGEN 0,076479 | 5,46E-18 | 2,33E-09 | 2,33E-09 | 0,076474 | 2,33E-09
CARBO-01 0,053939 | 0,001862 | 0,037093 | 0,037092 | 0,053933 | 0,037092
HYDRO-01 0 0 0 0 0 0
WATER 0 0 0 0 0 0
Lig Vol 60F I/min

OXYGEN 0,00094 | 0,008186 | 0,007246 | 0,000725 | 0,00094 | 0,006521
METHANOL 1,63E-06 | 0,025735 | 0,025733 | 0,002573 | 1,63E-06 | 0,023161
HYDROGEN 8,29E-05 | 2,32E-19 | 1,00E-10 | 1,00E-11 | 8,29E-05 | 9,01E-11
CARBO-01 5,85E-05 | 7,90E-05 | 0,001595 | 0,00016 | 5,85E-05 | 0,001436
HYDRO-01 0 0 0 0 0 0
WATER 0 0 0 0 0 0
Lig Frac 60F

OXYGEN 0,868017 | 0,240764 | 0,209568 | 0,20957 | 0,868027 | 0,20957
METHANOL 0,001501 | 0,756913 | 0,744289 | 0,744288 | 0,001501 | 0,744288
HYDROGEN 0,076517 | 6,81E-18 | 2,89E-09 | 2,89E-09 | 0,076512 | 2,89E-09
CARBO-01 0,053965 | 0,002324 | 0,046144 | 0,046142 | 0,05396 | 0,046142
HYDRO-01 0 0 0 0 0 0
WATER 0 0 0 0 0 0
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Appendix 11, 2(12)

Conversion 30%

Stream ID 5 4 6 12 8 10
Temperature K 273.15 273.15 273.15 273.15 273.15 273.15
Pressure atm 19.73847 | 19.73847 | 19.73847 | 19.738465| 19.73847 | 19.73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr 0.001215 | 0.047652 | 0.048294 [ 0.0048474( 0.001013 | 0.043627
Mass Flow kg/hr 0.036887 | 1.526107 | 1.567053 | 0.1572802( 0.031139 | 1.415522
Volume Flow |/min 0.022527 | 0.03158 | 0.031993 [ 0.0032114 0.018774 | 0.028903
Enthalpy MMkcal/hr |-6.54E-06| -0.00223 | -0.0024 | -0.00024 |-5.47E-06| -0.00216
Mole Flow kmol/hr

OXYGEN 0.001055 | 0.00919 | 0.008136 | 0.0008278| 0.000892 | 0.00745
METHANOL 2.41E-06 | 0.038128 | 0.038126 | 0.0038126| 2.00E-06 | 0.034313
HYDROGEN 9.29E-05 | 2.19E-19 | 1.12E-10 | 9.45E-12 | 6.50E-05 | 8.51E-11
CARBO-01 6.54E-05 | 8.92E-05 | 0.001788 [ 0.0001799( 5.47E-05 | 0.001619
HYDRO-01 7.11E-11 | 0.000125 | 0.000125 | 1.39E-05 | 6.58E-11 [ 0.000125
WATER 1.37E-09 | 0.000119 | 0.000119 | 1.33E-05 | 1.27E-09 | 0.00012
Mole Frac

OXYGEN 0.86776 | 0.192866 | 0.168467 | 0.1707652 | 0.879878 | 0.170765
METHANOL 0.001979 | 0.80014 | 0.789454 (0.7865173( 0.001976 | 0.786517
HYDROGEN 0.076412 | 4.60E-18 | 2.32E-09 | 1.95E-09 | 0.064135 | 1.95E-09
CARBO-01 0.053847 | 1.87E-03 | 3.70E-02 | 3.71E-02 | 0.054009 | 3.71E-02
HYDRO-01 5.85E-08 | 0.002625 [ 0.00259 | 0.002868 | 6.49E-08 | 0.002868
WATER 1.13E-06 | 0.002496 | 0.002463 | 0.0027414| 1.26E-06 | 0.002741
Lig Vol 60F I/min

OXYGEN 0.000941 | 0.008204 | 0.007262 | 0.0007389| 0.000796 | 0.00665
METHANOL 1.62E-06 | 0.025631 | 0.02563 | 0.002563 | 1.35E-06 | 0.023067
HYDROGEN 8.29E-05 | 1.96E-19 | 1.00E-10 | 8.44E-12 | 5.80E-05 | 7.60E-11
CARBO-01 5.84E-05 | 7.97E-05 | 1.60E-03 | 1.61E-04 | 4.89E-05 | 1.45E-03
HYDRO-01 2.79E-11 | 4.92E-05 | 4.92E-05 | 5.46E-06 | 2.58E-11 | 4.92E-05
WATER 4.13E-10 | 3.58E-05 | 3.58E-05 | 4.00E-06 | 3.83E-10 | 3.60E-05
Liqg Frac 60F

OXYGEN 0.868185 | 0.241286 | 0.210057 | 0.212821 | 0.880309 | 0.212821
METHANOL 0.001491 | 0.753873 | 0.74132 (0.7382072( 0.001489 | 0.738207
HYDROGEN 0.076449 | 5.75E-18 | 2.90E-09 | 2.43E-09 | 0.064166 | 2.43E-09
CARBO-01 0.053874 | 2.34E-03 | 4.62E-02 | 4.62E-02 | 0.054036 | 4.62E-02
HYDRO-01 2.58E-08 | 0.001446 | 0.001422 | 0.0015734 | 2.86E-08 | 0.001573
WATER 3.81E-07 | 0.001053 | 0.001035 [ 0.0011514( 4.24E-07 | 0.001151
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Appendix 11, 3(12)

Conversion 60%

Stream ID 5 4 6 12 8 10
Temperature K 273.15 273.15 273.15 273.15 273.15 273.15
Pressure atm 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr 0.001216 | 0.047763 | 0.048404 | 0.004881 | 0.000769 | 0.043927
Mass Flow kg/hr 0.036921 | 1.528274 | 1.569185 | 0.158206 | 0.024005 | 1.423852
Volume Flow I/min 0.022547 | 0.031573 | 0.031986 | 0.003226 | 0.014238 | 0.029033
Enthalpy MMkcal/hr |-6.53E-06| -0.00224 | -0.0024 | -0.00024 |-4.16E-06] -0.00217
Mole Flow kmol/hr

OXYGEN 0.001056 | 0.00921 | 0.008155 | 0.000848 | 0.000689 | 0.007631
METHANOL 2.39E-06 | 0.037975 | 0.037972 | 0.003797 | 1.51E-06 | 0.034175
HYDROGEN 9.29E-05 | 1.66E-19 | 1.12E-10 | 7.16E-12 | 3.71E-05 | 6.45E-11
CARBO-01 6.54E-05 | 9.01E-05 | 0.001789 | 0.000181 | 4.16E-05 | 0.001631
HYDRO-01 1.42E-10 | 0.00025 | 0.00025 | 2.78E-05 | 9.91E-11 | 0.00025
WATER 2.73E-09 | 0.000238 | 0.000238 | 2.66E-05 | 1.92E-09 | 0.000239
Mole Frac

OXYGEN 0.867928 [ 0.192831 | 0.168469 | 0.173725 | 0.895642 | 0.173725
METHANOL 0.001967 | 0.795064 | 0.784488 | 0.777993 | 0.001959 | 0.777993
HYDROGEN 0.076344 | 3.48E-18 | 2.32E-09 | 1.47E-09 | 0.048278 | 1.47E-09
CARBO-01 0.053759 | 0.001886 | 0.03696 | 0.03714 | 0.054118  0.03714
HYDRO-01 1.16E-07 | 0.005236 | 0.005167 | 0.005695 | 1.29E-07 | 0.005695
WATER 2.24E-06 | 0.004982 | 0.004916 | 0.005446 | 2.49E-06 | 0.005446
Lig Vol 60F I/min

OXYGEN 0.000942 | 0.008221 | 0.007279 | 0.000757 | 0.000615 | 0.006812
METHANOL 1.61E-06 | 0.025528 | 0.025527 | 0.002553 | 1.01E-06 | 0.022974
HYDROGEN 8.29E-05 | 1.48E-19 | 1.00E-10 | 6.39E-12 | 3.32E-05 | 5.76E-11
CARBO-01 5.84E-05 | 8.04E-05 | 0.001597 | 0.000162 | 3.72E-05 | 0.001456
HYDRO-01 5.56E-11 | 9.83E-05 | 9.83E-05 | 1.09E-05 | 3.89E-11 | 9.83E-05
WATER 8.21E-10 | 7.16E-05 | 7.16E-05 | 8.00E-06 | 5.77E-10 | 7.20E-05
Lig Frac 60F

OXYGEN 0.868351 | 0.241804 | 0.210544 | 0.216853 | 0.896077 | 0.216853
METHANOL 0.001482 | 0.750834 | 0.738353 | 0.731365 | 0.001476 | 0.731365
HYDROGEN 0.076381 | 4.37E-18 | 2.90E-09 | 1.83E-09 | 0.048302 | 1.83E-09
CARBO-01 0.053785 | 0.002366 | 0.04619 | 0.046361 | 0.054144 [ 0.046361
HYDRO-01 5.13E-08 | 0.00289 | 0.002843 [ 0.003129 | 5.67E-08 | 0.003129
WATER 7.57E-07 | 0.002106 | 0.002071 | 0.002291 | 8.40E-07 | 0.002291
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Appendix 11, 4(12)

Conversion 30 %, selectivity 10%
Stream ID 5 4 6 12 8 10
Temperature K 273.15 273.15 273.15 273.15 273.15 273.15
Pressure atm 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr 0.001216 | 0.047663 | 0.048304 | 0.004849 | 0.001017 | 0.043639
Mass Flow kg/hr 0.036897 | 1.524934 | 1.56587 | 0.157151 | 0.031254 | 1.414362
Volume Flow |/min 0.022532 | 0.03158 | 0.031993 | 0.003211 | 0.018839 | 0.028903
Enthalpy MMkcal/hr |-6.54E-06| -0.00224 | -0.0024 | -0.00024 |-5.48E-06| -0.00216
Mole Flow kmol/hr
OXYGEN 0.001055 | 0.009194 | 0.008139 | 0.000828 | 0.000895 | 0.007455
METHANOL 2.41E-06 | 0.03814 | 0.038138 | 0.003814 | 2.01E-06 | 0.034325
HYDROGEN 9.29E-05 | 2.19E-19 | 1.12E-10 | 9.43E-12 | 6.50E-05 | 8.48E-11
CARBO-01 6.54E-05 | 8.93E-05 | 0.001788 | 0.00018 | 5.49E-05 | 0.001619
HYDRO-01 1.42E-11 | 2.50E-05 | 2.50E-05 | 2.78E-06 | 1.32E-11 | 2.50E-05
WATER 2.47E-09 [ 0.000214 | 0.000214 | 2.39E-05 | 2.31E-09 | 0.000215
Mole Frac
OXYGEN 0.867788 | 0.192896 | 0.168497 | 0.170839 | 0.880117 | 0.170839
METHANOL 0.00198 | 0.800214 | 0.789535 | 0.78656 | 0.001976 | 0.78656
HYDROGEN 0.076393 | 4.59E-18 | 2.32E-09 | 1.94E-09 | 0.063912 | 1.94E-09
CARBO-01 0.053837 | 0.001873 | 0.037017 | 0.037095 | 0.053993 | 0.037095
HYDRO-01 1.17E-08 | 0.000525 | 0.000518 [ 0.000573 | 1.29E-08 | 0.000573
WATER 2.03E-06 | 0.004492 | 0.004432 | 0.004933 | 2.27E-06 | 0.004933
Lig Vol 60F
OXYGEN 0.000942 | 0.008207 | 0.007265 | 0.000739 | 0.000799 | 0.006655
METHANOL 1.62E-06 | 0.02564 | 0.025638 | 0.002564 | 1.35E-06 | 0.023074
HYDROGEN 8.29E-05 | 1.95E-19 | 1.00E-10 | 8.42E-12 | 5.80E-05 | 7.57E-11
CARBO-01 5.84E-05 | 7.97E-05 | 0.001596 | 0.000161 | 4.90E-05 | 0.001445
HYDRO-01 5.58E-12 | 9.83E-06 | 9.83E-06 | 1.09E-06 | 5.17E-12 | 9.83E-06
WATER 7.44E-10 | 6.44E-05 | 6.44E-05 | 7.20E-06 | 6.94E-10 | 6.48E-05
Liqg Frac 60F
OXYGEN 0.868213 ( 0.241374( 0.210139 | 0.21296 | 0.880548 | 0.21296
METHANOL 0.001492 | 0.754099 | 0.741548 | 0.738412 | 0.001489 | 0.738412
HYDROGEN 0.076431 | 5.74E-18 | 2.90E-09 | 2.42E-09 | 0.063944 | 2.42E-09
CARBO-01 0.053864 | 0.002343 | 0.046166 | 0.04624 [ 0.054019 | 0.04624
HYDRO-01 5.14E-09 | 0.000289 | 0.000284 | 0.000315 | 5.70E-09 | 0.000315
WATER 6.86E-07 | 0.001894 | 0.001863 | 0.002072 | 7.64E-07 | 0.002072
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Conversion 30%, selectivity 25%
Stream ID 5 4 6 12 8 10
Temperature K 273.15 273.15 273.15 273.15 273.15 273.15
Pressure atm 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr 0.001215 | 0.047659 | 0.048301 | 0.004848 | 0.001016 | 0.043635
Mass Flow kg/hr 0.036893 | 1.525392 | 1.566331 | 0.157201 | 0.031211 | 1.414813
Volume Flow |/min 0.02253 | 0.03158 | 0.031994 | 0.003212 | 0.018815 | 0.028904
Enthalpy MMkcal/hr |-6.54E-06| -0.00224 | -0.0024 | -0.00024 |-5.48E-06| -0.00216
Mole Flow kmol/hr
OXYGEN 0.001055 | 0.009193 | 0.008138 | 0.000828 | 0.000894 | 0.007453
METHANOL 2.41E-06 | 0.038136 | 0.038134 | 0.003813 | 2.01E-06 | 0.034321
HYDROGEN 9.29E-05 | 2.19E-19 | 1.12E-10 | 9.44E-12 | 6.50E-05 | 8.49E-11
CARBO-01 6.54E-05 | 8.93E-05 | 0.001788 | 0.00018 | 5.48E-05 | 0.001619
HYDRO-01 3.55E-11 | 6.25E-05 | 6.25E-05 | 6.95E-06 | 3.29E-11 | 6.26E-05
WATER 2.06E-09 | 0.000178 | 0.000178 | 1.99E-05 | 1.92E-09 | 0.000179
Mole Frac
OXYGEN 0.867778 | 0.192885 | 0.168486 | 0.170811 | 0.880028 | 0.170811
METHANOL 0.00198 | 0.800186 | 0.789505 | 0.786545 | 0.001976 | 0.786545
HYDROGEN 0.0764 | 4.59E-18 | 2.32E-09 | 1.95E-09 | 0.063996 | 1.95E-09
CARBO-01 0.05384 | 0.001873 | 0.03702 | 0.037099 | 0.053998 | 0.037099
HYDRO-01 2.92E-08 | 0.001312 | 0.001295 | 0.001434 | 3.24E-08 | 0.001434
WATER 1.69E-06 | 0.003744 | 0.003694 | 0.004111 | 1.89E-06 | 0.004111
Lig Vol 60F I/min
OXYGEN 0.000941 | 0.008206 | 0.007264 | 0.000739 | 0.000798 | 0.006653
METHANOL 1.62E-06 | 0.025637 | 0.025635 [ 0.002564 | 1.35E-06 | 0.023072
HYDROGEN 8.29E-05 | 1.95E-19 | 1.00E-10 | 8.42E-12 | 5.80E-05 | 7.58E-11
CARBO-01 5.84E-05 | 7.97E-05 | 0.001596 | 0.000161 | 4.90E-05 | 0.001445
HYDRO-01 1.40E-11 | 2.46E-05 | 2.46E-05 | 2.73E-06 | 1.29E-11 | 2.46E-05
WATER 6.20E-10 | 5.37E-05 | 5.37E-05 | 6.00E-06 | 5.77E-10 | 5.40E-05
Liqg Frac 60F
OXYGEN 0.868204 | 0.241341 | 0.210108 | 0.212908 | 0.880458 | 0.212908
METHANOL 0.001492 | 0.754014 | 0.741463 | 0.738336 | 0.001489 | 0.738336
HYDROGEN 0.076437 | 5.74E-18 | 2.90E-09 | 2.43E-09 | 0.064027 | 2.43E-09
CARBO-01 0.053867 | 0.002343 | 0.046165 | 0.046242 | 0.054025 | 0.046242
HYDRO-01 1.29E-08 | 0.000723 | 0.000711 | 0.000787 | 1.43E-08 | 0.000787
WATER 5.71E-07 | 0.001579 | 0.001553 | 0.001727 | 6.37E-07 | 0.001727
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Appendix 11, 6(12)

Conversion 30%, selectivity 75%
Stream ID 5 4 6 12 8 10
Temperature K 273.15 273.15 273.15 273.15 273.15 273.15
Pressure atm 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr 0.001215 | 0.047646 | 0.048289 | 0.004847 | 0.001011 | 0.043621
Mass Flow kg/hr 0.036882 | 1.526901 | 1.567852 | 0.157367 | 0.031067 | 1.4163
Volume Flow I/min 0.022524 | 0.031581 | 0.031995 | 0.003211 | 0.018733 | 0.028903
Enthalpy MMkcal/hr |-6.54E-06| -0.00223 | -0.00239 | -0.00024 | -5.46E-06| -0.00216
Mole Flow kmol/hr
OXYGEN 0.001054 | 0.009188 | 0.008134 | 0.000827 | 0.00089 | 0.007447
METHANOL 2.40E-06 | 0.038122 | 0.038119 | 0.003812 | 2.00E-06 | 0.034308
HYDROGEN 9.29E-05 | 2.19E-19 | 1.12E-10 | 9.47E-12 | 6.50E-05 | 8.52E-11
CARBO-01 6.54E-05 | 8.92E-05 | 0.001788 | 0.00018 | 5.46E-05 | 0.001619
HYDRO-01 1.07E-10 | 0.000188 | 0.000188 | 2.09E-05 | 9.86E-11 | 0.000188
WATER 6.85E-10 | 5.95E-05 | 5.95E-05 | 6.64E-06 | 6.35E-10 | 5.98E-05
Mole Frac
OXYGEN 0.867746 | 0.192847 | 0.168448 | 0.17072 | 0.879731 | 0.17072
METHANOL 0.001979 | 0.800093 | 0.789405 | 0.786491 | 0.001976 | 0.786491
HYDROGEN 0.076422 | 4.61E-18 | 2.32E-09 | 1.95E-09 | 0.064275 | 1.95E-09
CARBO-01 0.053852 | 0.001873 | 0.037029 | 0.037115 | 0.054018 | 0.037115
HYDRO-01 8.79E-08 | 0.003938 | 0.003886 | 0.004303 | 9.75E-08 | 0.004303
WATER 5.64E-07 | 0.001248 | 0.001232 | 0.001371 | 6.28E-07 | 0.001371
Lig Vol 60F
OXYGEN 0.000941 | 0.008202 | 0.007261 | 0.000739 | 0.000794 | 0.006647
METHANOL 1.62E-06 | 0.025627 | 0.025625 | 0.002563 | 1.34E-06 | 0.023063
HYDROGEN 8.29E-05 | 1.96E-19 | 1.00E-10 | 8.46E-12 | 5.80E-05 | 7.61E-11
CARBO-01 5.84E-05 | 7.97E-05 | 0.001596 | 0.000161 | 4.88E-05 | 0.001445
HYDRO-01 4.20E-11 | 7.37E-05 | 7.37E-05 | 8.19E-06 | 3.88E-11 | 7.37E-05
WATER 2.06E-10 | 1.79E-05 | 1.79E-05 | 2.00E-06 | 1.91E-10 | 1.80E-05
Lig Frac 60F
OXYGEN 0.868171 | 0.241231 | 0.210007 | 0.212735 | 0.880161 | 0.212735
METHANOL 0.001491 | 0.753731 | 0.741178 | 0.73808 | 0.001489 | 0.73808
HYDROGEN 0.07646 | 5.76E-18 | 2.90E-09 | 2.44E-09 | 0.064306 | 2.44E-09
CARBO-01 0.053878 | 0.002343 | 0.046165 | 0.046249 | 0.054044 | 0.046249
HYDRO-01 3.87E-08 | 0.002168 | 0.002132 | 0.00236 | 4.30E-08 | 0.00236
WATER 1.90E-07 | 0.000526 | 0.000518 | 0.000576 | 2.12E-07 | 0.000576
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Appendix 1, 7(12)

Conversion 60%, selectivity 10%

Stream ID 5 4 6 12 8 10
Temperature K 273.15 273.15 273.15 273.15 273.15 273.15
Pressure atm 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr | 0.001217 | 0.047783 | 0.048423 | 0.004883 | 0.000776 | 0.04395
Mass Flow kg/hr 0.03694 | 1.525844 | 1.566737 | 0.157944 | 0.024233 | 1.421499
Volume Flow |/min 0.022558 | 0.031572 | 0.031985 | 0.003226 | 0.014368 | 0.029034
Enthalpy MMkcal/hr|-6.53E-06| -0.00224 | -0.00241 | -0.00024 | -4.19E-06| -0.00217
Mole Flow kmol/hr

OXYGEN 0.001056 | 0.009217 | 0.008161 | 0.000849 | 0.000696 | 0.007642
METHANOL 2.39E-06 | 0.037998 [ 0.037995 | 0.0038 | 1.52E-06 | 0.034197
HYDROGEN 9.29E-05 | 1.65E-19 | 1.12E-10 | 7.11E-12 | 3.71E-05 | 6.40E-11
CARBO-01 6.54E-05 | 9.01E-05 | 0.001789 | 0.000181 | 4.20E-05 | 0.001631
HYDRO-01 2.82E-11 | 5.00E-05 | 5.00E-05 | 5.56E-06 | 1.99E-11 | 5.00E-05
WATER 4.93E-09 | 0.000428 | 0.000428 | 4.78E-05 | 3.49E-09 | 0.000431
Mole Frac

OXYGEN 0.867979  0.192892 | 0.16853 | 0.17387 | 0.896108 | 0.17387
METHANOL 0.001967 | 0.795213 | 0.784649 | 0.77808 | 0.00196 | 0.77808
HYDROGEN 0.076308 | 3.46E-18 | 2.32E-09 | 1.46E-09 | 0.047842 | 1.46E-09
CARBO-01 0.053742 | 0.001886 | 0.036945 | 0.037114 | 0.054086 | 0.037114
HYDRO-01 2.32E-08 | 0.001047 | 0.001033 | 0.001138 | 2.56E-08 | 0.001138
WATER 4.05E-06 | 0.008963 | 0.008844 | 0.009797 | 4.50E-06 | 0.009797
Lig Vol 60F

OXYGEN 0.000943 | 0.008227 | 0.007285 | 0.000758 | 0.000621 | 0.006821
METHANOL 1.61E-06 | 0.025544 | 0.025542 | 0.002554 | 1.02E-06 | 0.022988
HYDROGEN 8.29E-05 | 1.47E-19 | 1.00E-10 | 6.34E-12 | 3.32E-05 | 5.71E-11
CARBO-01 5.84E-05 | 8.04E-05 | 0.001597 | 0.000162 | 3.75E-05 | 0.001456
HYDRO-01 1.11E-11 | 1.97E-05 | 1.97E-05 | 2.18E-06 | 7.81E-12 | 1.97E-05
WATER 1.48E-09 | 0.000129 | 0.000129 | 1.44E-05 | 1.05E-09 | 0.00013
Liqg Frac 60F

OXYGEN 0.868403 | 0.241981 | 0.210706 | 0.217131 | 0.896544 | 0.217131
METHANOL 0.001482 | 0.751286 | 0.738808 | 0.731772 | 0.001477 | 0.731772
HYDROGEN 0.076345 | 4.34E-18 | 2.90E-09 | 1.82E-09 | 0.047866 | 1.82E-09
CARBO-01 0.053768 | 0.002366 | 0.046191 | 0.046349 | 0.054112 | 0.046349
HYDRO-01 1.02E-08 | 0.000578 | 0.000569 | 0.000626 | 1.13E-08 | 0.000626
WATER 1.37E-06 | 0.003789 | 0.003727 | 0.004123 | 1.52E-06 | 0.004123
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Appendix 11, 8(12)

Conversion 60%, selectivity 25%
Stream ID 5 4 6 12 8 10
Temperature K 273.15 273.15 273.15 273.15 273.15 273.15
Pressure atm 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr | 0.001217 | 0.047776 | 0.048416 | 0.004882 | 0.000774 | 0.043941
Mass Flow kg/hr 0.036933 | 1.526755 | 1.567655 | 0.15804 | 0.024147 | 1.42236
Volume Flow I/min | 0.022554 | 0.031573 | 0.031985 | 0.003226 | 0.014319 | 0.029033
Enthalpy MMkcal/hr|-6.53E-06( -0.00224 | -0.00241 | -0.00024 |-4.18E-06| -0.00217
Mole Flow kmol/hr
OXYGEN 0.001056 | 0.009214 | 0.008158 | 0.000849 | 0.000693 | 0.007638
METHANOL 2.39E-06 | 0.037989 | 0.037987 | 0.003799 | 1.52E-06 | 0.034188
HYDROGEN 9.29E-05 | 1.66E-19 | 1.12E-10 | 7.13E-12 | 3.71E-05 | 6.42E-11
CARBO-01 6.54E-05 | 9.01E-05 | 0.001789 | 0.000181 | 4.19E-05 | 0.001631
HYDRO-01 7.06E-11 | 0.000125 | 0.000125 | 1.39E-05 | 4.96E-11 | 0.000125
WATER 4.10E-09 | 0.000357 | 0.000357 | 3.99E-05 | 2.90E-09 | 0.000359
Mole Frac
OXYGEN 0.867959 | 0.192869 | 0.168506 | 0.173815 | 0.895933 | 0.173815
METHANOL 0.001967 | 0.795157 | 0.784589 | 0.778047 | 0.001959 | 0.778047
HYDROGEN 0.076322 | 3.47E-18 | 2.32E-09 | 1.46E-09 | 0.048005 | 1.46E-09
CARBO-01 0.053748 | 0.001886 | 0.03695 | 0.037125 | 0.054098 | 0.037125
HYDRO-01 5.80E-08 | 0.002617 | 0.002583 | 0.002847 | 6.42E-08 | 0.002847
WATER 3.37E-06 | 0.00747 | 0.007372 | 0.008166 | 3.75E-06 | 0.008166
Lig Vol 60F
OXYGEN 0.000943 | 0.008225 | 0.007282 | 0.000758 | 0.000619 | 0.006818
METHANOL 1.61E-06 | 0.025538 | 0.025536 | 0.002554 | 1.02E-06 | 0.022983
HYDROGEN 8.29E-05 | 1.48E-19 | 1.00E-10 | 6.36E-12 | 3.32E-05 | 5.73E-11
CARBO-01 5.84E-05 | 8.04E-05 | 0.001597 | 0.000162 | 3.74E-05 | 0.001456
HYDRO-01 2.77E-11 | 4.91E-05 | 4.91E-05 | 5.46E-06 | 1.95E-11 | 4.92E-05
WATER 1.23E-09 | 0.000107 | 0.000107 | 1.20E-05 | 8.72E-10 | 0.000108
Liqg Frac 60F
OXYGEN 0.868383 | 0.241914 | 0.210645 | 0.217026 | 0.896369 | 0.217026
METHANOL 0.001482 | 0.751117 | 0.738638 | 0.731619 | 0.001476 | 0.731619
HYDROGEN 0.076359 | 4.35E-18 | 2.90E-09 | 1.82E-09 | 0.048029 | 1.82E-09
CARBO-01 0.053775 | 0.002366 | 0.046191 | 0.046354 | 0.054125 | 0.046354
HYDRO-01 2.55E-08 | 0.001445 | 0.001421 | 0.001565 | 2.83E-08 | 0.001565
WATER 1.14E-06 | 0.003158 | 0.003106 | 0.003436 | 1.26E-06 | 0.003436
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Appendix 11, 9(12)

Conversion 60%, selectivity 75%
Stream ID 5 4 6 12 8 10
Temperature K 273.15 273.15 273.15 273.15 273.15 273.15
Pressure atm 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr | 0.001216 | 0.04775 | 0.048391 | 0.004879 | 0.000765 | 0.043914
Mass Flow kg/hr 0.03691 | 1.529758 | 1.570681 | 0.158373 | 0.023864 | 1.425359
Volume Flow |/min 0.02254 | 0.031573 | 0.031987 | 0.003226 | 0.014158 | 0.029033
Enthalpy MMkcal/hr|-6.53E-06| -0.00224 | -0.0024 | -0.00024 (-4.14E-06| -0.00216
Mole Flow kmol/hr
OXYGEN 0.001055 | 0.009206 | 0.008151 | 0.000847 | 0.000685 | 0.007625
METHANOL 2.39E-06 | 0.03796 | 0.037957 | 0.003796 | 1.50E-06 | 0.034162
HYDROGEN 9.29E-05 | 1.67E-19 | 1.12E-10 | 7.20E-12 | 3.71E-05 | 6.48E-11
CARBO-01 6.54E-05 | 9.01E-05 | 0.001789 | 0.000181 | 4.14E-05 | 0.001632
HYDRO-01 2.13E-10 | 0.000375 | 0.000375 | 4.17E-05 | 1.48E-10 | 0.000375
WATER 1.36E-09 | 0.000119 | 0.000119 | 1.33E-05 | 9.51E-10 | 0.00012
Mole Frac
OXYGEN 0.867895 | 0.192795 | 0.168432 | 0.173636 | 0.895353 | 0.173636
METHANOL 0.001967 | 0.794967 | 0.784384 | 0.777936 | 0.001959 | 0.777936
HYDROGEN 0.076367 | 3.50E-18 | 2.32E-09 | 1.48E-09 | 0.048551 | 1.48E-09
CARBO-01 0.05377 | 0.001887 | 0.03697 | 0.037156 | 0.054136 | 0.037156
HYDRO-01 1.75E-07 | 0.007859 | 0.007755 | 0.008548 | 1.94E-07 | 0.008548
WATER 1.12E-06 | 0.002492 | 0.002459 | 0.002725 | 1.24E-06 | 0.002725
Lig Vol 60F
OXYGEN 0.000942 | 0.008217 | 0.007275 | 0.000756 | 0.000611 | 0.006806
METHANOL 1.61E-06 | 0.025518 | 0.025516 | 0.002552 | 1.01E-06 | 0.022965
HYDROGEN 8.29E-05 | 1.49E-19 | 1.00E-10 | 6.43E-12 | 3.32E-05 | 5.78E-11
CARBO-01 5.84E-05 | 8.04E-05 | 0.001597 | 0.000162 | 3.70E-05 | 0.001456
HYDRO-01 8.37E-11 | 0.000147 | 0.000147 | 1.64E-05 | 5.83E-11 | 0.000147
WATER 4.10E-10 | 3.58E-05 | 3.58E-05 | 4.00E-06 | 2.86E-10 | 3.60E-05
Liqg Frac 60F
OXYGEN 0.868317 | 0.241696 | 0.210444 | 0.216682 | 0.895787 | 0.216682
METHANOL 0.001482 | 0.750548 | 0.738065 | 0.731109 | 0.001476 | 0.731109
HYDROGEN 0.076404 | 4.39E-18 | 2.90E-09 | 1.84E-09 | 0.048575 | 1.84E-09
CARBO-01 0.053797 | 0.002365 | 0.046191 | 0.046367 | 0.054162 | 0.046367
HYDRO-01 7.72E-08 | 0.004337 | 0.004265 | 0.004696 | 8.54E-08 | 0.004696
WATER 3.78E-07 | 0.001053 | 0.001036 | 0.001146 | 4.19E-07 | 0.001146
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Appendix 11, 10(12)

Conversion 0%,

liquid feed rate 68 ml/min

Stream ID 5 4 6 12 8 10
Temperature K 273,15 273,15 273,15 273,15 273,15 273,15
Pressure atm 19,73847 | 19,73847 | 19,73847 | 19,73847 | 19,73847 | 19,73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr 0,001617 | 0,095083 | 0,095322 | 0,009532 | 0,001617 | 0,08579
Mass Flow kg/hr 0,049527 | 3,047989 | 3,076295 | 0,307629 | 0,049524 | 2,768657
Volume Flow I/min 0,03 0,063173 | 0,06329 | 0,006329 | 0,029998 | 0,056961
Enthalpy MMkcal/hr |-4,91E-06( -0,00446 | -0,00462 | -0,00046 |-4,91E-06| -0,00416
Mole Flow kmol/hr

OXYGEN 0,001474 { 0,018341 | 0,016866 | 0,001687 | 0,001474 | 0,01518
METHANOL 3,25E-06 | 0,076563 | 0,07656 | 0,007656 | 3,25E-06 | 0,068904
HYDROGEN 9,29E-05 | 7,71E-19 | 1,66E-10 | 1,66E-11 | 9,29E-05 | 1,50E-10
CARBO-01 4,67E-05 | 0,000178 | 0,001896 | 0,00019 | 4,67E-05 | 0,001706
HYDRO-01 0 0 0 0 0 0
WATER 0 0 0 0 0 0
Mole Frac

OXYGEN 0,91167 | 0,192893 | 0,176941 | 0,17694 | 0,911667 | 0,17694
METHANOL 0,00201 | 0,805231| 0,80317 | 0,803171| 0,00201 | 0,803171
HYDROGEN 0,057417 | 8,11E-18 | 1,74E-09 | 1,74E-09 | 0,05742 | 1,74E-09
CARBO-01 0,028903 | 0,001876 | 0,019889 | 0,019889 | 0,028903 | 0,019889
HYDRO-01 0 0 0 0 0 0
WATER 0 0 0 0 0 0
Lig Vol 60F I/min

OXYGEN 0,001316 | 0,016372 | 0,015055 | 0,001506 | 0,001316 | 0,01355
METHANOL 2,18E-06 | 0,051469 | 0,051467 | 0,005147 | 2,18E-06 | 0,04632
HYDROGEN 8,29E-05 | 6,88E-19 | 1,48E-10 | 1,48E-11 | 8,29E-05 | 1,34E-10
CARBO-01 4,17E-05 | 0,000159 | 0,001692 | 0,000169 | 4,17E-05 | 0,001523
HYDRO-01 0 0 0 0 0 0
WATER 0 0 0 0 0 0
Liqg Frac 60F

OXYGEN 0,912123 | 0,240758 | 0,220707 | 0,220706 | 0,91212 | 0,220706
METHANOL 0,001514 [ 0,756901 | 0,754484 | 0,754485 | 0,001514 | 0,754485
HYDROGEN 0,057446 | 1,01E-17 | 2,18E-09 | 2,18E-09 | 0,057449 | 2,18E-09
CARBO-01 0,028917 [ 0,002341 | 0,024809 | 0,024809 | 0,028917 | 0,024809
HYDRO-01 0 0 0 0 0 0
WATER 0 0 0 0 0 0
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Appendix 11, 11(12)

Conversion 30 %, liquid feed rate 68 ml/min

Stream ID 5 4 6 12 8 10
Temperature K 273.15 273.15 273.15 273.15 273.15 273.15
Pressure atm 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847 | 19.73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr |0.001618 | 0.095195 | 0.095434 | 0.009568 | 0.001351 | 0.086113
Mass Flow kg/hr 0.049552 | 3.050142 | 3.078423 | 0.308623 | 0.041738 | 2.777609
Volume Flow I/min | 0.030014 | 0.063167 | 0.063283 | 0.006345 | 0.025041 | 0.057107
Enthalpy MMkcal/hr -4.90E-06 | -0.00446 | -0.00463 | -0.00046 |-4.10E-06| -0.00417
Mole Flow kmol/hr

OXYGEN 0.001475 | 0.018361 | 0.016886 | 0.00171 | 0.001244 | 0.015387
METHANOL 3.24E-06 | 0.076408 | 0.076404 | 0.00764 | 2.70E-06 | 0.068764
HYDROGEN 9.29E-05 | 6.49E-19 | 1.66E-10 | 1.40E-11 | 6.50E-05 | 1.26E-10
CARBO-01 4.67E-05 | 0.000179 | 0.001897 | 0.00019 | 3.91E-05 | 0.001714
HYDRO-01 4.80E-11 | 0.000125 | 0.000125 | 1.39E-05 | 4.44E-11 | 0.000125
WATER 9.48E-10 | 0.000122 | 0.000122 | 1.36E-05 | 8.80E-10 | 0.000122
Mole Frac

OXYGEN 0.911722 ( 0.192877 | 0.176937 | 0.178681 | 0.920929 | 0.178681
METHANOL 0.002003 | 0.802641 | 0.800596 | 0.798538 | 0.002001 | 0.798538
HYDROGEN 0.057389 | 6.82E-18 | 1.74E-09 | 1.46E-09 | 0.048126 | 1.46E-09
CARBO-01 0.028885 | 0.001883 | 0.019876 | 0.019905 | 0.028943 | 0.019905
HYDRO-01 2.96E-08 | 0.001316 | 0.001312 | 0.001455 | 3.29E-08 | 0.001455
WATER 5.86E-07 [ 0.001283 | 0.001279 | 0.001422 | 6.52E-07 | 0.001422
Lig Vol 60F

OXYGEN 0.001317 | 0.01639 | 0.015073 | 0.001526 | 0.00111 | 0.013735
METHANOL 2.18E-06 | 0.051364 | 0.051362 | 0.005136 | 1.82E-06 | 0.046226
HYDROGEN 8.29E-05 | 5.79E-19 | 1.48E-10 | 1.25E-11 | 5.80E-05 | 1.12E-10
CARBO-01 4.17E-05 | 0.00016 | 0.001693 | 0.00017 | 3.49E-05 | 0.00153
HYDRO-01 1.88E-11 | 4.92E-05 | 4.92E-05 | 5.47E-06 | 1.75E-11 | 4.92E-05
WATER 2.85E-10 | 3.67E-05 | 3.67E-05 | 4.09E-06 | 2.65E-10 | 3.68E-05
Liqg Frac 60F

OXYGEN 0.912174 ( 0.241023 | 0.220963 | 0.223048 | 0.921384 | 0.223048
METHANOL 0.001509 | 0.755359 | 0.752956 | 0.750708 | 0.001508 | 0.750708
HYDROGEN 0.057418 | 8.52E-18 | 2.18E-09 | 1.82E-09 | 0.04815 | 1.82E-09
CARBO-01 0.028899 | 0.002354 | 0.024821 | 0.024847 | 0.028958 | 0.024847
HYDRO-01 1.31E-08 | 0.000724 | 0.000722 | 0.000799 | 1.45E-08 | 0.000799
WATER 1.98E-07 | 0.00054 | 0.000538 | 0.000598 | 2.20E-07 | 0.000598
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Appendix 11, 12(12)

Conversion 60%, liquid feed rate 68 ml/min
Stream ID 5 4 6 12 8 10
Temperature K 273,15 273,15 273,15 273,15 273,15 273,15
Pressure atm 19,73847 | 19,73847 | 19,73847 | 19,73847 | 19,73847 | 19,73847
Vapor Frac 1 0 0 0 1 0
Mole Flow kmol/hr 0,001619 | 0,095307 | 0,095545 | 0,00961 | 0,001024 | 0,086489
Mass Flow kg/hr 0,049577 | 3,052275 | 3,080531 | 0,309812 | 0,032003 | 2,788306
Volume Flow |/min 0,030029 | 0,063159 | 0,063276 | 0,006366 | 0,018968 | 0,057293
Enthalpy MMkcal/hr |-4,90E-06( -0,00447 | -0,00463 | -0,00046 |-3,12E-06| -0,00417
Mole Flow kmol/hr
OXYGEN 0,001476 | 0,018381 | 0,016905 | 0,001738 | 0,000955 | 0,015646
METHANOL 3,23E-06 | 0,076251 | 0,076248 | 0,007625 | 2,04E-06 | 0,068624
HYDROGEN 9,29E-05 | 4,92E-19 | 1,66E-10 | 1,06E-11 | 3,71E-05 | 9,53E-11
CARBO-01 4,67E-05 | 0,00018 | 0,001898 | 0,000191 | 2,97E-05 | 0,001723
HYDRO-01 9,57E-11 | 0,000251 | 0,000251 | 2,78E-05 | 6,71E-11 | 0,000251
WATER 1,89E-09 | 0,000244 | 0,000244 | 2,72E-05 | 1,33E-09 | 0,000245
Mole Frac
OXYGEN 0,911771 | 0,19286 | 0,176931 | 0,180901 | 0,932728 | 0,180901
METHANOL 0,001997 | 0,800056 | 0,798027 | 0,793444 | 0,001992 | 0,793444
HYDROGEN 0,057362 | 5,16E-18 | 1,74E-09 | 1,10E-09 | 0,03628 | 1,10E-09
CARBO-01 0,02887 | 0,001893 | 0,019864 | 0,019927 | 0,029 | 0,019927
HYDRO-01 5,91E-08 | 0,002628 | 0,002622 | 0,002897 | 6,55E-08 | 0,002897
WATER 1,17E-06 | 0,002562 | 0,002556 | 0,002831 | 1,30E-06 | 0,002831
Lig Vol 60F I/min
OXYGEN 0,001317 | 0,016407 | 0,01509 | 0,001552 | 0,000852 | 0,013966
METHANOL 2,17E-06 | 0,051259 | 0,051257 | 0,005126 | 1,37E-06 | 0,046132
HYDROGEN 8,29E-05 | 4,39E-19 | 1,49E-10 | 9,45E-12 | 3,32E-05 | 8,51E-11
CARBO-01 4,17E-05 | 0,000161 | 0,001694 | 0,000171 | 2,65E-05 | 0,001538
HYDRO-01 3,76E-11 | 9,84E-05 | 9,84E-05 | 1,09E-05 | 2,64E-11 | 9,85E-05
WATER 5,69E-10 | 7,35E-05 | 7,35E-05 | 8,19E-06 | 3,99E-10 | 7,37E-05
Liqg Frac 60F
OXYGEN 0,912221 ( 0,241287 | 0,221217 | 0,225956 | 0,933187 | 0,225956
METHANOL 0,001504 | 0,753817 | 0,751427 | 0,746369 | 0,001501 | 0,746369
HYDROGEN 0,05739 | 6,45E-18 | 2,18E-09 | 1,38E-09 | 0,036298 | 1,38E-09
CARBO-01 0,028884 | 0,002368 | 0,024836 | 0,02489 | 0,029014 | 0,02489
HYDRO-01 2,60E-08 | 0,001448 | 0,001443 | 0,001593 | 2,89E-08 | 0,001593
WATER 3,94E-07 | 0,00108 | 0,001077 | 0,001192 | 4,37E-07 | 0,001192




