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ABSTRACT

Transformation of Acetone and Isopropanol to
Hydrocarbons Using HZSM-5 Catalyst. (December 2009)

Sebastian Taco Vasquez, B.S., Escuela Polité&acenal,

Chair of Advisory Committee: Dr. Mark T. Holtzapple

This research describes the production of hydracerbfrom acetone and
isopropanol produced by the MixAlco process. TheMio process has two types of
products: acetone and isopropanol. The effect eftéimperature, weight hourly space
velocity (WHSV), type of catalyst, feed compositi@md pressure are studied.

For the isopropanol reaction, the following corah were used: HZSM-5 (280),
1 atm, 300—-41®, and 0.5-11.5 respectively. The temperature and WHSV affect
the average carbon number of the reaction prodédcfsoduct similar to commercial
gasoline was obtained &t = 320 °C and WHSV= 1.3 to 2.7 h Also, at these
conditions, the amount of light hydrocarbons (C1)}-iS4ow.

For the acetone reaction, the following conditiarese used: HZSM-5 with silica
alumina ratio (Si/Al) 80 and 280 mol silica/mol alina, 1-7.8 atm, 305-41G, 1.3—
11.8 K, and hydrogen acetone ratio 0—1 mal Mhol acetone. The conversion on
HZSM-5 (80) was higher than HZSM-5 (280); howevésy HZM-5 (80) the
production of light hydrocarbons (C1-C4) was mdyeralant than (280), and it formed
less coke.

For acetone, the effect of high pressuPe= 7.8 atm) was evaluated. At high
pressure, the conversion was lower than at atmosplpeessure. HZSM-5 (280)
rapidly deactivated, and the amount of light hydrbons (C1-C4) increased.

For acetone, co-feeding hydrogen inhibited cokenfdron and decreased the

amount of light hydrocarbons (C1-C4).
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CHAPTERII

INTRODUCTION

The high global demand for fuels and the deptetibfossil fuels have motivated
research into renewable sources of fuels. Biomassne of the most abundant and
sustainable resources in the world. At Texas A&Mwvarsity, Dr. Mark Holtzapple’s
research group has been working extensively forenttwain 20 years to obtain fuels from
biomass. Some biomass feedstocks studied in oupgrlude municipal solid waste,
animal manure, and energy crops. The new technofieygloped by the Holtzapple
group is called the MixAlco Process (Figure 1l.1hich uses the following steps:
pretreatment, fermentation, descumming, dewateletpnization, alcoholization, and
oligomerization. Depending how many steps are eygalpthe final product of this
process is ketones, alcohols, or hydrocarbons.

This thesis assesses the oligomerization prodbeslast step of the MixAlco
process. The objective is to produce hydrocarbongas to commercial gasoline using
a solid catalyst in a packed-bed reactor.

Figure 1.1 shows that either alcohols or ketones ba transformed into
hydrocarbons. Zeolite solid-acid catalyst HZSM-&nsforms either alcohols or ketones
into hydrocarbons and is the focus of this thesis.

In the MixAlco process, isopropanol is the mdstiredant alcohol and acetone is
the most abundant ketone; therefore, they aredbesfof this thesis. The objective of
this research is to define the conditions of isparml and acetone reaction in order to

obtain a mixture of hydrocarbons similar to commnedrgasoline.

This thesis follows the style of Bioresource Tedbgy.
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This thesis has six chapters:
Chapter lis the introduction.
Chapter Il describes the theoretical background and previwask on the
reaction of acetone and isopropanol over HZSM-5algat It shows
experimental results from previous studies and gged mechanisms for the
reaction of isopropanol and acetone.
Chapter Ill describes the experimental procedure and equipnf@ntthis
research.
Chapter IV focuses on the isopropanol reaction and investsy#te effect of
temperature and weight hourly space velocity (WHSWge catalyst was HZSM-
5(280) at 1 atm.
Chapter Vfocuses on the acetone reaction and investigéssof temperature
and WHSV using HZSM-5 (80) and HZSM-5 (280) at Inaand 7.8 atm
(absolute). Chapter V also shows the effect ofesming hydrogen with acetone
into the reactor. All the catalysts studied for tlaeetone reaction are
commercially available.
Chapter Vipresents the conclusions and recommendation ioreékearch.

Chapter Vllshows future studies for this research.



CHAPTERIII
LITERATURE REVIEW

2.1 Biomassto Hydrocarbons

Hydrocarbons can be produced from biomass usingrak\platforms: sugar,
thermochemical, and carboxylate.

The sugar platform hydrolyzes biomass into sugarsadding enzymes. This
process requires sterility because contaminaniscaiisume the sugars. The sugars are
fermented to alcohols, which can be converted tirdgarbons using zeolite catalyst.

The thermochemical platform converts biomass intwben monoxide and
hydrogen, which react to form hydrocarbons using #isher-Tropsch process, a
catalytic heterogeneous reaction that uses a coéallyst.

The carboxylate platform ferments biomass into cayhbc acids, which are
neutralized using a buffer (e.g., Ca§fOThen, the calcium carboxylate salts are
transformed into ketones by heating (~440 °C) undmruum. The ketones can be
hydrogenated to alcohols. The ketones or alcoh@sanverted into hydrocarbons via

oligomerization (Figure 1.1).
2.2 Alcoholsto Hydrocarbons over HZSM-5 Catalyst

2.2.1 HZSM-5 Catalyst

ZSM-5 is an aluminosilicate zeolite catalyst comgabsf AlO, and SiQ tetrahedra
interconnected through shared oxygen atoms (Figutg The aluminum ion (charge
3+) and a silicon ion (charge 4+) interconnect witkygen atoms and require the
addition of a proton. This additional proton givbe zeolite a high level of acidity,
which is responsible for its activity. Figure 2 dlsows ammonium ZSM-5, which is the
commercial ZSM-5 catalyst. Above 300°C, NHZSM-5 loses ammonia and forms
H*ZSM-5.
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Figure 2.1. Structure of ZSM-5a)(Structure of NH'ZSM-5. (b) Structure of
NH;"'ZSM-5. () Dehydration of HZSM-5 to Lewis Acid.

ZSM-5 has two types of acidity: Bronsted (Figurél®.or Lewis (Figure 2.1c).
The dehydration of a Bronsted acid site producksvais acid site. In the production of
hydrocarbons, the contribution of the Lewis acidisy considered to be negligible
compared to Bronsted acidity. In 1980, Andersoraletshowed that the active sites
involved in the conversion of methanol on zeolaes Bronsted acids, not Lewis acids.

The catalyst HZSM-5 is characterized by the sibdamina ratio. For example
ZSM-5 (80) has 80 moles of silica per mole of aluanilLarger Si/Al ratios are less

acidic, and hence less reactive.
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Figure 2.2. Pore structure of HZSM-5 (Figure fromnDand Smith]1958).

Figure 2.2 shows that HZSM-5 zeolite contains tvesppndicularly intersecting
channel systems: (1) sinusoids with crosssectibapproximately 0.51 x 0.55 nm, and
(2) straight channels with cross sections of 0.8456 nm.

Transformation of alcohols to hydrocarbons over NIZS has been studied since
the development of MTO (methanol-to-olefins), inteehby Mobil Corporation in 1977.
This technology was a breakthrough that producedlgee from methanol. This process
capitalized on existing technology that transformedl and natural gas into methanol.

Methanol-to-olefins is a heterogeneous catalytiocpss. In 1977, Chang and
Silvestri published the first experimental resudtoowing the effectiveness of catalyst
HZSM-5 for converting methanol to gasoline.

Chang and Silvestri (1977) studied the effect afigerature, pressure, and space
velocity on the conversion and selectivity of thedqucts. Figure 2.3 shows the product

distribution and conversion at different space eiles at 371 °C.
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Figure 2.3. Reaction path for methanol conversionydrocarbons &t = 371°C (LHSV
is liquid hourly space velocity and is equal to tbed rate over catalyst volume, Figure
from Chang and Silvestri, 1977).

Figure 2.3 gives insights into the reaction mectrmnof methanol. According to

Chang and Silvestri (1977), the methanol reactith follows:

paraffins

aromatics
2CHOH O 1P - CH:OCHs O T1P? - C2—-C5[ - cycloparaffins

C6' olefins

It is noteworthy that intermediate products are t@2ZC5 olefins produced before the

larger reaction molecules.
Since HZSM-5 was tested for methanol, other alc®halve been investigated. In

1987, Fuhse and Friedhelm presented results oérdiit alcohols (e.g., ethanal;



propanol, isopropanoh-butanol, and hexanol) over HZSM-5. The silica aheanratio
was 65 mol silica/mol alumina, WHSV = 0.37handT = 400 °C. Some of their results

are shown in Table 2.1.

The results from Table 2.1 show that for all aldshiested, more gaseous products

are produced than liquids. As well, in all casesegx for ethanol, the most abundant

reaction product is propene. In a graphic formpuFegR2.4 shows the results of Table 2.1.

The product distribution is similar for all alcoBplwhich may result because all these

alcohols undergo a similar reaction mechanism.

Table 2.1 Product distribution of some alcoholgvatSV = 0.37 A%, T = 400 °C
(Fuhse and Friedhelm, 1987)

n-Propanol Isopropanol n-Butanol Hexan-1-ol

Ethanol (wt%) (Wt%) (Wt%) (Wt%) (Wt%)

C2 31.9 6.5 6.6 6.6 6.9
C3 8.4 12.7 12.5 11.9 10
*C3 154 17.8 17.8 16.5 14.9
C4 11.9 16.8 16.6 16.6 15.9
*C4 134 15.5 15.5 14.9 13.8
C5" 12.2 13.9 14.6 12.9 13.9
**C6 0 1.5 1.6 1.8 1.9
**C7 4.4 7.6 7.4 9.4 8.9
**C8" 2.4 7.7 7.4 9.4 13.8
Gas 81 69.3 69 66.5 61.5
Liquid 19 30.7 31 33.5 38.5

* = QOlefins; ** = Aromatics
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Figure 2.4. Carbon product distribution for difflet@lcohols over HZSM-5 (65) at
WHSV =0.37 h-1, T =400 °C, P =1 atm (absolute¥ Olefins; * = Aromatics;
Figure adapted from Fuhse and Friedhelm, 1987).

After Fuhse and Friedhelm (1987), more studies vdemge for isopropanol over
HZSM-5. Gayubo et al. (2004b) presented a broadystf the isopropanol reaction,
which provides insights into the reaction mechanigkacording to Gayubo et al.
(2004b), the reaction of isopropanol over HZSM-5mainly dehydration to propene,
which forms hydrocarbons above 250 °C. Figure B&as the reaction mechanism of

isopropanol over HZSM-5.



10

olefins Cs, paraffins G, propene
PrOH —C;_— - == butenes
butenes aromatics ethene

Figure 2.5. Reaction path for isopropanol (Gayubal.2004b).

Table 2.2 Effect of temperature on reaction praéslimr isopropanol over HZSM-5.
(adapted from Gayubo et al. 2004b).

T (°C) Effect on reaction products Reaction type
200-250 Propene is the only product Dehydration
250-310 Butenes and Cslefins (hexene) Propene dimerization
310-400 Propene (increases again) Oligomerization to large

Paraffins C5 and aromatics molecules
410 + Ethene, butenes and propenes Cracking ofyhmealecules

Gayubo et al. 2004b also reported the effect ofpmature (200 to 450°C) for
isopropanol reaction over HZSM-5 (see Table 2.2).

Gayubo et al. 2004b also investigated for the efi€éeveight hourly space velocity
(WHSV = 3 to 40 R"). WHSV is the mass ratio of feedstock rate over mhass of
catalyst. Figure 2.5 shows the reaction path oprigpanol when WHSV changes. At
very high WHSV = 40 H, propene is the most abundant reaction produceceier,
when WHSV decreases, the amount of olefins, ar@siaéind paraffins increases. At
very low WHSV (3 h%), ethane, propene, and butene are produced ageiuse heavy
molecules (e.g., paraffins and aromatics) crack.

According to Gayubo et al. (2004b), propeneen@lsappears from the reaction
products, and the deactivation of HZSM-5 is lowdtmohols.



11

2.3 Reaction of Acetone over HZSM -5

L0

1 JL H:50y
- —_—
oy (F3H0)

ClHy

CH; CHz

Figure 2.6. Aldol condensation of acetone to méity.

Although isopropanol and acetone differ by only tiwpdrogen atoms in their
molecules, their reaction mechanisms are very reiffe

According to Chang (1977), with HZSM-5, acetone engdes classic acid-
catalyzed condensation to mesitylene (also callddl a&condensation), which occurs
when acetone contacts any acid. For example, wbetorge contacts sulfuric acid for a
long time, it forms an aldol. If the temperature higgh enough, the aldol forms
mesitylene (see Figure 2.6).

Because zeolites have catalytic acid sites irr gtaiicture, the reaction of acetone
with sulfuric acid is similar to the reaction ofedone with zeolite. Both the zeolite
(HZSM-5) and the acid catalyze the reaction. Howesecording to Salvapatini et al.
(1989), the catalytic self-condensation of acetmneery complex and has numerous
products, including diacetone alcohol, mesityl @ighorone, mesitylene, isophorone,
and 3,5-xilenol. The product spectrum depends lo éxperimental conditions.
Experimental conditions, such as temperature, presand catalyst, also determine the
reaction products obtained from acetone (Salvagati. 1989).

Chang and Silvestri (1977) pioneered the oligonagion of acetone on HZSM-5
catalyst using a packed-bed reactor for their expts. They studied temperatures
from 250 to 400 °C using WHSV = 8'at 1 atm (absolute)

Table 2.3 shows the product distribution of acetmection presented by Chang
and Silvestri (1977). The conversion increased f&8% (250 °C) to 95.3% (400 °C).

The amount of isobutene decreased significantliz witreased temperature from 83.3%
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(329 °C) to 3.6% (399°C). This may be attributedre oligomerization of isobutene
into aromatics according to the study by Salvaggél. (1989). It is noteworthy that the
most abundant hydrocarbon at high temperatures’(398@ xylene. It is also notable,

that among all the reaction liquid products {i;@nost are aromatics.

Table 2.3 Product distribution of acetone reacteer HZSM-5 catalyst (Chang and
Silvestri, 1977).

Reaction Conditions

T(°C) 250 288 329 399
LHSV (h™) 8.0 8.0 8.0 8.0
Conversion (%) 3.9 6.0 24.5 95.3
Carbon Selectivity, (%)

Diacetone 3.5 2.9 0.1 -
Mesitul oxide 27.3 19.7 1.2 -
Isophorone - <0.1 5.3 -
Other O-compounds 6.0 15.0 <0.1 -
CO +CQ - 0.7 10.0 6.1
Hydrocarbons 63.2 61.2 83.4 93.9
Hydrocarbon Distribution

(Wt%) -

Methane - - 0.2 0.1
Ethane - — 0.4 0.2
Ethylene <0.1 <0.1 1.2 2.4
Propane 0.3 19 4.2
Propylene 2.5 3.8 4.2 5.2
i-Butane — - 0.1 3.9
n-Butane — - — 1.7
i-Butene 19.1 31.3 83.3 3.6
n-Butene - — <0.1 2.3
i-Pentane - - — 1.5
n-Pentane - - - 0.6
Pentenes - - - 2.5
C6+ Aliphatics 19.1 3.8 1.6 8.2
Benzene — — — 2.6
Toluene — - 0.1 13.0
Ethylbenzene — - — 2.7
Xylenes - 1.3 2.1 22.3
1,2,3-Trimethylbenzene — <0.1 <0.1 1.1
1,2,4-Trimethylbenzene — 7.0 2.0 8.8
1,3,5-Trimethylbenzene 59.3 52.5 2.6 0.6
Other C9 Aromatics - - 0.3 9.7
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Gayubo et al. (2004a) also report the oligomermratf acetone on HZSM-5.
Acetone and water (50% mol) were used in their grpent in a fixed-bed reactor with
temperatures ranging from 250 to 450 °C with a temature ramp of 0.5 °C/min. The
space velocity was WHSV = 1.2hand the pressure was 1 atm (absolute). They
studied the effect of temperature on the produstridution. Their results are more
detailed than the results presented by Chang dwes8i (1977). Profiles of aromatics,
C5" olefins, C4 paraffins, ethenes, propenesbutenes, CO, C£ and water were
recorded with changing temperature.

At low temperatures (250 to 300 °C), aromatic commuts are the most abundant.
However, at higher temperatures the aromatic cdreton decreases and the
concentration of C5olefins and isobutene increases.

Gayubo et al. (2004a) showed the effect of co-fegedne acetone/water mixtures
with nitrogen, which inhibited the production obaratics and C4paraffins. Nitrogen
increased the selectivity of propene and ©fefins. Also, nitrogen reduced catalyst
deactivation because it attenuates coke formation.

Silvestri et al. (1989) explained the mechanismaoétone condensation (see
Figure 2.6). Over an acid catalyst, the first rsctproduct of acetone is diacetone
alcohol. Then, this ketone alcohol is transformed tmesityl oxide
(CH3C(O)CH=C(CH),) and water. Then the mesityl oxide reacts with@oe forming
most of the reaction products of the condensatfcarcetone, e.g., phorone, isophorone,
isobutene, acetic acid, mesytilene, and others.

Figure 2.7 (Salvapati et al. 1989) shows the t@nsétion of mesytil oxide to
acetic acid and isobutene. This reaction is impbrtecause isobutene is oligomerized
to mesitylene. According to Silvestri et al. (1989)l the aromatic compounds are
formed from mesytilene. The cracking reaction okytgene produces xylenes, toluene,
and benzene, in that order. Figure 2.8 shows tbenatization reaction path of the

cracking of mesitylene.
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Figure 2.7. Formation of reaction products in tbeaondensation of acetone (Salvapati
et al. 1989).



HyC H3C
He +HyC
HaC CHy
_./rC
0 \'CHJ Isoxyhiones

OH 0
©\ e ﬁ\
HyC CHy H3C C

15.xylenol Isaphorone
OH il
€H3-C —{Hy
Acelone
CHJ
m - Cresol

15

H3C CHjy
CHy B CHy
CH3+
o [+
of - Telralone
CHy
li I
=== (W} C=CH=C=CHy+CHy - C—~ CH;
Ha Mesityl oxide Acelone Hc CHy
Mesitylene
Ha0 ¥
?H CH,
—_— |
=~——— [(CH3kt —CHz~C—CHy
Diacetone alcohol
CHy
4 m= Xylene
CH3 *
CHy.COOH - /lc[\_‘ T3
Acetic acrd HC CHa
[sobulene
Toluene

Figure 2.8. Reaction paths in the aromatizatioisophorone (Salvapati et al. 1989).



16

CHAPTER 111
EXPERIMENTAL PROCEDURE AND EQUIPMENT

3.1 Experimental Apparatus

A packed-bed reactor was used in these experin{eigare 3.1). The apparatus
has two major components: gas chromatograph actbrea

The reactor unit consists of a packed-bed reaetqre-heater, a syringe pump,
mass flow meters, and gas lines for hydrogen, géno and air. The reactor and the

pipes are constructed of 316-type stainless steel.

Temperature controle:
and mdicator

Bk
_;,"q.; GC

1L

)
)

- —— -

Vent

Condenser

C!ulch’

) . Feed pump

Liqud

Figure 3.1. Schematic diagram of the apparatus.
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The pump injects liquid into the preheater to gagifThe preheater temperature is
around 420 °C. Then, after the liquid becomes gagpes through a reactor where it
contacts the HZSM-5 catalyst and reacts. Later,rdastion products go through a
stabilizer where the temperature is around 200Ti@s stabilizer ensures that all the
products are in the gas phase for the gas chromagtiog Finally, an ice-cooled
condenser separates liquid from gas. The gas goes tent whereas the liquid is
collected for a gas chromatograph-mass spectrograalysis.

The gas chromatograph (Agilent Technology Moded@8) has two detectors
(TCD and FID) to analyze reaction products. The &8 six 30-m mega-bore capillary
columns: a methyl silicone HP-1, two HP Plot Q, MBle Sieve, a HP Plot Alumna and
a 5% phenyl methyl silicone HP-5. All columns halut 40- to 50-pum-thick phases.
The GC has three valves that split the sampletimtosix columns. These six columns
better separate the samples and consequently gike ancurate results.

Figure 3.1 shows a schematic of the catalyst béi;hwhas catalyst in the middle
section andr-alumina on the top and bottom as filling materigdble 3.1 indicates the
properties of HZSM-5 catalysts used in the expemtsie Table 3.2 shows more
information about the reactor dimensions.

Three HZSM-5 catalysts were used in these expetsnddl) a proprietary
catalyst from 280, (2) commercial HZSM-5 (80), é)d commercial HZSM-5 (280).
The three types of catalysts have similar physmalperties (see Table 3.2). The
isopropanol reactor used 4.2 g whereas the acetaotor used 6.0 g. The procedure

followed for the acetone and isopropanol reactsom iAppendix F.
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Fumace
I Thermowell
Figure 3.2. Schematic diagram of the reactor bed.
Table 3.1 Catalyst physical properties.
Properties Values
Si/Al ratio (mol silica/ mol alumina) 80, 280, agdo0
Shape Cylinder
Particle height (mm) 3.5 (average)
Particle diameter (mm) 1.6
Particle bulk density (kg/M 750
Particle density (kg/f) 1800
Void fraction of packed bed, 0.58
Surface area (ffg) 425, 400
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Table 3.2 Reactor dimensions.

Properties Values
Internal diameter (cm) 1.0
External diameter (cm) 1.3
Thermowell diameter (cm) 0.14
3.2 Product Analysis

To analyze the products, it was necessary to havehromatographs:
» Gas chromatograph (Agilent Technology Model 6890N)
* Gas chromatograph-mass spectrograph (HP Model &1800

The gas chromatograph (GC) is connected on-link thi¢ reactor. This GC has a
flame ionization detector (FID) and a thermal castoity detector (TCD). The TCD
analyzes light hydrocarbon products (C1-C4), CO,,@&Ad water. The FID is used for
the heavier hydrocarbons (C5-C13). All the reacpooducts were analyzed with this
chromatograph; however, heavier hydrocarbons (CB8)Giere lumped by carbon
number. To know all the isomers in the liquid phaseas necessary to perform a more
detailed analysis of the sample with a GC-MS.

The gas chromatograph-mass spectrograph (GC-M3yzasathe liquid product
samples. Before the analysis, all reaction prodwet® cooled to 15°C to ensure that all
hydrocarbons with more than five carbons in themenule were in the liquid phase. A
GC-MS analysis of the liquid phase typically deteres that the liquid samples have
over 100 compounds. The compounds were describezhtipon number and types of
products (i.e., paraffins, oxygenated compoundsjrd, naphtenes, naphtenes olefinics,
and aromatics). The carbon number ranges from CCZ14. Table 3.3 shows an

example of how the compound analysis was reported.
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Table 3.3 Liquid product analysis from GC-MS data.

Naphtenes
C# | Paraffins| Oxy Olefing Isoparaffins Naphtenes Olefinics Aromatics | Total

4 - - - - - - - -

14 - - - - - - - -

To
tal - - - - - - - 100

For isopropanol and acetone, the concentratioheptoducts is recorded. Due to
the differences in the mechanism of the reactiawéen isopropanol and acetone, the
experiment collection of data was different. Inufea 4 and 5 from this thesis, the plan
for each experiment is explained; however, the @l/ebjective is to measure the effect

of the reaction conditions change in the reacti@apct concentration.
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CHAPTER IV

RESULTS AND DISCUSSION OF ISOPROPANOL REACTION OVER HZSM-5

For the isopropanol reaction, the product has dicaind gaseous phases. For the
liquid product, the water is decanted and the ddgaydrocarbon is separated. All the
products are detected by the on-line GC (C1-C1@)aver the liquid (CH is collected

to analyze it in a GC-MS and identify the isomers.

4.1 Definitions

The isopropanol feed rate is characterized by tleeht hourly space velocity
(WHSV). The weight hourly space velocity (WHSV)dsfined as the weight of feed per
hour per unit weight of catalyst loaded in the tead~or example, if the feed rate is 10

g per hour to the reactor and 10 g of catalystddad the reactor, the WHSV is 1.0'h

Mieed

rncatalyst

WHSV =

where

r'nfeedsmckfed = mass flow rate to the reactor (g/h)
m = mass of catalyst (g)

catalyst ™

Conversion is the percentage of reactants convedeproducts. For example,

100% conversion means all the reactants convestpcbducts.

Mieedstockreacted

Conversion(%)=——x100

Mieedstock fed

where

Mieedstockreactea= Fate of reaction (g/h)

Mireeastock fed = MAsSS feed rate to the reactor in one hour (g/h)
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Concentration is the measure of how much of a gs@stance there is mixed

with another substance.

Concentrabn (wt%) = m
m;

where

m = mass flow rate of the product Componie(d)

m, = total mass of the products (Q)

This last term can be of two types: 100 g C alldoiet (Figure 4.1) or 100 g C liquid
hydrocarbon product (Figures 4.4 and 4.5). Wateoisconsidered in the total product.

For all the experiments the concentration is refiton a carbon basis.

Calculations:

The product is in both the gas and liquid phasdse faseous products are
hydrocarbons with less than five carbons in theoletule (e.g., methane, ethane,
ethene, propene, propane, butane, isobutene, hugabatylene), carbon monoxide, and
carbon dioxide. The liquid products are hydrocasoaith five or more carbons in their
molecule (e.g., pentanes, benzene, naphthalenegaeb experiment, six samples were
taken.

For the isopropanol reaction, nine experiments vpemrformed with temperatures
ranging from 300 to 410 °C. The weight hourly spaetcities (WHSV) studied were
0.52, 1.32, 1.87, 3.74, 7.94, and 11.2% fhe pressure was 1 atm (absolute). All the
experiments for the isopropanol reaction were &28M-5 (280). The conversion for
all these experiments was 100%. Table 4.1 showbhakxperiments for the isopropanol
reaction over HZSM-5 (280).

300 °C was chosen as initial temperature becauserltemperatures were not
stable during time which is because of the heaeattion of isopropanol. For example,
when the reaction was set between than 250 and°BQQhe temperature always
increased until it reached 300 °C. On the othedhathe temperature was lower than

250 °C, the isopropanol did not react.
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The WHSV ranged between 0.52 and 11.23 The WHSV 0.52 H was chosen
because of the size of the reactor and pipes. LaMidEV would not have obtained a
constant flow on the exit of the reactor. WHSV mtiran 11.23 H presented problems
controlling a constant temperature along the catabed (it is necessary to have the
same temperature along the catalyst bed).

For each condition, two experiments of six-hourctieas were preformed. Each
experiment had 5 measurements on average during flinis means that for each
condition, there were around 10 measurements. atayst was always regenerated
before each experiment. The GC collected and meddte results for each condition.
Figure 4.1 shows the results for two experimentssopropanol reaction at the same
conditions; the conditions were catalyst = HZSM2B(), T = 410°C, WHSV = 1.31"h
P =1 atm (absolute).

The reaction of isopropanol over HZSM-5 is exothiernthe temperature raised
about 40 °C from the set temperature. The isopmpaecomposes to water and
hydrocarbons.

C,H,0 - JCH,]+H,0
where [CH] represents olefins, paraffins, naphtenes, andnatics. The product
distribution was from compounds with two carbong.(eethane) to molecules with 13
carbons (e.g., naphthalene).

The liquid has two phases: oil and water. Theligilid phase contains heavy
hydrocarbons (e.g., pentanes, cyclohexanes, xyl&éegsanes, and branched aromatics).
For all cases, no CQor CO was formed. All the oxygen in the isoprodamolecule
formed water. For example, if 60 grams of isoprapaeacted, 18 grams of water were
produced. At 1 atm (absolute), the effect of terapge and WHSV are studied for
isopropanol reaction over HZSM-5 (280).
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Table 4.1 Experiments for the isopropanol reactieer HZSM-5 (280).

Catalyst: HZSM-5 (280)
WHSV (H?)
T (°C) 0.5 1.3 1.9 3.7 7.9 11.2
300 11
320 12
370 15 13 16 17 18 19
410 14

4

” w
1 —e—Liquid

g C gaseous Species i
100 g Call product
[

[a)

( ,

30 + —4—Liquid {afterregeneration)
E
'?; 20 - —(Gas (after regeneration)
g
<
= 10 1

0 100 200 300 400
T.0.S. (min)

Figure 4.1 Product distribution of gases and ligua@ the isopropanol reaction over
HZSM-5 (280),T = 370 °C, WHSV = 1.31'h P = 1 atm (absolute).
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Figure 4.1 shows gas and liquid product distributior the isopropanol reaction
over HZSM-5 over time on stream, and it illustratieat the product distribution does
not change during time for the two experiments. Tieck lines show the product
distribution of liquid and gas with fresh catalystnd the red lines the product
distribution after regeneration. For the fresh aegenerated catalyst, it is noteworthy
that the concentration of liquid and gas are timesand relatively constant during time.
For all the experiment of temperature and WHSV direcentration value shown was an

average of all the values recorded in 6 hours.

4.2 Effect of Temperature

Four experiments at different temperatures werdopaed, as summarized in
Table 4.2 with a WHSV = 1.31"h Figure 4.2 shows the gas and liquid product
distribution for the isopropanol reaction over HZSMThe gas phase has hydrocarbons
from C1 to C4 and, the liquid phase has hydrocalicom C5 to C13 (WHSV =1.3Th
! P =1 atm (absolute)). The product concentration atagys constant during the first
6 h; therefore, the catalyst showed no deactivadiming this time. Temperature affects
the selectivity of gas and liquid products. The antof liquid C5 decreased from 70%
(300°C) to 40% (410°C), as temperature increasbd.giseous products increased from
30% (300°C) to 60% (410°C).

Table 4.2. Experiments showing the effect of terapge for isopropanol reaction over
HZSM-5 (280).

Catalyst: HZSM-5 (280)

WHSV (H?)
T (°C) 0.5 1.3 1.9 3.7 79 112
300 11
320 12
370 13

410 14
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Figure 4.3 and Table 4.3 show the gas productiliigion of the isopropanol
reaction at different temperatures. Isobutene andng are the most abundant reaction
products. The concentration of gaseous productsh s1$ 2-butene and isobutylene,
increases at high temperature. According to Gayebal. (2004b), the increase of
gaseous products results from "‘Célefins and aromatics at high temperatures. For
instance, in Figure 4.3, the amount of propaneciaes from 2% (300 °C) to 13% (410
°C). It is notable that the amount of olefinic gaise products is larger than the amount
of paraffinic products. Figure 4.4 shows the wafetd. The water yield increases with

temperature because the amount of liquid hydrocerecreases.

)

Species i

v (]
100 e O all product

l ® Gas (C2-C4)

71 50 Liquid (C5%)

300 320 370 410

Concentration (

Figure 4.2. Product distribution of gases and tigifor the isopropanol reaction over
HZSM-5 (280), WHSV = 1.31h P = 1 atm (absolute).
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Figure 4.3 Product distribution of gases for tleprepanol reaction over HZSM-5
(280), WHSV = 1.31 H, P = 1 atm (absolute).



Table 4.3 Gaseous products for the isopropanoticaaover HZSM-5 at different

temperatures, WHSV= 1.3T"hP = 1 atm
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Concentration (g C gaseous Specigd90 g C
all product)
Temperature (°C)
300 320 370 410
Ethene 0.3 1.1 1.6 3.2
Propene 1.1 8.4 5.3 4.3
Propane 0.9 2.1 3.5 12.4
Isobutane 0.5 9.4 9.0 22.1
Butane 14.0 9.9 12.0 4.3
Isobutylene 8.0 7.7 8.1 10.7
2—butene 4.7 2.6 3.3 1.3
1.1 -
o=\
'S 1
=
-
= }
== 0.9
orf 2
=
= 0.8 -
.E.
N—’ )
_ 0.7 -
=
p 06 -
=
[
- 05 . . .
290 340 390 440
T¢C)

Figure 4.4. Water yield for the isopropanol reattower HZSM-5(280), WHSV = 1.31

h™, P = 1 atm (absolute).
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Figure 4.5. Carbon liquid product distribution sbpropanol reaction over HZSM-5
(280 ), WHSV = 1.31 1, P = 1 atm (absolute).

Figure 4.5 illustrates the carbon distributionigfild products at different temperatures.
The concentration shown in Figure 4.5 represents il liquid phase. At all
temperatures, the most abundant components inltpease are C7 and C8. The curves
tend to be sharper at low temperatures and widehnigit temperatures. At higher
temperatures, the amount of C4 dissolved in thepbiése increases because the
concentration of C4 increases with temperatureu(féig.2) and it is absorbed by the oil
phase.

Temperature affects the type of liquid reactiondoicis obtained (Figure 4.6).
Olefins have the highest concentration (30 to 60f&6}this temperature range. The
concentration of aromatic and naphtenes olefimcseases from 5% (300°C) to more
than 20% (410°C). The concentration of isoparafansl naphtenes are constant at all
temperatures. The concentration of isoparaffinicgounds is always below 10%. The

paraffin concentration is negligible.
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Figure 4.6. Liquid type product distribution of popanol reaction over HZSM-5 (280),
WHSV = 1.31 i!, P = 1 atm (absolute).

Table 4.4 shows the concentration range of the mimshdant components found
in the oil phase for this set of experiments. Apexted from Figure 4.6 and Table 4.4,
the most abundant compounds are olefinics. It isnaffle that the most abundant
compound depends on the carbon number. For exawlplmics compounds are more
abundant from C4 to C6, naphtenes from C6 to C8, amomatics from C8 to C10
(Figure 4.7).
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Figure 4.7. Liquid type product distribution of popanol reaction over HZSM-5 (280),
WHSV = 1.31 i, P = 1 atm (absolute); = 370°C.

Table 4.4 Most abundant compounds for the isoprolp@action over HZSM-5 (280),
T = 300-415C, WHSV = 1.31 i, P = 1 atm (absolute).

Olefins and Naphtenes Olefinics Naphtenes

(g C Species/100 g C liquid ) (g C Species/100 g C liquid )
1-propene 1.4-1.5cyclohexane 1.0-2.8
2-butene 3.3—7.Y methyl-cyclopentane 2.3-2|9
2-methyl-1-butene 4.7-5/3cyclopentane, 1,2-dimethyl-3-methylep&.7-1.9

Aromatics

2-butene, 2,3-dimethy 1.6-6.6 (g C Species/100 g C liquid )
2-pentene, 2-methyl 2.6—4|20luene 1.6-3.4
2-pentene, 3-methyl 2.4-8|%®thyl benzene 1.3-2]1
3-methyl-2-pentene 2.0-5/&ylene 1.7-7.8
2-hexene, 2,3-dimethyl 1.9-5| Inesitylene 1.8-2.6
1,5-dimethyl-cyclopentengl.3—-2.8
1,3-dimethyl-cyclohexene 2.0-3\7




4.3 Effect of the Weight Hourly Space Velocity (WHSV).

In this section, the effect of WHSV is investigat&ive experiments at different
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temperatures were performed. The effect of chandWigSV is investigated over

HZSM-5 (280) catalyst. The conditions for this sétexperiments are shown in Table
4.5. Figure 4.8 shows the product distribution at g@nd liquid products at different
WHSV (0.52, 1.87, 3.74, 7.49, 11.23)hThe product distribution of gases and liquids

is not affected by the change of WHSV. The amodriigoid is constant (60%) at all

WHSV from 0.52 to 11.23°h

Figure 4.9 illustrates the gas product distributaindifferent WHSV. The most

favorable component was butanes at all WHSV ingat#d. The amount of propene
increases from 1% (0.52 to 15.5% (11.2 H). Table 4.6 shows the concentration
variation of the most abundant gases at differertS¥. This may be explained that at
high WHSV (low residence time), propene forms fiesid does not have time to

continue reacting. Figure 4.10 shows that at dfieMWWHSV, the water yield is constant

and ranges between 0.7 to 0.8 4Dy liquid hydrocarbons.

Table 4.3 Experiments showing the effect of WHSWisopropanol reaction over

HZSM-5 (280).

Catalyst: HZSM-5 (280)

WHSV (H?)
T (°C) 0.5 1.3 1.9 3.7 79] 112
300
320
370 15 13 16 17 E 19
410
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Figure 4.8. Product distribution of gases and tiguior the isopropanol reaction over
HZSM-5 (280),T = 370 °C,P = 1 atm (absolute).
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Figure 4.9. Product distribution of gases for tBepropanol reaction over HZSM-5
(280),T=370C, P =1 atm (absolute).
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Figure 4.10. Water yield for the isopropanol reactover HZSM-5 (280)T = 370C,
P =1 atm (absolute).

Table 4.6 Gases products for the isopropanol @aciver HZSM-5 at different WHSV,
T=370°C,P =1 atm (absolute).

Concentration (g C gaseous Spec¢i&0 g C all product)
WHSV (h)
0.52 1.87 3.74 7.49 11.23
Ethene 3.0 1.6 1.4 1.2 0.7
Propene 0.9 5.3 9.8 11.4 15.5
Propane 5.9 3.5 1.6 1.1 1.2
Isobutane 11.0 9.0 3.5 1.7 2.2
Butane 10.8 12.0 13.4 11.8 15.1
Isobutylene 9.4 8.1 7.3 6.1 7.9
2-butene 3.0 3.3 3.9 3.7 4.7

Figure 4.11 illustrates the carbon distributidntlee liquid products at different
WHSV. WHSV significantly affects the carbon distrtton of the liquid phase. At lower
WHSV, the most abundant component is C9 whereabigiter WHSV, the most

abundant component is C6. At low WHSV, the olefiegan undergo more
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oligomerization reactions to produce larger molesulwhereas at high WHSV, the
molecules do not have time to form larger moleculess noteworthy that the carbon
number in the liquid can only be changed by WHSV.

Figure 4.12 shows the reaction path that isopropeeaction undergoes in these
experiments.Figure 4.13 illustrates the type ofdpats in the liquid phase at different
WHSV. At very low WHSV, aromatics are high (60%pwever, at high WHSV, the
aromatics dropped drastically (8%). On the otteerch olefins go from 5% (0.52% to
50% (11.2 AY). As well, naphtene olefinics increase from 79620hY) to 30% (11.2
h™). The amount of paraffins always stayed below &%li samples. Table 4.7 shows

ranges for the most abundant compounds in thedighase product.

-o-05n!

100 g C ligquid

-0-3717L
——751"1

=&-112h7!

('.uncunl.rzlliun( .

2 3 4 3 ] 7 8 9 w 11 1z 13 14

Number of Carbons

Figure 4.11. Carbon liquid product distribution isbpropanol reaction over HZSM-5
(280),T=370C, P =1 atm (absolute).
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Figure 4.12. Reaction path of isopropanol.
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Figure 4.13 Liquid product distribution of isoproywé reaction over HZSM-5 (2807, =
370°C, P =1 atm (absolute).

In conclusion, the isopropanol reaction is verys#@ére to temperature and
WHSV. The distribution of products varies greatlithrthese two variables. The most

abundant types of products from isopropanol ardingle aromatics, naphtenes, and
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isoparaffins. The gasoline obtained from isopropare slightly different from
commercial gasoline (see Appendix A), which does mave olefins. However, the
required carbon distribution of C8-centered canntet from the reaction products of
isopropanol. The most similar product to commergegoline was obtained &t= 320
°C and WHSV = 1.3 HatP = 1 atm (absolute).

The carbon distribution C8-centered (see Figurd)4ahd the low amount of gas
were the criteria to choose the reaction conditiam®ptimal. At the conditions af=
320 °C, WHSV = 1.3 HandP = 1 atm (absolute), the gas concentration wasdasds

the carbon liquid distribution was C8-centered.

)
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Figure 4.14. Liquid product distribution of isopesmwl reaction over HZSM-5 (280),
WHSV = 1.3 %, P = 1 atm (absolute)] = 320C.



Table 4.7 Most abundant compounds for the isopralp@action over HZSM-5T = 370°C, WHSV = 0.5-11 #, P =1 atm

(absolute).

Olefins and Naphtenes
Olefinics (g C Specieis

Naphtenes

(g C Species/100 g C liquid )

(g C Species/100 g C liquid)

Aromatics

Isoparaffins
(g C Species/100g C

/100 g C liquid ) liquid )

cyclopropane, 1,2- 2-methyl

1-propene 1.4-1.5 dimethyl 2.7-7.5| benzene, methy 1.8-10 pentane 4.2-4.4

1-butene, 2,3- cyclopropane, (1- benzene, 1,3- 2-methyl,2-

dimethyl 5.5-6.6| methylethenyl) 1.4-2.7 dimethyl 2.9-5.5 | hexene 1.4-7.2

2,3-dimethyl-1- cyclopentane, 1,3- benzene, 1-ethyl- 2-methyl,

butene 2.4-6.8 dimethyl 1.8-2.7| 2-methyl 2.2-4.4 | hexane 2.4-2.8

2-penteng3- cyclopenatane, 1,2 -

methyl 2.2-3.5| dimethyl-3-methylene 1.3-2.7

3 methyl 2

pentene 3.7-9.%

1,3-dimethyl-

cyclohexene 2.0-2.¢

2-hexene, 2-

methyl 1.2-7.8

cyclohexene,

1,3-dimethyl 1.4-29

cyclohexene, 1-

methyl 1.8-2.3

8¢
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CHAPTER YV

RESULTSAND DISCUSSION OF ACETONE REACTION OVER HZSM-5

Acetone reaction over HZSM-5 produces several ptsjsuch as hydrocarbons,
oxygenated compounds, CO, &@nd water. Gaseous hydrocarbons include propene,
butane, isobutene, and butene. Liquid hydrocarisongain mainly of aromatics ranging
from C6 to C14. The liquid products also includensooxygenated compounds, mainly
isophorone (cyclohexanone, 3,3,5-trimethyl) and esqimenols.

For the acetone reaction over HZSM-5, 34 experimewere performed.
Temperatures ranged from 305 to 405 The weight hourly space velocities (WHSV)
studied were 1.32, 2.63, 3.95, 5.27, 6.58, 7.9 Ah@5 h'.The reaction pressures
evaluated were 1 atm (absolute) and 7.8 atm (ateoldable 5.1 summarizes
experiments for the acetone reaction over HZSM-H #me conditions for each
experiment.

In addition, the effects of catalyst type, co-fewdihydrogen, pressure, and
deactivation of catalyst were studied. The catalydZSM-5 used for the acetone
reaction were commercial HZSM-5. Two types of gabused, with silica to alumina
ratios of 80 and 280 mol silica/mol alumina, ddsed as HZSM-5 (80) and HZSM-5
(280), respectively.

For the acetone reaction, the desired productnsxéure of hydrocarbons similar
to commercial gasoline. The objective is to find thest reaction conditions to produce
this synthetic gasoline. Several commercial gasslitom different gas station are in

Appendix A and they will help as a referent to camgpthe reaction product.
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Table 5.1 Experiments for the acetone reaction bBNE3M-5.

P |cCatalyst | T | H,Ratio WHSV (i)
Si/Al
ratio
(mol (mol Hy /
silica/mol mol
(atm) [ alumina) [ (°C)| acetone)] 1.3] 2.6 3.9 52 65 79 118
80 305 0 Al
350 A2 A3 Ad | A5
1 415 A6 | A7 | AB | A9 | A10| A1l

0.3 Al2| Al3| Al4
0.5 Al5| Al6| Al7

280 0 Al8| Al19] A20[ A2l A22
03 A23
0.5 A24| A25
1 A27| A28

7.8 280 0 A30 A3l A37 A33 A34

5.1 Catalyst Deactivation

For the acetone reaction, the catalyst deactivagzhuse the concentration of
products were not constant during the time on sirélthe data for four experiments are
presented to study catalyst deactivation (see Tal#¢. In these experiments, the

product concentration was measured during timereas.
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Table 5.2 Catalyst deactivation experiments forabetone reaction over HZSM-5.

P |Catalyst | T | H,Ratio WHSV (i)
Si/Al
ratio
(mol (mol Hy /
silica/mol mol
(atm) | alumina) | (°C)| acetone)|{ 1.3] 24 3.9 5P 6 11.
80 305 0
350
1 415 A6
0.3
0.5
280 0 A18
0.3 A23
0.5
1
7.8 280 0 A30

Figure 5.1 shows the percentage of liquid and g#s mespect to time on stream

(T.O.S) for acetone over HZSM-5 (80)Tat 410°C and WHSV = 1.3 HandP = 1 atm

(absolute). The conversion was 100% at all times.
The gas phase contains hydrocarbons from C1 t€C0O4, and CO, and the liquid

phase contains hydrocarbon’GBainly aromatics). Figure 5.1 shows that withejrthe

yield for gaseous products decreases and the y@ldiquid products increases.

Therefore, the product selectivity changes withetinwvhich is attributed to catalyst

deactivation.
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Figure 5.1. Product distribution of gases anditiguor the acetone reaction over
HZSM-5 (80),T = 415°C, WHSV = 1.3 i, P = 1 atm (absolute).

Figure 5.2 shows the product distribution of the ghase with respect to time on
stream (T.0O.S) for acetone over HZSM-5 (80 at 415 °C andP = 1 atm (absolute)
and WHSV = 1.3 H. Only gases with concentrations over 5 wt% arentep. The most
abundant gases are propane and isobutane. Thentgnide all the gaseous products is

to decrease with time.



43

40 ~
-‘_h-.; 33
9z
f .E -
3= -o=CO,
(-
5 = 20 =dr—=Dropane
9 = . .—\ =®=]:cbutane
= . ==[sobutvlene
E 107 !-‘f—b\hg
;s
k
- I:I T T T T 1
0 50 100 150 200 250
T.O.S. (min)

Figure 5.2. Product distribution of gases for thetane reaction over HZSM-5 (80) =
415°C, WHSV = 1.3 i, P = 1 atm (absolute).

Figure 5.3 shows the product distribution of liqaild gas phases with respect to
time on stream (T.0.S) for acetone over HZSM-5 J280T = 415°C and WHSV = 1.3
h™. The yields for gaseous products and liquid hyaroens did not change during the
first 150 min; thus, the deactivation of HZSM-5 (38s lower than HZSM-5 (80).
HZSM-5 (280) is less acidic and is slow to deaddveompared to HZSM-5 (80). For
this set of experiments, the conversion is 100%s hoteworthy that HZSM-5 (280)
produces 10% of gases, which is much less thadG¥eof gases produced with HZSM-
5 (80).
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Figure 5.3. Product distribution of gases and tigupr the acetone reaction over
HZSM-5 (280),T = 415°C, WHSV = 1.3 i, P = 1 atm (absolute).

Figure 5.4 shows the effect of high pressure f@ tbaction of acetone over
HZSM-5 (280) on the conversion and the compositbrgaseous and liquid reaction
products P = 7.8 atm (absolute)] = 410 °C, and WHSV = 9.487}. High pressure
rapidly deactivates the catalyst. For instancefFigure 5.4, the conversion decreased
from 95% to 75% after 90 min, which may result frtarge molecules (C1) poisoning

the catalyst.
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Figure 5.4. Product distribution of gases and tigupr the acetone reaction over
HZSM-5 (280),T = 415C, WHSV = 1.3 i', P = 7.8 atm (absolute).

Figure 5.5 shows the effect of co-feeding hydromethe reaction using a ratio of
0.34 mol H/mol acetone al = 415°C, P = 7.8 atm (absolute), WHSV=1.3"hand
HZSM-5 (80). Because hydrogen inhibits catalystimgkthe product selectivity was
more stable with time, so the catalyst did not teate. According to Bearez et al.
(1983), hydrogen reduces the rate of coke formationacid catalysts. Additionally,

compared with Figure 5.1, the amount of gases dseckfrom 80% to 50%.
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Figure 5.5. Product distribution of gases and tigupr the acetone reaction over
HZSM-5 (80),T = 415C, WHSV = 1.3 i, P = 1 atm (absolute), mol #mol acetone =
0.34.

5.2 Temperatur e Effects

Table 5.3 summarizes the three experiments thdy she effect of temperature on
reaction of acetone over HZSM-5 (80). The dataguresl in this set of experiments are
average concentrations taken after feeding 30 ndcefone. The average taken refers to

the reaction product concentration at differenesnon stream.
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Table 5.3 Experiments for the acetone reaction BMSM-5 at different temperatures.

P |Catalyst | T | H,Ratio WHSV (A%
Si/Al
ratio
(mol (mol Hy /
silica/mol mol
(atm) | alumina)| (°C)| acetone)] 1.3 24 39 5P 65 7/9 118
80 305 0 Al
350 A2
1 415 A6
0.3
0.5
280 0
03
0.5
1
8 280 0

Figure 5.6 shows the distribution of gases anddigund the conversion of acetone
for T = 305 to 415°C using catalyst HZSM-5 (80) and WHSY.3 h'. The amount of
gases increased from 20% (305°C) to 72% (415°C)redse the amount of liquids
decreased from 80% (305°C) to 28% at (415°C). Tdmwversion slightly increased from
90% to 100%.
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Figure 5.6. Product distribution of gases and tigudor the acetone reaction over
HZSM-5 (80), WHSV = 1.3, P = 1 atm (absolute).

Figure 5.7 shows the product distribution of the ghase at different temperatures
for acetone over HZSM-5 (80). In both Figures 5@ &.7, the selectivity for gaseous
products increased with temperature. Propane, isabuand isobutylene were the most

abundant compounds in the gas phase.
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Figure 5.7. Product distribution of gases for thetane reaction over HZSM-5 (80),
WHSV = 1.3 %, P = 1 atm (absolute).

Figure 5.8 shows the type of liquid-phase prodatts = 305, 350, and 4216.
Aromatics and oxygenated compounds were the orggstyof products in the liquid
phase.

At T = 305C, the most abundant component in the liquid phese C9, mainly
mesytilene  (1,3,5-trimethylbenzene ¢HG2) and isophorone (1,1,3-trimethyl-3-
cyclohexene-5-one ¢E;40). The concentration of isophorone decreased ft&6f to
0% whenT increased from 30& to 413C and the concentration of C9 aromatics
decreased from 25% (305) to 20% (40€C).

On the other hand, the concentration ofaf@matics increases from 15% (3C%
to 40% (418C), which is attributed to cracking of mesitylen€9J into xylene.
Kunyuan et al. (2007) reported the cracking of tyksiae over HZSM-5 at 480C and
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showed the most abundant reaction product is xylé&weording to Kunyuan et al.
(2007), cracking benefits from increased tempeeatlior the three experiments at
different temperatures, the amount of benzenesstlgan 5% of the liquid.

Furtheremore, it is noteworthy there is a Gaussmimmal distribution of
compounds centered on C9 (30% and C8 (41%). This Gaussian distribution of
products was not observed in the isopropanol reastiFigure 5.8 also shows the most
abundant compound for each carbon number. For dearap305 °C and C9 fraction,
the most abundant aromatic component is mesitylenghe other hand at 415 °C and
C8 fraction, the most abundant aromatic compouipaia-xylene.

Tables 5.4, 5.5, and 5.6 show the liquid compasitb three temperatures 305,
350, and 41%C, respectively. There were about 100 componentseéxh sample;
however, Tables 5.4, 5.5, and 5.6 show only thetrabandant compounds. The total
amount of all components for each table represantsit 80% (wt) of the total amount
of liquid products. The other components that reg@né 20% (wt%) are not shown in the
table because they are so many and the concentiatless than 1% (wt). The balance

of the distribution of liquid and gas is shown iguiie 5.1.
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Table 5.4 Most abundant compound distribution e &cetone reaction over HZSM-5
(80), T = 305°C, WHSV = 1.3, P = 1 atm (absolute).

Aromatics Oxygenated Others
(g C liquid Species/100 g | (g C liquid Species/100 g C| (g C liquid Species/100
C liquid) liquid) g C liquid)
benzene, 1,3- 2-cyclohexen-1-one, cyclopropane, (1-
dimethyl 10.5| 3,5,5-trimethyl 14.1 methylethenyl) 2.
cyclobutane,
mesitylene 8.3 2-propanone 9.0isopropylidene 2.2
benzene, 1-ethyl-2- cyclopropane, 1,2-
methyl 8.2| 2-butanone 1.2 dimethyl 1.3
benzene, 1,2,3- cyclopentene, 1,5-
trimethyl 6.7 dimethyl 2.1
benzene, methyl 3.4 1-propene, 2-methyl 2
benzene, 1-methyl-
3-propyl 1.6
benzene, 1,2-diethyl 15
benzene, 1,2,3,5-
tetramethyl 2.1
benzene, ethyl 0.9
naphthalene, 1,2,3,4-
tetrahydro-2 0.8
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Table 5.5 Most abundant compound distribution lfer &cetone reaction over HZSM-5
(80), T = 350 °C, WHSV = 1.3H, P = 1 atm (absolute).

Aromatics Oxygenated Others
(g C liquid Species/100 g | (g C liquid Species/100 g C (g C liquid Species
C liquid) liquid) /100 g C liquid)
benzene, 1,3- 2-cyclohexen-1-one, propane, 2-
dimethyl 18.0| 3,5,5-trimethyl 10.5 methyl 1.5
benzene, methyl 123
benzene, 1-ethyl-4-
methyl 12.1
benzene, 1,2,3-
trimethyl 10.8

benzene, 1,4-diethyl 6.6

benzene, 1,2,3-

trimethyl 4.0
benzene, ethyl 3.0
benzene, 2-ethyl-1,3-
dimethyl 2.8
benzene 1.7
naphthalene, 1,5-

dimethyl 1.5
1H-indene, 2,3-
dihydro-4-methyl 1.2
benzene, 1,2,3,4-
tetramethyl 1.1
naphthalene, 1-

methyl 1.0

Table 5.6 Most abundant compound distribution lfer &cetone reaction over HZSM-5
(80), T = 415°C, WHSV = 1.3, P = 1 atm (absolute).

Aromatics

(g C liquid Species/100 g C liquid)
benzene, 1,4-dimethyl 30.3
benzene, methyl 16.3
benzene, 1,2,4-trimethy 9.5
benzene, 1,3,5-trimethy 8.6
benzene, 1,3-dimethyl 8.3
benzene 5.5
naphthalene, 2-methyl 1.5
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5.3 WHSV Effects

Twenty experiments were performed to study theceftd WHSV. Table 5.7
shows the conditions for this set of experiment efperimental data are based on the
average product analysis after feeding 30 mL ofcame

Figure 5.9 shows the acetone conversion at diftevéRISV (1.32, 2.63, 3.95,
5.27, 6.58 and 7.9 for HZSM-5 (80),T = 415 °C, and® = 1 atm (absolute). As
expected, the acetone conversion is lower at hightW, dropping from 100% to 87%.
The amount of gas decreases, because there is nuoigle residence time for
oligomerization at high WHSV. The tendency is frgaseous products to decrease at
high WHSV.

Table 5.7 Set of experiments for the acetone @actver HZSM-5 at different WHSV.

P |[Catalyst | T | H,Ratio WHSV (i)
Si/Al
ratio
(mol (mol Hy /
silica/mol mol

(atm) [ alumina) | (°C)| acetone)] 1.3] 2.6 3.9 52 65 7|9 1138

80 305 0

350 A2 | A3 | A4| A5
1 415 A6 | A7 | A8 | A9 | A10]| Al11
0.3
0.5
280 0 A18| A19| A20] A21 A22
03
0.5
1

7.8 280 0 A30 A3l A37 A33 A34
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Figure 5.9. Product distribution of gases and tiguor the acetone reaction over
HZSM-5 (80),T = 415°C, P = 1 atm (absolute).

Figure 5.10 shows the gaseous product distribwtatfferent WHSYV for acetone
reacting over HZSM-5 (80) dt = 415 °C. Only gases with concentrations above% w
are reported. The most abundant gases are propdrisabutane. The tendency is for all

gaseous products to decrease at high WHSV.



56

S N30 S
2_5. 15
w2 ==
g j 20 1
e
SE -0-CO;
\-.:.:_..-/ 157 =k=—Propane
c 10 4 =8=]sobutane
.f'; =0-Butane
E 5 A =HE=Isobutvlene
8 =
= [:l T 1
0 3 10
WHSV (b}

Figure 5.10. Product distribution of gases fordbhetone reaction over HZSM-5 (80),
T=415C,P =1 atm (absolute).

Figure 5.11 shows the acetone conversion at difteVéHSV (1.32, 2.63, 3.95,
5.27, and 6.58 1) for HZSM-5 (80) atT = 350 °C andP = 1 atm (absolute). As
expected, the acetone conversion is lower at higlegV.

Comparing Figures 5.9 and 5.11, it is apparent #tathe same WHSV, the
conversion at 350C is lower than the conversion at 415, At 415°C, the conversion
dropped from 100% (1.3H to 87% (7.9 i). In contrast, at 350C, the conversion
dropped from 93% (1.3 to 78% (6.5 it). The amount of gases also decreased at high
WHSV.
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Figure 5.11. Product distribution of gases andidigdor the acetone reaction over
HZSM-5 (80),T = 350C, P = 1 atm (absolute).

Figure 5.12 shows the acetone conversion at diffeAHSV (1.3, 2.63, 3.95, and
5.27 hY) using HZSM-5 (280) af = 415 °C and® = 1 atm (absolute). As expected, the
acetone conversion is lower at higher WHSV. Theegatecreased at high WHSV; at
1.3 %, the concentration of gases was 25%, and at%.&ds only 5%. HZSM-5 (280)
has fewer acid sites in its structure, so it is lesactive; therefore, the conversion for
HZSM-5 (280) is less than the conversion for HZSN886).

Figure 5.13 shows the acetone conversion at diffeéHSV (1.6, 4.0, 5.5, 7.9,
9.5, and 11.9 H) using HZSM-5 (280) aT = 415°C andP = 7.8 atm (absolute). As
expected, the acetone conversion is lower at highSW. High pressure does not favor
the reaction; the conversion at high pressure (Ei§uL3) is lower than the conversion at

atmospheric pressure (Figure 5.12).



58

—
WO (o]
= =]
I I
a
T 1
WO =
= ]
o

00 g Feedstock feed

100 & C all product
(=]
=
T
A
(=]
=

N 0 F 0N mGas(C1Ca, C0.CO0,)

g 4 (40§ —m-Liquid(C59)
E 30 A - 30 g =t A cetone Conversion
: 2. —3\ Lo S
=
10 A - 10

0 ; ; 0

0.00 200 400  6.00

WHSV (h'!)

Figure 5.12. Product distribution of gases andidigdor the acetone reaction over
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Figure 5.14 illustrates the types of liquid-phasedpcts at different WHSV (1.3,
2.63, 3.95 and 5.27°H using HZSM-5 (280) aT = 415C andP = 1 atm (absolute).
Aromatic compounds are the most abundant prododtsei hydrocarbon phase.

There are some oxygenated compounds at C3 and38. Uhreacted acetone that
dissolves in the hydrocarbon phase. C9 is the ;matgel compound isophorone (1,1,3-
trimethyl-3-cyclohexene-5-one,sB8140). At low WHSV (1.3 A", the most abundant
component in the liquid phase is C8. When the WHRAfeases, the most abundant
compound in the liquid phase is C9. For examplesigure 5.14 at WHSV = 1.32h
the most abundant compound is C8 and at WHSV = 537the most abundant
component is C9. This may result because mesityders not have the time to crack at

high WHSV and form xylenes or toluene. This effecas also observed at low
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temperatures.

Figures 5.15 illustrates the types of liquid-phpsaducts at different WHSV (1.3,
2.63, 3.95, and 5.27H using HZSM-5 (80) and = 415°C andP = 1 atm (absolute).
Comparing Figures 5.14 and 5.15, it is apparertttti@effect of increasing WHSV on
HZSM-5 (80) is similar to HZSM-5 (280) which at higyalues of WHSV there is less
conversion, carbon distribution C9-centered andyerwates presence in the liquid phase.

HZSM-5 (80) is more reactive than HZSM-5 (280). Ezample, at WHSV= 5.97
h™ the concentration of unreacted acetone is zerb WEZSM-5 (80); however, with

HZSM-5 (280), the concentration of unreacted acieri0%.
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Figure 5.13. Product distribution of gases andidiguior the acetone reaction over
HZSM-5 (80),T = 415C, P = 7.8 atm (absolute).
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5.4 Effect of Hydrogen Ratio

This section reports the effect of adding hydrogerihe acetone reaction using
HZSM-5 (80) and (280). Table 5.8 shows the nineseixpents.

Figure 5.16 shows the acetone reaction productifigrent H ratios using
HZSM-5 (80) afT = 415 °C, WHSV = 1.3, andP = 1 atm (absolute). At higher,H
ratios, the gas yield decreases.

Table 5.8. Set of experiments for the acetone i@aabver HZSM-5 at different
acetone hydrogen ratios.

P |[Catalyst | T | H,Ratio WHSV (h")
Si/Al
ratio
(mol (mol Hy /
(atm) | silica/mol mol

alumina) | (°C)| acetone)| 1.3] 2.6 3.9 5 655 7/9 118

80 305 0

350
1 415
0.3 Al2 Al4
0.5 Al5 Al7
280 0
03 A23

0.5 A24| A25
1 A27| A28

8 280 0
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Figure 5.16. Product distribution of gases andidigdor the acetone reaction over
HZSM-5 (80),T = 415°C, WHSV = 1.3 i, P = 1 atm (absolute).

Figure 5.17 shows the gaseous product distribudibdifferent molar ratios of
hydrogen to acetone for acetone reacting over HASEB) atT = 415 °C, WHSV = 1.3
h™, andP = 1 atm (absolute). Only gases with concentrationer 5 g C gaseous
Species /100 g C all product are reported. The most abundases are propane and

isobutane. At higher hydrogen ratios, gaseous mtsdend to decrease.



64

Lad
o

[
(]

)

C vaseous Species
100 ¢ C all product
()

[

-0-C0,y
—&—Propane
=& Isobutane

—
(]

Concentration (2 -
=

—B—]sobutvlens

(]

0 0.2 0.4 0.6 0.8 1

Hyvdrogen Ratio (mol H, ‘mol acetone)

Figure 5.17. Product distribution of gases fordbetone reaction over HZSM-5 (80),
T = 415C, WHSV=1.3 A%, P = 1 atm (absolute).

Figure 5.18 shows the product concentration ofidigand gas at different feed,H
ratios for acetone reacting over HZSM-5 (80T at 415 °C, WHSV = 3.951, andP =
1 atm (absolute). Adding hydrogen decreases theiahod gases at highatios.
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Figure 5.18. Product distribution of gases andidiguor the acetone reaction over
HZSM-5 (80),T = 415C, WHSV = 3.95 i, P = 1 atm (absolute).

Figures 5.19 and 5.20 shows the product concemtradf liquid and gas at
different H ratios for acetone reacting over HZSM-5 (280). Taseous product was
nearly constant at different,Heed ratios. In contrast to HZSM-5 (80), with HZSM
(280), there is no effect of adding hydrogen.
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Figure 5.20. Product distribution of gases andidigdor the acetone reaction over
HZSM-5 (280),T = 415C, WHSV=1.3 h!, P = 1 atm (absolute).
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Figure 5.21 illustrates the liquid-phase produttdifferent H ratios using HZSM-

5 (80) atT = 418C, WHSV = 1.3 i, andP = 1 atm (absolute). Aromatics are the only
products in the hydrocarbon phase. The liquid-plpasducts are not affected by adding
hydrogen to the reaction.

Table 5.9 shows the most abundant product compsiienthe acetone reaction at
different H ratios. The concentration of components does hahge significantly at
different H ratios. Figure 5.22 shows the reaction path maosbadrle for the acetone
reaction over HZSM-5 according to the results ot#di Some of the intermediate
reactions were taken from (Salvapati et al. 1989 main products observed in the
experiment with HZSM-5 are summarized in the schefireaction in Figure 5.22.

Finally, compared to isopropanol, acetone only poed aromatic compounds in
the liquid hydrocarbon phase. Higher temperatunesr¢ than 400 °C) produce a C8-
centered liquid carbon distribution and 100% cosiler. Acetone is more reactive with
HZSM-5 (80) than HZSM-5 (280). HZSM-5 (80) gives ma@cetone conversion at the
same conditionsT( WHSV) than HZSM-5 (280). However, HZSM-5 (280) nsore
stable because HZSM-5 (80) deactivates more quickly high pressure, acetone
conversion over HZSM-5 (280) is lower than at atphesic pressure because the
catalyst rapidly deactivates. Adding hydrogen te thcetone reaction inhibits the
formation of coke and reduces the concentratiogaskous products.

In conclusion, the objective to produce a mixturailar to commercial gasoline
was not achieved; however, some compounds obtdinedthe acetone reaction over
HZSM-5 and commercial gasoline are the same, ssi@dramatics. The best conditions
for acetone ar@ = 415 °C, WHSV = 3.95H, P = 1 atm (absolute), catalyst = HZSM-5
(80), and no hydrogen. These conditions of tempezaWHSYV, and pressure allow a
better conversion, less gas, and less deactivatiocatalyst. HZSM-5 (80) is better
because it is more reactive and ensures no oxygematthe liquid phase. Hydrogen
reduces the amount of gases; however, it does fiettahe composition of the

hydrocarbon liquid.



-: h Hydrogen Ratio = 0.00 mol H, /mol acetone
EEEEE N
z f 30 ’ \
=E 9 - I %
d_ 15 - o\
£ ] J 3
£ 1l eeeed = Ve, —eTOmL
:é_‘ 01 23 456 78 9101112131415
“ Numbrer of Carbons

_ HydrogenRatio = 0.34 mol H, /mol acetone

ies i

iy

"l

(o C liiguid Spe

Concentration ‘“

i i "
—
.—-mu.-u""""

Ju—
1

I||,ml""""""

L

3
;

78 9101112131415
Number of Carbons

—
v
L

Ly BN
£ h
)]

)

Hydrogen Ratio = 1.00 mel H, /mol acetone

=
|

Species i

(5%
L
|
»

—— Aromatics

{ \\'ﬁ -o—-TOTAL

012345 7 9 101112131415

iquid §
100 g C liquid
u‘_f
|
—
"

(
I
!

2 liqui
I
J
|
_-"'"--...
-

—
A

N
1

Concentration (
|

Number of Carbons

Figure 5.21. Liquid product distribution of acetaeaction over HZSM-5 (80),
T =415°C, WHSV = 1.3 i, P= 1 atm (absolute).



69

CO, + H,O
A
HiC
B + Ne—=cH, »  C1.C4 (olefin/ paraffin)
. H ol H:-C‘.
Acetic acid Isobutylene
. v
? ne, CHy ©
: - ’CH,—}:—C e - + ©
=CH H.
|-|JC’JC “CH; N ’ a
Acetone Do Mesityl oxide e ek, Mesitylene

Isophorone

alcohol Acctone

¥

CHy r m
» N R -
Dealkylation { ( I “ |
- W
= CH,

) e

M-zylene Benzene
Y Toluene

Figure 5. 22. Formation of reaction products indbetone reaction over HZSM-5.

Table 5.9 Compound distribution for the acetonetrea over HZSM-5 (80) at different
hydrogen ratios fof = 415C, WHSV = 1.3 i, P = 1atm (absolute).

Hydrogen ratio (mol Bl mol acetone)

0 0.34 1
Aromatic (g C liquid | Aromatic (g C liquid | Aromatic (g C liquid
Species /100 g C Species /100 g C Species /100 g C

liquid) liquid) liquid)
benzene, 1,4-
dimethyl 30.34 30.24 32.28
benzene, methy 16.38 25.07 21.44
benzene, 1,2,4-
trimethyl 9.59 8.94 5.46
benzene, 1,3,5-
trimethyl 8.63 6.32 9.54
benzene 5.54 4.48 3.77
naphthalene, 2-
methyl 1.54
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CHAPTER VI

CONCLUSIONSAND RECOMMENDATION

This study investigated the reaction of isopropamul acetone over different types
of HZSM-5 zeolites. For isopropanol, the effect teimperature and WHSV were
evaluated. For acetone, the effect of temperatwélSV, catalyst, pressure, and
hydrogen co-feed were studied.

Over HZSM-5 the isopropanol reaction is sensitvéeimperature and WHSV. At
higher temperatures, more gaseous products areethtalrlhe WHSV determines the
carbon number distribution. High WHSV gives highncentration of Cb olefins
whereas low WHSV gives high concentrations of G8vatics. During the first 6 hours,
there was no catalyst deactivation of the isopropegaction.

For the acetone reaction, temperatures above 40@réCneeded to get 100%
conversion. Gaseous products are more abundaighatdmperatures.

Acetone is more reactive with HZSM-5 (80) than HZSM280). HZSM-5 (80)
gives more acetone conversion at the same consglifignVHSV) than HZSM-5 (280).
However, HZSM-5 (280) is more stable with time hesma HZSM-5 (80) deactivates
more quickly.

At high pressure, the conversion of acetone oveBM=a (280) is lower than at
atmospheric pressure because the catalyst rapadistifates.

Adding hydrogen to the acetone reaction inhibite formation of coke and
reduces the concentration of gaseous products.

Figures 6.1 and 6.2 show the mass balances foragapol and acetone reaction at

the recommended operating conditions.
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Figure 6.1. Mass balance for isopropanol reacttae@mmended operating conditions.
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Figure 6.2. Mass balance for acetone reactioncatmenended operating conditions.
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CHAPTER VII

FUTURE STUDIES

In the future, the following studies should be peried:

Add hydrogen to the acetone reaction at high pressusee if hydrogen reacts with
the acetone.

Add hydrogen to the isopropanol reaction to redocmation of olefins.

Perform kinetic studies of isopropanol and aceteagtion over HZSM-5.

Use as feedstock mixtures of ketones and alcohwigas to those obtained with

real fermentation broth.

Hydrogenate the olefins obtained from isopropanivh wlifferent catalyst such as
Cw,Cr,0s and Pd-carbon.

Modify the catalyst HZSM-5 with metals such Ni on.C
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APPENDIX A

COMPOUND ANALYSISOF COMMERCIAL GASOLINES

Figures Al to A8 show component analysis of commégasolines from a local
Shell gas station taken in February 2009. Threesyq gasoline were tested: regular,
plus, and power. In the three types of gasoline, rtfost abundant component is C8
which increases as the gasoline grade improves. For dgamthe C8 concentration in
regular gasoline is 20% whereas the concentratid@8oin power gasoline is 40%. In
higher grades, the aromatics decrease and isojparaftrease. The olefin concentration
is less than 5%. In all gasoline types, the paraffoncentration is around 12%. In
gasolines, the most abundant hydrocarbons are @osnearaffins, and isoparaffins.

Tables Al to A5 show the most abundant componenggsoline, which accounts

for 80 wt% of the total hydrocarbon in the mixture.
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Figure A.2. Carbon distribution of commercial reayufjasoline from a Shell gas station

taken in February 2009.

Table A.1 Most abundant compounds in commerciallegggasoline from a Shell gas

station taken in February 2009.

Paraffins Isoparaffins Aromatics
(g C/100 g C liquid) (g C/100 g C liquid) (g C/100 g C liquid)
hexane 3.0| pentane, 2-methyl 3.8 benzene, 1,4-dynet 12.3
pentane 2.8/ butane, 2-methyl 3.4 benzene, 1-ethytthyl | 8.4
butane, 2,2,3,3-
butane 1.6| tetramethyl 3.0 benzene, 1,2,3-trimethyl 7.3
heptane 1.4) pentane, 3-methyl 2.4 benzene, methyl 5|6
hexane, 3-methyl 2.1 benzene .8
octane, 4-methyl 1.6 benzene, ethyl 3.6
pentane, 2,3,4- benzene, 1-methyl-3-(1-
trimethyl 1.6 | methylethyl) 3.0
benzene, 1-methyl-3-
hexane, 2,4-dimethyl 1.5 | propyl 1.4
benzene, 1,2,4,5-
butane, 2,2-dimethy| 0.8 tetramethyl 0.9
benzene, propyl 0.9
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Table A.2 Most abundant compounds of a commerdis gasoline from a Shell gas
station taken in February 20009.

Paraffins Isoparaffins Aromatics
(g C/100 g C liquid) (g C/100 g C liquid) (g C/100 g C liquid)
pentane 4.3 butane, 2-methyl 5.2 benzene, 1,3-bdyhet| 16.5
butane 4.1/ pentane, 2-methyl 4.8 benzene, methyl 5 14
butane, 2,2,3,3-
tetramethyl 4.4 benzene 4.7
pentane, 3-methyl 2.8 benzene, ethyl 3.6
pentane, 2,3,4- benzene, 1-ethyl-4-
trimethyl 2.5 | methyl 3.5
heptane, 4-methyl 2.0 benzene, 1,3,5-trimethyl 3|4
hexane, 3-methyl 1.8
hexane, 2,4-dimethyl 1.8
40 4
Ty P
g = . ——Paraffins
2=
A=
E ‘:l' P —8— Olefins
Sl -
o
\:—-/ 20 —-TIsomers
= 15
2
= —8— Aromatics
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Figure A.5. Carbon distribution of commercial powessoline from a Shell gas station
taken in February 2009.
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Figure A.6. Distribution of commercial power gaeelfrom a Shell gas station taken in

February 20009.

Table A.3 Most abundant compounds of a commerawalgp gasoline from a Shell gas

station taken in February 2009.

Paraffins Isoparaffins

(g C/100 g C liquid) (g C/100 g C liquid)

Aromatics
(g C/100 g C liquid)

pentane, 2,3,4-

butane 5.7| trimethyl 11.4| benzene, 1,4-dimethyl- 18.3
pentane, 2,2,4-

heptane 1.8| trimethyl 8.9 | benzene 5.5
pentane, 2-methyl 5.0 benzene, 1,3,5-trimethyl 1.0
pentane, 2,4-
dimethyl 5.0 | benzene, 1-ethyl-4-methyl 316
1,6-heptadiyne 4.8
butane, 2-methyl 3.2
pentano, 2,4-
dimethyl 2.6
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Figure A. 7 Carbon distribution of commercial piyesoline from a Kroger gas station
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This appendix presents mass balances for the isapab reactions. The basis for

each table is 100 grams of isopropanol feed.

Table B.1 Product distribution for gases and ligumr isopropanol reaction
(Experiment I1).

Catalyst T P WHSV
HZSM-5 (280) 300°C 1 atm 1.3 R
Gas Liquid
Hydrocarbons Aqueous
CO 0.00 C5 5.52 28] 30.38
CO 0.00 C6 8.00 Isop. 0.00
C1l 0.07 **C6 0.00
C2 0.14 C7 8.73
*C2 1.08 C8 7.12
C3 2.31 C9 5.24
*C3 3.41 C10 2.50
C4 14.00 Cil1 1.10
*C4 7.90 C12 0.88
C13 0.91
Total 28.91 + 40.01 + 30.3§ 99.80
*Olefin

** Benzene



Table B.2 Product distribution for gases and ligumr isopropanol reaction

(Experiment 12).
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Catalyst T P WHSV
HZSM-5 (280) 320C 1 atm 1.3/
Gas Liquid
Hydrocarbons Aqueous
CO, 0.00 C5 1.93 KD 30.38
CO 0.00 C6 6.18 Isop. 0.00
Cl 0.07 **C6 0.00
Cc2 0.14 C7 10.55
*C2 0.79 C8 10.71
C3 1.48 C9 4.93
*C3 5.24 C10 3.54
C4 12.73 Cl1 1.09
*C4 7.13 C12 1.20
C13 0.91
Total | 27.57 + 41.06 + 30.38 99.00
*Olefin
** Benzene
Table B.3 Product distribution for gases and liguiar isopropanol reaction
(Experiment3).
Catalyst T P WHSV
HZSM-5 (280) 370°C 1 atm 1.3/
Gas Liquid
Hydrocarbons Aqueous
CO, 0.00 C5 5.52 KD 30.38
CO 0.00 C6 8.00 Isop. 0.00
C1 0.07 **C6 0.00
C2 0.14 C7 8.73
*C2 1.08 C8 7.12
C3 2.31 C9 5.24
*C3 3.41 C10 2.50
C4 14.00 Cc11 1.10
*C4 7.90 C12 0.88
C13 0.91
Total 28.91 + 40.01 + 30.38 99.80




Table B.4 Product distribution for gases and ligur isopropanol reaction
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(Experiment4).
Catalyst T P WHSV
HZSM-5 (280) 410C 1 atm 1.3 1
Gas Liquid
Hydrocarbons Aqueous
CO, 0.19 C5 3.54 28] 30.16
CO 0.00 C6 5.35 Isop. 0.00
Cl 0.14 **C6 0.00
C2 0.28 C7 6.46
*C2 2.06 C8 6.57
C3 7.66 C9 3.86
*C3 2.78 C10 1.82
C4 16.54 Cl1 0.98
*C4 8.32 C12 0.93
C13 0.92
Total 37.98 + 30.43 + 30.16 98.57
*Olefin
** Benzene

Table B.5 Product distribution for gases and liguimk isopropanol reaction

(Experiment5).
Catalyst T P WHSV
HZSM-5 (280) 370C 1 atm 0521
Gas Liquid
Hydrocarbons Agqueous
CO, 0.18 C5 3.09 %) 30.16
CcO 0.02 C6 2.84 Isop. 0.00
C1 0.09 **C6 0.00
C2 0.19 C7 7.66
*C2 1.94 C8 7.11
C3 3.73 C9 8.78
*C3 0.74 C10 4.87
C4 14.34 Cl1 2.26
*C4 8.61 C12 1.68
C13 0.92
Total | 29.84 + 39.20 + | 30.16] 99.p




Table B.6 Product distribution for gases and ligur isopropanol reaction
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(Experiment6).
Catalyst T P WHSV
HZSM-5 (280) 370C 1 atm 1.9
Gas Liquid
Hydrocarbons Aqueous
CO, 0.00 C5 5.52 KD 30.38
CO 0.00 C6 8.00 Isop. 0.00
C1 0.07 **C6 0.00
C2 0.14 C7 8.73
*C2 1.08 C8 7.12
C3 2.31 C9 5.24
*C3 3.41 C10 2.50
C4 14.00 Cl1 1.10
*C4 7.90 C12 0.88
C13 0.91
Total 28.91 + 40.01 + 30.38 99.80
*Olefin
** Benzene
Table B.7 Product distribution for gases and liguimr isopropanol reaction
(Experiment7).
Catalyst T P WHSV
HZSM-5 (280) 370C 1 atm 750
Liquid
Hydrocarbons Aqueous
CO, 0.00 C5 2.64 28] 30.24
CO 0.00 C6 11.18 Isop. 0.00
Cl 0.07 **C6 0.28
Cc2 0.14 C7 13.01
*C2 0.87 C8 9.38
C3 0.87 C9 2.76
*C3 7.04 C10 1.69
C4 9.46 Cl1 0.84
*C4 6.79 C12 0.84
C13 0.91
Total | 25.23 + 43.54 + | 30.24] 99.01




Table B.8 Product distribution for gases and ligur isopropanol reaction
(Experiment|8).
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Catalyst T P WHSV
HZSM-5 (280) 370C 1 atm 11.2 H
Gas Liquid
Hydrocarbons Agqueous
CO 0.00 C5 3.25 KD 30.38
CO 0.00 C6 10.84 Isop. 0.00
Cl 0.07 **C6 0.00
C2 0.14 C7 4.55
*C2 0.55 C8 9.16
C3 0.92 C9 4.18
*C3 9.52 C10 2.40
C4 12.07 Cl1 1.20
*C4 8.71 C12 0.84
C13 0.91
Total 31.99 + 37.34 + 30.38 99.Y0
*Olefin

** Benzene



APPENDIX C

90

TOTAL YIELD OF ACETONE REACTION OVER HZSM-5

A mass balance analysis of the acetone reactioarements is presented. One

hundred grams of acetone is chosen as a basisgf@roduct distribution. The products

are divided into gases and liquids. The liquid picid are divided in hydrocarbons and

agueous products. The conditions for each expetiarershown before each result table.
The type of catalysts for these experiments areMB380) and HZSM-5 (280)

Table C.1 Product distribution for gases and ligdar acetone reaction

(Experiment Al).
Catalyst T P WHSV H. Ratio
(mol Hy/ mol
acetone)
HZSM-5 (80) 305C 1 atm 1.3/ 0
Liquid
Gas Hydrocarbons Aqueous
CO 1.81 C5 1.26 kD 26.41
CO 0.46 C6 2.33 Acetone 6.62
C1l 0.22 **C6 0.32
Cc2 0.00 C7 5.78
*C2 1.13 C8 8.85
C3 0.82 C9 22.19
*C3 0.96 C10 5.53
C4 7.10 Cl1 1.63
*C4 2.63 C12 1.99
C13 1.94
Total 15.13 + 51.84 + 33.03 100.
*Olefin

** Benzene
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Table C.2 Product distribution for gases and ligdar acetone reaction

(ExperimentA2).

Catalyst T P WHSV H, Ratio (mol
Hz/ mol
acetone)

HZSM-5 (80) 350°C 1 atm 1.3/ 0
Liquid
Gas Hydrocarbons Aqueous
CO, 16.23 C5 0.57 48] 14.61

CO 2.60 C6 0.40 Acetone 5.59

C1 0.35 **C6 0.92

C2 0.58 C7 4.64

*C2 2.30 C8 8.52
C3 3.68 C9 10.25
*C3 5.81 C10 3.52
C4 9.63 Cl1 1.75
*C4 5.66 C12 1.22
C13 1.16
Total | 46.85 + 32.95 + | 20.20] 100.D0
*Olefin  ** Benzene
Table C.3 Product distribution for gases and ligdal acetone reaction
(ExperimentA3).

Catalyst T P WHSV H, Ratio (mol
Hz/ mol
acetone)

HZSM-5 (80) 350°C 1 atm 2.63 1 0
Liquid
Gas Hydrocarbons Aqueous
CO, 0.85 C5 0.28 [20) 25.26

CO 0.00 C6 1.62 Acetone 15.43

C1 0.06 **C6 1.47

C2 0.00 C7 7.73

*C2 0.34 C8 11.16
C3 0.17 C9 18.58
*C3 0.32 C10 6.11
C4 4.73 C11 2.98
*C4 0.45 C12 1.23
C13 1.24
Total | 6.92 + 52.39 + | 40.69| 100.00
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Table C.4 Product distribution for gases and ligdar acetone reaction

(Experiment A4).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (80) 350°C 1 atm 3951 0
Liquid
Gas Hydrocarbons Aqueous

CO, 2.48 C5 0.64 28] 21.15

CO 0.51 C6 0.63 Acetone 18.32

C1 0.12 **C6 0.71

C2 0.00 C7 5.79

*C2 0.66 C8 14.11

C3 0.79 C9 19.11

*C3 0.61 C10 6.24

C4 2.06 C11 2.43

*C4 1.38 C12 1.33

C13 0.92
Total | 8.61 + 51.92 + | 39.47] 100.00

Table C.5 Product distribution for gases and ligdar acetone reaction

(Experiment A5). .

Catalyst T P WHSV H, Ratio (moal
H2/ mol
acetone)

HZSM-5 (80) 350°C 1 atm 5.30h 0
Liquid
Gas Hydrocarbons Aqueous

CO 0.07 C5 0.51 KD 23.63

CO 0.02 C6 1.24 Acetone 22.17

Cl 0.06 **C6 0.67

Cc2 0.00 C7 6.38

*C2 0.16 C8 11.57

C3 0.20 C9 16.69

*C3 0.21 C10 8.26

C4 0.74 Cl1 3.76

*C4 0.55 C12 1.90

C13 1.21
Total | 2.01 + 52.18 + | 45.80 100.
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Table C.6 Product distribution for gases and ligdal acetone reaction

(ExperimentAB).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (80) 415C 1 atm 1.3/ 0
Liquid
Gas Hydrocarbon Aqueous

CO, 21.27 C5 0.47 FO 11.98

CO 3.59 C6 0.00 Acetone 0.00

C1 0.99 **C6 1.42

C2 0.68 C7 3.47

*C2 1.45 C8 7.62

C3 3.33 C9 4.57

*C3 15.88 C10 2.13

C4 11.54 Cil1 1.18

*C4 6.20 C12 1.14

C13 1.07
Total | 64.93 + 23.09 + [ 11.98] 100.p0

Table C.7 Product distribution for gases and ligdal acetone reaction

(Experiment A7).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (80) 415C 1 atm 1.3/ 0
Liquid
Gas Hydrocarbons Aqueous

CO, 13.58 C5 1.06 FO 19.31

CO 1.74 C6 0.46 Acetone 0.00

C1 1.00 **C6 2.07

Cc2 0.58 C7 6.12

*C2 0.88 C8 13.69

C3 9.83 C9 9.76

*C3 1.04 C10 3.64

C4 6.29 C11 1.85

*C4 4.00 C12 1.91

C13 1.19
Total | 38.95 + 41.74 + | 19.31] 100.




94

Table C.8 Product distribution for gases and ligdar acetone reaction

(Experiment A8).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (80) 415C 1 atm 3951 0
Liquid
Gas Hydrocarbons Aqueous
CO, 10.70 C5 0.30 FO 21.73

CO 1.64 C6 0.39 Acetone 0.00

C1 0.19 **C6 1.82

C2 0.13 C7 8.29

*C2 2.02 C8 15.87

C3 3.53 C9 12.50

*C3 3.31 C10 3.71

C4 6.08 C11 1.68

*C4 3.87 C12 1.13

C13 1.11
Total | 31.47 + 46.79 + | 21.73] 100.00
*Olefin
** Benzene
Table C.9 Product distribution for gases and ligdar acetone reaction
(Experiment A9).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (80) 415C 1 atm 5.27 I 0
Liquid
Gas Hydrocarbons Aqueous

CO, 8.22 C5 1.26 bD 22.17

CO 1.26 C6 1.15 Acetone 4.84

C1 0.16 **C6 1.43

C2 0.10 C7 8.46

*C2 1.58 C8 15.03

C3 2.75 C9 13.75

*C3 2.59 C10 3.69

C4 4,78 Cl1 1.57

*C4 3.08 C12 1.19

C13 0.95
Total | 24.51 + 48.48 + | 27.01 100.p0
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Table C.10 Product distribution for gases and tigudor acetone reaction

(Experiment A10).

Catalyst T P WHSV H. Ratio (mol
H,/ mol
acetone)

HZSM-5 (80) 415C 1 atm 6.58 I 0
Liquid
Gas Hydrocarbons Aqueous
CO 0.85 C5 0.28 2 0) 25.27

CO 0.00 C6 0.88 Acetone 15.43

Cl 0.06 **C6 1.53

Cc2 0.00 C7 9.27

*C2 0.34 C8 16.64
C3 0.17 C9 16.33
*C3 0.32 C10 3.60
C4 4.73 Cl1 1.88
*C4 0.45 C12 1.11
C13 0.86
Total | 6.92 + 52.38 + | 40.70| 100.00
*Olefin
** Benzene

Table C.11 Product distribution for gases and tigdor acetone reaction

(Experiment A11).

Catalyst T P WHSV H, Ratio (mol
H,/ mal
acetone)

HZSM-5 (80) 415C 1 atm 79H 0
Liquid
Gas Hydrocarbons Aqueous
CO 9.01 C5 0.46 2 0) 19.51

CO 0.71 C6 0.94 Acetone 11.25

Cl 0.14 **C6 0.85

Cc2 0.00 C7 7.46

*C2 2.09 C8 12.17
C3 0.80 C9 16.18
*C3 0.99 C10 4.23
C4 6.04 Cl1 1.91
*C4 3.10 C12 1.09
C13 1.07
Total | 22.87 + 46.36 + | 30.77] 100.
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Table C.12 Product distribution for gases and tigudor acetone reaction

(Experiment A12).

Catalyst T P WHSV H, Ratio (mol
Hz/ mol
acetone)

HZSM-5 (80) 415C 1 atm 1.31 0.34
Liquid
Gas Hydrocarbons Aqueous
CO, 13.00 C5 0.41 KO 19.86

CO 1.78 C6 0.00 Acetone 0.00

C1 0.52 **C6 2.34

C2 0.43 C7 9.58

*C2 0.78 C8 12.06
C3 1.74 C9 8.86
*C3 10.40 C10 3.04
C4 6.44 Cl1 2.07
*C4 4.04 C12 1.51
C13 1.16
Total | 39.12 + 41.02 + | 19.86] 100.p0

Table C.13 Product distribution for gases and tigudor acetone reaction

(Experiment A13).

Catalyst T P WHSV H, Ratio (mol
Hz/ mol
acetone)

HZSM-5 (80) 415C 1 atm 2.63H 0.34
Liquid
Gas Hydrocarbons Aqueous
CO, 0.67 C5 1.14 28] 30.30

CO 0.39 C6 1.21 Acetone 0.00

C1 0.05 **C6 2.82

C2 0.00 C7 7.99

*C2 0.13 C8 10.44
C3 0.48 C9 27.17
*C3 0.16 C10 7.96
C4 0.64 C11 3.13
*C4 0.92 C12 2.57
C13 1.81
Total | 3.45 + 66.25 + | 30.30| 100.00
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Table C.14 Product distribution for gases and tigudor acetone reaction

(Experiment Al4).

Catalyst T P WHSV H, Ratio (mol
Hz/ mol
acetone)

HZSM-5 (80) 415C 1 atm 3.95H 0.34
Liquid
Gas Hydrocarbons Aqueous
CO 2.22 C5 0.27 KD 29.36

CO 0.23 C6 0.32 Acetone 0.00

C1 0.08 **C6 2.30

C2 0.00 C7 12.31

*C2 0.56 C8 20.65
C3 0.51 C9 16.35
*C3 0.58 C10 4.63
C4 2.46 Cl1 2.69
*C4 1.52 C12 1.64
C13 1.33
Total | 8.16 + 62.49 + |  29.36] 100.00

Table C.15 Product distribution for gases and tigdor acetone reaction

(Experiment A15).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (80) 415C 1 atm 131 1
Liquid
Gas Hydrocarbons Aqueous

CO, 6.66 C5 0.45 28] 25.55

CO 0.91 C6 0.26 Acetone 0.00

Cl 0.26 **C6 2.16

C2 0.26 C7 11.32

*C2 0.71 C8 17.58

C3 0.97 C9 11.96

*C3 4.89 C10 4.29

C4 3.62 C11 2.85

*C4 2.38 C12 1.77

C13 1.14
Total | 20.67 + 53.79 + | 2555 100.p0
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Table C.16 Product distribution for gases and tguor acetone reaction

(Experiment A16).

Catalyst T P WHSV H, Ratio (mol
Hz/ mol
acetone)

HZSM-5 (80) 415C 1 atm 2.63 1 1
Liquid
Gas Hydrocarbons Aqueous

CO, 6.52 C5 0.76 [20) 25.69

CO 0.86 C6 0.63 Acetone 0.00

Cl 0.18 **C6 2.38

Cc2 0.13 C7 13.70

*C2 1.41 C8 13.30

C3 2.24 C9 17.09

*C3 2.14 C10 3.44

C4 4.20 Cl1 1.07

*C4 2.83 C12 0.67

C13 0.73
Total | 20.52 + 53.78 + | 2569 100.p0

*QOlefin ** Benzene

Table C.17 Product distribution for gases and tigudor acetone reaction

(Experiment A17).
Catalyst T P WHSV mol Hy/ mol
Acetone
HZSM-5 (80) 415C 1 atm 3.951 1
Liquid
Gas Hydrocarbons Aqueous
CO 0.15 C5 0.59 2 0) 31.12
CO 0.04 C6 0.66 Acetone 0.00
Cl 0.07 **C6 1.23
C2 0.00 C7 11.62
*C2 0.19 C8 21.52
C3 0.21 C9 19.94
*C3 0.22 C10 6.55
C4 0.95 Cl1 1.71
*C4 0.59 C12 1.37
C13 1.28
Total | 2.40 + 66.48 + 31.12 100.00
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Table C.18 Product distribution for gases and tguor acetone reaction

(Experiment A18).

Catalyst T P WHSV H, Ratio (mol
Hz/ mol
acetone)

HZSM-5 (280) 415C 1 atm 1.3/ 0
Liquid
Gas Hydrocarbons Aqueous
CO, 4.45 C5 1.38 bD 27.47

CO 0.47 C6 1.07 Acetone 0.00

C1 0.23 **C6 1.73

C2 0.20 C7 9.54

*C2 1.04 C8 18.06
C3 1.30 C9 15.04
*C3 1.59 C10 6.70
C4 2.48 Cl1 2.03
*C4 1.80 C12 1.63
C13 1.79
Total | 13.55 + 58.97 + | 27.47] 100.D0

Table C.19 Product distribution for gases and tigdor acetone reaction

(Experiment A19).

Catalyst T P WHSV H, Ratio (mol
H>/ mol
acetone)

HZSM-5 (280) 415C 1 atm 2.63H 0
Liquid
Gas Hydrocarbons Aqueous
CO, 6.62 C5 1.51 28] 25.46

CO 0.73 C6 0.89 Acetong 0.00

Cl 0.14 **C6 1.39

C2 0.24 C7 9.12

*C2 1.83 C8 17.72
C3 1.21 C9 14.13
*C3 1.99 C10 3.87
C4 4,71 Cl1 2.30
*C4 3.51 C12 1.50
C13 1.11
Total 20.99 + 53.55 + 25.46 100.
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Table C.20 Product distribution for gases and tiguor acetone reaction

(Experiment A20).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (280) 415C 1 atm 3951 0
Liquid
Gas Hydrocarbons Aqueous
CO, 1.51 C5 0.66 28] 25.71

CO 0.08 C6 1.02 Acetone 11.17

C1 0.07 **C6 1.34

C2 0.00 C7 8.58

*C2 0.26 C8 17.31
C3 0.26 C9 19.45
*C3 0.39 C10 4.20
C4 2.71 C11 2.14
*C4 0.92 C12 1.25
C13 0.97
Total | 6.20 + 56.92 + | 36.88| 100.00

Table C.21 Product distribution for gases and tigdor acetone reaction

(Experiment A21).

Catalyst T P WHSV H, Ratio (mol
H,/ mal
acetone)

HZSM-5 (280) 415C 1 atm 5.97 i 0
Liquid
Gas Hydrocarbons Agqueous
CO 3.36 C5 0.52 2 0) 24.11

CO 0.25 C6 1.98 Acetone 10.31

Cl 0.09 **C6 1.14

Cc2 0.00 C7 7.84

*C2 0.70 C8 11.03
C3 0.44 C9 21.87
*C3 1.54 C10 4.85
C4 4.01 Cl1 2.29
*C4 1.82 C12 1.00
C13 0.85
Total | 12.21 + 53.37 + | 34.42] 100.
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Table C.22 Product distribution for gases and tigudor acetone reaction

(Experiment A24).

Catalyst T P WHSV H, Ratio (mol
Hz/ mol
acetone)

HZSM-5 (280) 415C 1 atm 1.31 0.5
Liquid
Gas Hydrocarbons Aqueous
CO, 7.41 C5 0.66 28] 24.26

CO 0.80 C6 0.84 Acetong 0.00

C1 0.30 **C6 1.01

Cc2 0.07 C7 8.65

*C2 1.81 C8 17.97
C3 1.57 C9 17.17
*C3 2.13 C10 5.22
C4 3.08 C11 1.50
*C4 2.83 C12 1.50
C13 1.25
Total | 19.99 + 55.75 + | 24.26] 100.p0

Table C.23 Product distribution for gases and tigdor acetone reaction

(Experiment A25).

Catalyst T P WHSV H, Ratio (mol
H,/ mol
acetone)

HZSM-5 (280) 415C 1 atm 2.63 1 0.5
Liquid
Gas Hydrocarbons Aqueous
CO, 5.98 C5 0.78 28] 25.55

CO 0.54 C6 0.99 Acetone 0.00

Cl 0.24 **C6 0.89

C2 0.00 C7 8.56

*C2 1.40 C8 14.26
C3 0.85 C9 17.16
*C3 2.01 C10 7.09
C4 4.58 Cl1 1.67
*C4 3.17 C12 3.26
C13 1.02
Total | 18.77 + 55.68 + | 2555 100.00
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Table C.24 Product distribution for gases and tigudor acetone reaction

(Experiment A27).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (280) 415C 1 atm 1.3 1
Liquid
Gas Hydrocarbons Aqueous
CO, 7.07 C5 1.04 28] 25.01

CO 0.82 C6 1.28 Acetone 0.00

C1 0.34 **C6 1.58

Cc2 0.09 C7 10.08

*C2 1.46 C8 15.24
C3 1.88 C9 14.23
*C3 2.14 C10 5.97
C4 3.55 C11 2.90
*C4 2.54 C12 1.31
C13 1.45
Total | 19.90 + 55.09 + | 25.01] 100.p0

Table C.25 Product distribution for gases and tigudor acetone reaction

(Experiment A23).

Catalyst T P WHSV H, Ratio (mol
H,/ mol
acetone)

HZSM-5 (280) 415C 1 atm 1.3/ 0.34
Liquid
Gas Hydrocarbons Aqueous
CO, 1.20 C5 1.06 28] 30.17

CO 0.38 C6 1.51 Acetone 0.00

C1 0.56 **C6 1.69

Cc2 0.17 C7 9.82

*C2 2.30 C8 13.07

C3 3.82 C9 9.94

*C3 4.38 C10 6.54

C4 5.41 C11 1.61

*C4 3.77 C12 1.31

C13 1.31
Total 21.97 + 47.86 + 30.17 100.P0
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Table C.26 Product distribution for gases and tiguor acetone reaction

(Experiment A30).

Catalyst T P WHSV H, Ratio (moal
H2/ mol
acetone)

HZSM-5 (280) 415C 6.8 atm 1.3H 0
Liquid
Gas Hydrocarbons Aqueous

CO, 11.57 C5 0.30 kO 20.72

CO 2.12 C6 0.17 Acetone 0.00

C1l 1.61 **C6 2.18

Cc2 0.61 C7 10.21

*C2 0.42 C8 11.15

C3 1.23 C9 14.93

*C3 0.77 C10 5.29

C4 6.70 Cl1 2.07

*C4 4.42 C12 1.94

C13 1.58
Total | 29.46 + 49.81 + | 20.72] 100.p0
Table C.27 Product distribution for gases and tguor acetone reaction
(Experiment A31).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (280) 415C 6.8 atm 3.95H 0
Liquid
Gas Hydrocarbons Aqueous

CO, 11.59 C5 0.71 FO 18.36

CO 2.40 C6 0.70 Acetone 5.71

Cl 0.70 **C6 0.87

C2 0.17 C7 5.99

*C2 1.16 C8 12.26

C3 3.18 C9 16.28

*C3 0.91 C10 5.31

C4 5.55 Cl1 2.05

*C4 3.25 C12 1.57

C13 1.28
Total 28.92 + 47.02 + 24.07 100.
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Table C.28 Product distribution for gases and tiguor acetone reaction

(Experiment A32).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (280) 415C 6.8 atm 5.53H 0
Liquid
Gas Hydrocarbons Aqueous

CO, 4.19 C5 3.24 28] 24.76

CO 0.34 C6 1.67 Acetone 7.75

Cl 0.11 **C6 0.64

C2 0.00 C7 6.17

*C2 0.47 C8 8.70

C3 0.28 C9 17.38

*C3 0.88 C10 7.69

C4 9.17 Cl1 2.55

*C4 1.46 C12 1.12

C13 1.42
Total | 16.92 + 50.57 + | 3252 100.p0

Table C.29 Product distribution for gases and tigdor acetone reaction

(Experiment A32).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (280) 415C 6.8 atm 553 H 0
Liquid
Gas Hydrocarbon Aqueous

CO, 6.23 C5 1.50 28] 21.31

CO 0.42 C6 2.00 Acetone 13.29

C1 0.14 **C6 0.90

Cc2 0.17 C7 4.77

*C2 0.95 C8 9.19

C3 0.30 C9 12.62

*C3 1.24 C10 4.36

C4 13.21 Cl1 1.31

*C4 3.04 C12 1.47

C13 1.58
Total | 25.69 + 39.70 + |  34.60] 100.00
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Table C.30 Product distribution for gases and tiguor acetone reaction

(Experiment A33).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (280) 415C 6.8 atm 9.48 11 0
Liquid
Gas Hydrocarbons Aqueous

CO, 1.70 C5 1.78 28] 22.19

CO 0.17 C6 2.20 Acetone 21.72

C1 0.08 **C6 0.84

Cc2 0.00 C7 5.57

*C2 0.27 C8 8.84

C3 0.26 C9 16.13

*C3 0.60 C10 6.50

C4 4.45 C11 1.57

*C4 1.41 C12 2.72

C13 0.99
Total | 8.95 + 47.13 + [ 43.92] 100.00
*Olefin
** Benzene

Table C.31 Product distribution for gases and tigdor acetone reaction

(Experiment A34).

Catalyst T P WHSV H, Ratio (mol
H2/ mol
acetone)

HZSM-5 (280) 415C 6.8 atm 11.85H 0
Liquid
Gas Hydrocarbons Aqueous

CO, 2.52 C5 0.45 28] 17.06

CO 0.00 C6 0.87 Acetone 34.69

Cl 0.06 **C6 1.04

C2 0.00 C7 4.29

*C2 0.13 C8 7.39

C3 0.19 C9 12.70

*C3 0.19 C10 4.84

C4 8.52 C11 1.55

*C4 0.85 C12 1.33

C13 1.32
Total | 12.46 + 35.78 + | 5175 100.p0
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APPENDIX D

TYPE OF HYDROCARBON LIQUID PRODUCTS FROM THE ISOPROPANOL
REACTION OVER HZSM-5

Table D.1 shows the most abundant type of liquidsghhydrocarbons for the
isopropanol reaction over HZSM-5.
Table D.2 shows the most abundant liquid-phase ocartompounds for the

isopropanol reaction over HZSM-5.

Table D.1 Most abundant type of liquid-phase hydrbons for the isopropanol reaction

Catalyst: HZSM-5 (280)
WHSV (h)
T (°C) 0.5 1.3 3.7 7.5 11
300 @)
320 o)
370 A 0 N @) 0
410 o)

A = Aromatics
O = Olefins
N = Naphtenes
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Table D.2 Most abundant type of liquid-phase carb@mpounds for the isopropanol
reaction

Catalyst: HZSM-5 (280)
WHSV (h)
T (°C) 0.5 1.3 3.7 7.5 11
300 C7
320 C7-C8
370 C9 C8 C8 C8 C7
410 C7-C8

Tables D.3 to D.10 and Figures D.1 to D.14 showfdHewing:

1. Distribution of types of hydrocarbons at differearbon number
2. Total distribution of types of hydrocarbons

3. Most abundant compounds (represent 80% of the ¢cotadentration)
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Figure D.1. Liquid product distribution of isopropa reaction over HZSM-5 (280),

WHSV = 1.3 %, P = 1 atm (absolute)] = 370C.

Unknownparaffins
Aromatics2% 0%

Naphtenes Olefinics 4%
2%
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4%

Oxy
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Figure D.2. Liquid product distribution of isopropa reaction over HZSM-5 (280),

WHSV = 1.3 h*, P = 1 atm (absolute)] = 370C.
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Table D.3 Most abundant compounds for the isoprolp@eaction over HZSM-5 (280),
WHSV = 1.3 h*, P = 1 atm (absolute); = 370C.

Olefins

(g C/100 g C liquid)

Naphtenes
(g C/100 g C liquid)

Aromatics

(g C/100 g C liquid)

2-hexene, 2- cyclopropane, 1,1,2- benzene, 1-ethyl-

methyl 9.4 trimethyl 4.0| 2-methyl 1.0

2-pentene, 3-

methyl 8.4| cyclohexane 2.3
10.

2-pentene 0 | cyclobutane, isopropyliden 2|1

2-hexene, 2,5- cyclohexane, 1-methyl-4-

dimethyl 5.0| methylene 2.0

2-pentene, 2,4- cyclopentane, 1,2-dimethyl-

dimethyl 4.4| 3-methylen 1.9

2-pentene, 2- cyclopentane, 1-ethyl-3-

methyl 4.2| methyl-cis 1.7

cyclopropane, 1-methyl-2-

3-heptene 3.8 pentyl 1.0

2-heptene 3.6

1-pentene, 2,3-

dimethyl 2.9

2-pentene, 2-

methyl 2.5

2-pentene, 3,4-

dimethyl 1.9

2-hexene, 2,3-

dimethyl 1.8

2-octene 1.7

3-octene, 2,6-

dimethyl 0.9
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Figure D.3. Liquid product distribution of isopropa reaction over HZSM-5 (280),
WHSV = 1.3 A%, P = 1 atm (absolute)] = 320C.
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Figure D.4. Liquid product distribution of isopropa reaction over HZSM-5 (280),
WHSV = 1.3 %, P = 1 atm (absolute)] = 320C.



Table D.4 Most abundant compounds for the isopropaaction over HZSM-5 (280), WHSV = 1.3'hP = 1 atm (absolute),

T=320C.
Olefins and Naphtenes Naphtenes Aromatics Isoparaffins
Olefinics (g C/100 g C liquid (g C/100 g C liquid) (g C/100 g C liquid) (g C/100 g C liquid
cyclopropane, 1,2-
2-butene, 2,3-dimethy 6.,5dimethyl 7.8| benzene, 1,3-dimethyl 4l&hexane, 2-methyl 2.1
2,4-hexadiene, 2- cyclopentane, benzene, 1-ethyl-4- pentane, 2,4-dimethyl-2;
methyl 4.0| methylene 2.2 methyl 2.0 nitro 1.9
cyclopentane, 1,2- benzene, 1,3,5-
2-butene 3.1 dimethyl-3-methylen| 1.7 trimethyl 1.9| butane, 2-methyl 1.8
1-butene, 2-methyl 2.9 berzene, methyl 1.4 | hexane, 3-methyl 1.p
2-pentene, 4-methyl 2.7 diethyl benzene 1.3pentane, 3-methyl 0.9
benzene, 1-methyl-3-
2-pentene, 3-methyl 2.3 propyl 1.1
1,4-pentadiene, 2,3,3
trimethyl 2.0 benzene, 1,2-dimethyl 08
benzene, 1-methyl-2-(1-
2-butene, 2,3-dimethy 1.5 methylethyl) 0.8
1,6-octadiene, 2,5-
dimethyl 1.1
1-pentene, 2-methyl 11
cyclopentene, 4,4-
dimethyl 4.6
cyclohexene, 1,3-
dimethyl 3.6
cyclohexene, 1-methy 3.0
cyclohexene, 1,3-
dimethyl 1.9
cyclopentene, 1,5-
dimethyl 1.7

TT1T
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Figure D.5. Liquid product distribution of isopropa reaction over HZSM-5 (280),
WHSV = 1.3 %, P = 1 atm (absolute)] = 370C.
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Figure D.6. Liquid product distribution of isopropa reaction over HZSM-5 (280),
WHSV = 1.3 h*, P = 1 atm (absolute)] = 370C.
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Table D.5 Most abundant compounds for the isoprol@action over HZSM-5 (280),

WHSV = 1.3 %, P = 1 atm (absolute)] = 370C.

Olefins and Naphtenes Naphtenes Aromatics Isoparaffins
Olefinics (g C/100 g C liquid) (gC/100gC (gC/100gC
(g C/100 g C liquid) liquid) liquid)
1,2-dimethyl-
cyclopentane,tran 2-methyl-
2-butene 7.8s 2.4| xylene 4.0 pentane 4.1
1-ethyl, 4-
2,3-dimethyl-1- methyl- methyl, 2-methyl-
butene 6.8 cyclopentane 2.3benzene 3.7 butane 3.2
2-methyl-1- 2-methyl-
butene 5.3 cylcohexane 1.0 mesitylene 1.8 hexane 2.(
3-methyl-
2-pentene 5.] Toluene 1.6 hexane 1.2
3-methyl-2- 3-methyl-
pentene 2.3 ethyl benzene 1.2pentane 1.(
1-propene 1.3
2,5-dimethyl-
2,4-hexadiene 1.
7-methyl-3-
octyne 1.0
2,3,3-trimethyl-
1,4-pentadiene 1.
1,3-dimethyl-
cyclopentene 4.9
1,3-dimethyl-
cyclohexene 2.8
1,5-dimethyl-
cyclopentene 2.
methylene-
cyclopentane 2.
1,3-dimethyl-
cyclohexene 1.9
1-methyl-
cyclohexene 1.7
1,5-dimethyl-
cyclopentene 1.4
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Figure D.7. Liquid product distribution of isopropa reaction over HZSM-5 (280),
WHSV = 1.3 %, P = 1 atm (absolute)] = 410C.
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Figure D.8. Liquid product distribution of isopropa reaction over HZSM-5 (280),
WHSV = 1.3 h*, P = 1 atm (absolute)] = 410°C.
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Table D.6 Most abundant compounds for the isoprol@action over HZSM-5 (280),
WHSV = 1.3 h*, P = 1 atm (absolute)] = 410°C.

Olefins and Naphtenes Naphtenes Aromatics Isoparaffins
Olefinics (g C/100 g C liquid) (gC/i00gcC (gC/i00gC
(g C/100 g C liquid) liquid) liquid)

1,3-dimethyl- 2-
cyclopentane,ci methyl-

2-butene 71s 3.4| xylene 7.8| pentane| 3.4

1-ethyl-2- 2-

3-methyl-2-pentene methyl- methyl- methyl-

trans 5.8 cyclopentane 2.9benzene 4.9 butane 2.6
2-methyl-

2-methyl-2-butene 4.V hexane 1.9 toluene 3.4
1,3-dimethyl-

2-pentene 4.% cylcohexane 1.5 mesitylene 2.1

3-methyl-2-pentene 1,1-dimethyl- ethyl

cis 2.0| cyclopentane 1.1benzene 2.1

1-propene 1.5 xylene 1.8

3-methyl-1-hexene 1.p

4,4-dimethyl-

cyclopentene 4.8

4,4-dimethyl-

cyclopentene 2.9

1,3-dimethyl-

cyclohexene 2.7

1-methyl-

cyclopentene 2.4

1,5-dimethyl-

cyclopentene 1.8

1,2-dimethyl-3-

methylene-

cyclopentane 1.1
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Figure D.9. Liquid product distribution of isopropa reaction over HZSM-5 (280),
WHSV = 0.52 h', P = 1 atm (absolute); = 370C.
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Figure D.10. Liquid product distribution of isopi&opol reaction over HZSM-5 (280),
WHSV = 0.52 i, P = 1atm (absolute), = 370C.
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Table D.7 Most abundant compounds for the isoprol@action over HZSM-5 (280),
WHSV = 0.52 h', P = 1 atm (absolute); = 370C.

Olefins and Naphtenes Aromatics Isoparaffins
Naphtenes (g C/100 g C liquid) (gC/100gCliquid)| (gC/i00gC
Olefinics liquid)

(gC/100gC

liquid)
pentane,
3-
2,4- cyclopropane, benzene, 1- methyle
heptadiene 2.71,2-dimethyl 3.4 ethyl-3-methyl| 11.8| ne 2.1
hexane,
3-octyne, 7- cyclopentane, benzene, 2-
methyl 1.4| methyl 3.0| methyl 10.2| methyl 1.4
benzene, butane,
cyclohexene, cyclopropane, 1,2,3- 2-
1,3-dimethyl 1,2-dimethyl 2.7 trimethyl 7.4| methyl 1.2
cyclopentane, 1,3t benzene, 1,3-
dimethyl 1.9| dimethyl 5.4
cyclopentane, 1,3t benzene, (1-
dimethyl 1.8| methylpropyl) 4.3
cyclopentane, 1,2+
dimethyl -3-
methylene 1.4 xylene 4.0
benzene, 1-
cyclopropane, (1- methyl-4-(1-
methylethenyl) 1.3 methylethyl) 2.6
p-mentha-
1,5,8-triene 1.5
benzene, (1,1-
dimethylpropy
[)- 1.2
benzene,
1,3,5-

trimethyl 1.0
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Figure D.11. Liquid product distribution of isop&opol reaction over HZSM-5 (280),

WHSV = 3.7 %, P = 1 atm (absolute)] = 370°C.
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Figure D.12. Liquid product distribution of isopi&opol reaction over HZSM-5 (280),

WHSV = 3.7 h*, P = 1 atm (absolute)] = 370°C.
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Table D.8 Most abundant compounds for the isoproj@eaction over HZSM-5 (280),
WHSV = 3.7 h*, P = 1 atm (absolute); = 370°C.

Olefins and Naphtenes Aromatics Isoparaffins
Naphtenes Olefinic (g C/100 g C liquid) | (g C/100 g C liquid)| (g C/100g C
(g C/100 g C liquid) liquid)

pentane
1-butene, 2,3- cyclopropane, 1,2t benzene, 1,3- , 2-
dimethyl 6.6| dimethyl 7.5| dimethyl 4.6| methyl | 3.3
hexane,
1-propene, 2- cyclopentene, 4,41 benzene, 1- 2-
methyl 5.3| dimethyl 4.2| ethyl-2-methyl | 4.3 methyl | 2.0
butane,
2-pentene, 3- cyclopropane, 1,2¢ benzene, 1,3,5¢ 2-
methyl 2.2| dimethyl 3.6/ trimethyl 2.3| methyl | 1.9
2-butene, 2,3- cyclopentene, 1,51 benzene,
dimethyl 2.0| dimethyl 3.1| methyl 1.7
1,4-pentadiene cyclopentane, 1,31 benzene, 1,2-
2,3,3-trimethyl | 1.7 dimethyl 2.6| diethyl 1.0
benzene, 1-
1-pentene, 2- cyclopropane, (1- methyl-3-
methyl 1.7| methylethenyl) 1.9 propy! 1.0
cyclopentane, 1,2
cyclohexene, dimethyl-3- benzene, 1,4-
1,3-dimethyl 2.9 methylen 1.2 dimethyl 0.9
cyclohexane, 1-
cyclohexene, methyl-4-
1-methyl 1.8| methylene 1.Q
cyclopentene, cyclopentane, 1-
1,5-dimethyl 1.4} ethyl-3-methyl 0.9
cyclohexene,
1,3-dimethyl 1.4
cyclohexene,
4-methyl 0.9
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Figure D.13. Liquid product distribution of isop&opol reaction over HZSM-5 (280),
WHSV = 7.5 %, P = 1 atm (absolute)] = 370°C.
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Figure D.14. Liquid product distribution of isopi&opol reaction over HZSM-5 (280),
WHSV = 7.5 %, P = 1 atm (absolute)] = 370C.
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Table D.9 Most abundant compounds for the isoprol@action over HZSM-5 (280),
WHSV = 7.5 h*, P = 1 atm (absolute); = 370C.

Olefins and Naphtenes Naphtenes Aromatics Isoparaffins
Olefinics (g C/100 g C liquid) (gC/i00gC (gC/100gC
(g C/100 g C liquid) liquid) liquid)
3-methyl 2 1 methyl benzene, 1,3t 2-methyl
pentene 9.5 cyclopentane 2.8 dimethyl 2.8| 2-hexene 7.1
cyclopentane 1 benzene, 1-
methyl 2 ethyl-2- 2-methyl
1-butene 8.0 methylene 2.6 methyl 2.1| pentane 4.4
cyclopentane 1,2
3 methyl 2 dimethyl 3 2-methyl
pentene 3.6 methylene 1.4 hexane 2.8
2-methyl
2-pentene 3.1 3- pentene| 2.6
1,4 pentadiene 2-methyl
2,3 trimethyl 3.0 butane 2.2
3-methyl
2-heptene 2.3 hexene 1.9
2-3 dimethyl 2-methyl
butene 2.3 2-hexene 1.4
3-methyl
n-propene 1.5 hexane 1.d
3-hexene 2,5
dymethyl 1.4
2,5-dimethyl 3
hexenbe 1.3
2-heptene 5
methyl 1.0
3-heptene 1.0
1-methyl
cyclohexene 1.7
cyclohexene 1,3
dimethyl 1.2
cyclohexene 1-
methyl 4-
methylene 1.1
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Figure D.15. Liquid product distribution of isop&pol reaction over HZSM-5 (280),
WHSV = 11.2 h', P = 1 atm (absolute); = 370C.
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Figure D.16. Liquid product distribution of isopeoml reaction over HZSM-5, WHSV
=11.2 h', P =1 atm (absolute)] = 370°C.
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Table D.10 Most abundant compounds for the isoproli@action over HZSM-5 (280),
WHSV = 11.2 h!, P = 1 atm (absolute); = 370C.

Olefins and Naphtenes Naphtenes Aromatics
Olefinics (g C/100 g C liquid) (gC/100gC
(g C/100 g C liquid) liquid)
benzene, 1-
ethyl-
2-pentene,3-methyl 8.4cyclohexane 3.4 2-methyl 2.5
3,3-dimethyl-1-
1-butene, 2-methyl 8.2methelenecyclopentane 3.4
cyclopentane,1,2-dimethyl-3-
2-butene 6.5 methylene 2.2
1-butene, 2,3-
dimethyl 5.4| cyclopropane 1.9
2-pentene, 3-methyl 34
2-pentene, 2-methyl 3.0
4-octene 2.4
3-nonyne 1.4
3-hexane, 2,5-
dimethyl 1.2

2-hexene, 2-methyl 7.8

cyclopentene, 1-
methyl 5.7

2-hexene, 3-methyl 3.2

cyclohexene, 1-

methyl 2.2
cyclohexene, 1-

methyl 2.2
2-pentene, 4,4-

dimethyl 1.8
2-heptene 1.6

2-hexene, 2-methyl 1.p
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APPENDIX E

TYPE OF HYDROCARBON LIQUID PRODUCTSFROM THE ACETONE
REACTION OVER HZSM-5

Table E.1 shows the dominant types of liquid-phlgdrocarbons for each
experimental condition.

Table E.1 Most abundant type of liquid-phagdrocarbons for the acetone reaction

P |Catalyst | T | H,Ratio WHSV (h")
Si/Al
ratio
(mol (mol Hy /
silica/mol mol
(atm) | alumina)| (°C)| acetone)| 1.3 24 39 5 65 7/9 118
80 305 0 A/O
350 A/O| AIO | AIO | AIO
1 415
A A A | A/O | AIO| AO
0.3 A A A
1 A A A
280 0 A | AIO| AIO | A/O | AIO
03 A
0.5 A | AIO
1 A | AIO
7.8 280 0 A/O A/O | A/O A/O | AIO

A= Aromatics
A/O= Aromatics and Oxygenated
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Table E.2 shows the most abundant liquid-phaseoboape compounds for all the
experiments of acetone reaction over HZSM-5.

Table E. 2 Most abundant type of liquid-phase hgdrbons for the acetone reaction

P |Catalyst | T | H,Ratio WHSV (i)
Si/Al
ratio
(mol (mol Hy /
silica/mol mol
(atm) | alumina)| (°C)| acetone)| 1.3 24 39 5P 65 7/9 118
80 305 0 C9
350 Co9| C9| C9| C9
1 415 cg | cg| c8| c8| €9 C9
0.3 CcC8| C8| C8
1 C8| C8| C8
280 0 C8| C8 C9| C9
03 C8
0.5 C8| C8
1 C8| C8
7.8 280 0 C9 C9l C9 Cd C¢
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Table E.3 Acetone conversion over HZSM-5itieent conditions.

P |Catalyst | T | H,Ratio WHSV (h")
Si/Al
ratio
(mol (mol Hy /
silica/mol mol
(atm) | alumina)| (°C)| acetone)] 13| 24 39 5P 65 7/9 118
80 305 0 93
350 94 83 79 78
1 415 100 | 100| 100/ 95| 88 83
0.3 100| 100f 10d
1 100| 100| 100
280 0 100 100 88 87
03 100
0.5 100 100
1 100| 100
7.8 280 0 100 93| 92 76 62
Table E. 3 Water yield (g 40 / g hydrocarbon liquid)
P |Catalyst | T | H,Ratio WHSV (i)
Si/Al
ratio
(mol (mol Hy /
silica/mol mol
(atm) | alumina)| (°C)| acetone)| 13| 24 39 5P 65 7/9 118
80 305 0 0.51
350 0.44] 0.48( 0.41] 0.44
1 415 0.52|0.47| 0.46] 0.46| 0.48| 0.42

0.3 0.48( 0.45( 0.47
0.5 0.48]| 0.47| 0.46

280 0 0.46 0.47| 0.45| 0.46| 0.44
03 0.45
05 | 0.43[0.45
1 0.45| 0.43 0.4 0.4| 0.47

7.8 280 0 0.40 0.38| 0.5 0.44| 0.42
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Figure E.1. Liquid product distribution of acetaieaction over HZSM-5(80).
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Table E.4 Most abundant compounds for the isoprolp@action over HZSM-5 (80).

Aromatics (g C/100 g C liquid)

benzene, 1,4—dimethyl 30.3
benzene, methyl 16.3

benzene, 1,2,4-trimethyl 9.5
benzene, 1,3,5-trimethyl 8.6
benzene, 1,3—dimethyl 8.3
benzene 5.3

naphthalene, 2—methyl 1.5

Figure E.1 shows the typical carbon distribution @8-centered liquid products.

Table E.1 shows the most abundant components Q8reein which represent 80% of

the total liquid hydrocarbons. Figure E.2 showsboar distribution for C9-centered

liquid product. Table E.5 shows the most abundamponents for a &type liquid

product. These compounds represent 80% of theaotalint of liquid hydrocarbons.
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Figure E.2. Liquid product distribution of acetaieaction over HZSM-5(80).

Table E.5 Most abundant compounds for the acetemaion over HZSM-5 (80).

Aromatics Oxygenated Others
(g C/100 g C liquid) (g C/100 g C liquid) (g C/100 g C liquid)
2-cyclohexen-1-
benzene, 1,3- one, 3,5,5- cyclopropane, (1-
dimethyl 10.5| trimethyl 10.5| methylethenyl) 2.
benzene, 1,3,5- cyclobutane,isopropyli
trimethyl 8.3| 2-propanone 9.0den 2.2
benzene, 1-ethyl-2- cyclohexanone, cyclopropane, 1,2-
methyl 8.2| 3,3,5-trimethyl 3.6 dimethyl 1.3
benzene, 1,2,3- cyclopentene, 1,5-
trimethyl 6.7| 2-butanone 1.2 dimethyl 2.1
benzene, methyl 3.4 1-propene, 2-methyl 2
benzene, 1-methyl-3-
propyl 1.6
benzene, 1,2-diethyl 15
benzene, 1,2,3,5-
tetramethyl 2.1
benzene, ethyl 0.9
naphthalene, 1,2,3,4-
tetrahydro-2-m 0.8
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APPENDIX F

ACETONE AND ISOPROPANOL REACTION PROCEDURE

. Catalyst is weighed and loaded into the reactoe Gé&talyst is supported by two

layers ofa-alumina (Figure 3.2).

2. The catalyst is regenerated at 500 °C by flowimdaai2 h at 100 crifmin.

3. The system is purged for 2 min with bt 500 cnymin

4. The reactor temperature is set. The temperatucensrolled by three controllers

(top, medium, and bottom). The objective is to ramthe same temperature along
the catalyst bed. To get the same temperaturecdht&ollers must be set at the
following temperatures:

Top—> Tr—40°C

Middle > Tr—40°C

Bottom—> Tr
The system has a Type-K thermocouple that meagheesemperature along the
catalyst bed, which allows verification of a comsteemperature along the reactor.

The reactor temperature stabilizes after 15 minutes

5. The liquid reactants are fed to the system witlirange pump

6. If hydrogen is added to the acetone reaction, ffiedgen is measured with a mass

flow controller.

. After the reaction temperature is stabilized (aftérminutes of feeding), the liquid

products are collected.

. Then, an on-line analysis of the product streapeisormed using a GC connected
to the reactor exit. This GC has two detectors: &hd TCD. The analysis intervals
are 30 minutes, so the samples can be taken eQanjritites.

. The liquid sample is collected and analyzed witBGMS. This GC-MS analysis

has more detailed compound analysis of the lighasp.
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10. Reactions are terminated by cutting off the feBden, the reactor is heated to
500°C
11.Finally, air is fed into the system to regenerag datalyst (return to Step 1).
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