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Microscale reactors operate in sub millimeter space dimensions. Their small length scale
enables process intensification of mass, heat and momentum transport that influence
reaction rates. Hence it’s possible to observe the true intrinsic reaction kinetics occurring
for a set of reactions. In this work a novel microscale reactor for producing
biohydrodeoxygenated

diesel

is

developed

and

its

performance

investigated.

Biohydrodeoxygenated diesel was produced by removal of oxygen from vegetable oils in
presence of hydrogen at high temperatures and pressures on conventional NiMo/Al2O3
solid hydrotreating catalysts.
Reactor was fabricated with photochemical etching to pattern post features on catalyst
plates, laser ablation was used to make integrated oil slots and hydrogen hole mixer.
Laser welding was used to seal reactor to provide a hematic seal. Six sigma
methodologies were used to ensure fabrication method was in control, capable and stable.
Sol gel method was used to deposit high surface area alumina on catalyst plate and wet
impregnation method used to deposit active NiMo metal catalyst on support. Phosphorus
was added to the preparation mixture as a structural promoter. Initial test of reactor with

palm olein showed reactor was able to achieve complete conversion to mainly n-alkane
liquid products at temperature 325oC, pressure 500psig under 3minutes of liquid
residence time. Increase in palm olein concentration showed reaction was limited by
stoichiometric hydrogen requirement.
Model study of hydrotreating process was done with oleic acid. A 33 factorial
experimental design was done to optimize reaction conditions. Temperature was found to
be most important followed by reactor pressure and liquid residence time. Effect of
catalyst loading was done at 5wt%, 10wt% and 20wt% to study effect on conversion
products. 10wt% loading was found to achieve maximum conversion and
hydrodeoxygenation.
A detailed mathematical model of reactor system was developed, encompassing flow,
mass transport and reaction kinetics. From model developed, mass transport limitation
free reaction rate constants was found from a simplex optimization algorithm using
Comsol Matlab Live link. Model showed good agreement with experimental data and
was used to predict maximum conversion and hydrodeoxygenation conditions.
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CHAPTER 1: INTRODUCTION
Fossil fuel currently constitutes more than 80% of the current energy demand.
Approximately 50% of the globally refined fossil petroleum products constitute
transportation fuels. However concerns of long term availability, CO2 , SOx and NOx
emissions, government regulations and incentives has led to increased focus on
sustainable sources of energy[1].Renewable transportation fuels (biofuels) offer a
sustainable solution to current fossil sources. Biofuel has a tremendous advantage in that,
the production and use of biofuels produces no net release of CO2 .Bioethanol and FAME
(Fatty Acid Methyl Ester) are the main renewable transportation fuels used. Despite the
interest, production of renewable transportation fuels like FAME has found little
integration into existing refineries due to compatibility issues. Besides this, its properties
(Table 1.1) as a diesel transportation fuel, poses some challenges to automobile engines.
For a good transportation fuel, renewable diesel should have at least some of the desired
hydrocarbon constituent of petro diesel(Figure1).Bio-Hydrogenated-Diesel (BHD)
obtained by reaction of triglycerides with hydrogen at high temperature and pressure to
produce liquid alkanes, are superior quality as diesel fuel compared to petro diesel and
FAME (Table 1.1). The current process involved in the production of BHD is based on
large scale batch reactor systems. These reactor systems results in major disadvantages
like mass and heat transfer limitations, resulting in inefficient use of catalyst and large
energy requirements. Also these reactor systems have large footprints, waste handling
issues, cost and handling of raw materials. To overcome these disadvantages a microscale based reactor is proposed. Microscale based reactors has small time and length
scales that improves the mass and heat transfer limitations. Also they possess high
specific surface to volume ratio allowing for more efficient utilization of materials and
energy.
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Table 1.1: Comparison of diesel fuel quality[1]

Comparison of diesel fuel quality
Diesel(ULSD)

Biodiesel

Green

(FAME)

diesel

FT diesel

Oxygen, %

0

11

0

0

Specific gravity

0.84

0.88

0.78

0.77

Sulfur, ppm

<10

<1

<1

<1

Heating value,

43

38

44

44

Cloud point, oC

-5

-5 to +15

-20 to + 20

Not available

Cetane

40

50-65

70-90

>75

Stability

Good

Marginal

Good

Good

MJ/kg

Figure 1: Chemical composition of petrodiesel and effect on cetane number[2].
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Previous work in our group[3], in a microtube reactor has demonstrated that
biohydrodeoxygenated diesel can be produced from vegetable oil with elimination of
observed mass transfer limitations from the determination of the intrinsic kinetics. This
reactor is however, limited to small production volumes and suitable for prove of
concept, the current effort is focused on the design, of a new practical microscale based
reactor that can be scaled up easily to meet larger scale capacity. The design of reactor,
fabrication, catalyst deposition process, preliminary test is explored. The mechanism of
reaction, transport and performance of reactor is also explored.
1.1 Research Goals and Objectives
1.1.1 Goals
The overall goal of this dissertation is:


To demonstrate that a microscale-based reactor technology is feasible for the
implementation of two-phase solid-catalyzed chemical reaction processes.



To establish the intrinsic chemical reaction process kinetic parameters pertinent
for the characterization of the two-phase solid catalyzed chemical reaction model
process.

1.1.2 Objectives
The following objective would be explored to achieve the goals of this work:


Select a model two-phase solid-catalyzed chemical reaction processes and
characteristic kinetic process parameters.



Design and construction of micro-scale based reactor.



Develop a test-loop for experimental investigation.



Development of a mathematical model for the Bio-Hydrogenated Diesel
production.



Development of an appropriate catalyst deposition and characterization method.



Experimental demonstration of the performance of the micro scale based reactor
in terms of pertinent process parameters and variables.
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Determine the characteristic chemical reaction process kinetic parameters as a
function of pertinent process variables using previously established mathematical
model of the process, numerical simulation, and experimental data.

1.2 Contribution to Science
As a result of this work, two main contributions to science will emerge:
1. Experimental data on the multiphase chemical reaction process, obtained in a
microscale-based reactor with solid catalyst. This data will represent conversion
of chemical compounds involved in the hydrotreating of vegetable oil into
renewable diesel. In addition this data will contain information relevant for
determination of the chemical reaction constants in a multiphase micro-scalebased reactor with solid catalyst.
2.

The mathematical model which integrates all elements of a chemical reaction
process: transport phenomena, chemical reaction kinetics, residence time
distribution, and other pertinent parameters important for the investigation of the
multiphase, microscale-based reactor with solid catalyst. This mathematical
model will be used in numerical simulations as a tool for the investigation of the
experimental data, and for prediction of the performance of the microscale-based
reactor in new design configurations including scale-up.
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CHAPTER 2: LITERATURE REVIEW
2.1 Hydrotreating Process
Traditional hydrotreating reaction involves the removal of elemental sulfur, nitrogen and
a lesser extent oxygen in petroleum crude to produce diesel range fuel using excess
hydrogen in a packed bed reactor, at 270-480oC temperature and 20-100bar pressure. The
active catalyst used is NiMo, CoMo and NiW supported on alumina. Mo or W is the main
catalysts employed, while Ni and Co are used as promoters to improve upon their
activity. For triglyceride based feedstock oxygen is removed with hydrogen on standard
hydrotreating catalysts. The initial work on the hydrotreating of triglyceride based feed
stock was reaction of soy oil with hydrogen over silica and alumina supported catalyst[4].
Oxygen is removed as CO, CO2 and H2O producing n-alkane diesel and propane. The nalkane diesel can be isomerized to a higher quality diesel, or hydrocracked to produce jet
fuel. The propane gas is used as a motor fuel, and also serves as feed stock for other
products in the petrochemical industry[5]. The feed type, the catalyst type, reactor
configurations and process parameters are the main considerations for a successful
hydrotreating reaction.
2.2 Hydrotreating Mechanism
Several mechanisms have been proposed for the hydrotreating of triglyceride based
feedstock into diesel. The widely accepted mechanism involve the saturation of the
double bonds present in the triglyceride, breaking of the C-O bond to form diglycerides,
monoglycerides (Figure 2.1) , fatty acids and waxes[6]. Through a process of
hydrodeoxygenation (removal of oxygen as H2O), decarboxylation (removal of oxygen as
CO2) and decarbonylation (rejection of oxygen as CO) liquid n-alkane hydrocarbons,
H2O, CO and CO2 are produced (Figure 3).

6

Figure 2.1: Schematic representation of the two different reaction pathways for the removal of
oxygen present in triglyceride by hydrotreating reaction[6].

Figure 2.3: Reaction mechanism for conversion of vegetable oils to green diesel[7].

The results from Figure 2.3, shows that the hydrotreating process results in the
production of hydrocarbon of same carbon number as the starting fatty acid
(hydrodeoxygenation) or one less than the starting fatty acid (decarboxylation or
decarbonylation). From the relative concentrations of the C18 and C17 hydrocarbons, the
dominant route can be elicited. 16 and 7 moles of hydrogen are used up in the
hydrodeoxygenation and decarboxylation route per mole of triglyceride respectively.
Knowing which route is preferred, informs on hydrogen utilization, catalyst inhibition,
heat balance and methods of treating gas composition[6]. Analysis of the gas composition
helps to determine if rejection of oxygen as CO (decarbonylation) or as CO2
(decarboxylation) is more dominant. However apart from these main reactions it’s been
reported that water gas shift (equation 2.1) and mechanization (equation 2.2) reactions
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occur[6]. These side reactions make it difficult to determine which route for oxygen
removal as CO or CO2 is dominant. Also from these reactions the hydrogen consumption
for the decarboxylation route can increase to 19 moles for each mole of triglyceride if all
the CO2 is shifted to CO and subsequently converted to CH4.
CO2  H 2  CO  H 2O

(2.1)

CO  3H 2  CH 4  H 2O

(2.2)

Zhang et. al proposed a simplified and a detailed mechanism (Figure 2.4 and 2.5) for
conversion of waste cooking oil to diesel range products over dispersed nano catalysts.
Overall rate constants were determined for conversion of the fatty acids to oxygenate
intermediates and from intermediates to n-alkanes through the hydrodeoxygenation and
hydrodecarboxyaltion routes. The detailed mechanism expanded on the work of Kubicka
with addition of an aldehyde intermediate formation step from free fatty acids, which are
converted to the fatty alcohols and (n-1) alkanes (Figure 5).

Figure 2.4: Simplified mechanism for conversion of glycerides to n-alkanes[8][8].
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Figure 2.5: Detailed mechanism for conversion of glycerides to n-alkanes[8].

Again the hydrotreating of methyl laurate to C12 and C11 n-alkanes, an aldehyde
intermediate

(dodecanal)

proceeded

the

decanol

formation

hydrodeoxygenation route[9].

Figure 2.6: Proposed mechanism for conversion of glycerides to n-alkanes[9] .

step

for

the

9

In a previous work in our lab Attanatho proposed a mechanism for formation of n-alkanes
from triolein in a tubular micro reactor[3]. Fatty alcohol formation was as an important
intermediate for formation of C18 hydrocarbons in the hydrodeoxygenation route (Figure
2.7).

Figure 2.7: Proposed mechanism for hydroprocessing of vegetable oils in a microscale
reactor[3].

2.3 Hydrotreating Kinetics
Understanding of the kinetics of a catalytic reaction is vital for the prediction,
optimization and scale up of a reactor system. The power law or the mechanistic rate
equations are mainly used to describe the kinetics of a reaction. In the rate power
methods the overall reaction mechanism is expressed based on the individual steps to
determine the order of the reaction, rate constant, activation energy, and the preexponential factor in a specified experimental range of conditions. These pertinent
parameters are determined from regression analysis when compared to the experimentally
determined reaction products. The draw back with the power model is, it loses accuracy
outside the specified experimental range conditions. The mechanistic model identifies the
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rate limiting step (slowest step) from reaction mechanism and expresses the overall
reaction variability based on this step. The reaction rate is expressed as a function of the
concentration of species in this step, their equilibrium adsorption coefficient and overall
reaction rate constant. The complicated and varying mechanisms reported for
hydroprocessing of vegetable does not make it amenable for development of universal
predictive models. Smejkal et al[10] developed from comparison with experimental
data, thermodynamic predictive models(equation 2.3 and 2.4) which showed the
hydroprocessing of triglycerides over commercial catalyst was hydrogen transfer limited.
T

H rT  H ro 

 Cp, TdT H

T
r

 Cp, T (T  298)

(2.3)

298

Cp, T
 T 
dT SrT  Sro  Cp, T ln 

T
 298 
298
T

S  S 
T
r

o
r



(2.4)

Boda et. al[11] expanded on the understanding of hydrogen limitation by using the
Langmuir-Mechanistic model to explain effect of hydrogen partial pressure on
hydrodeoxygenation of fatty acid. The kinetics was assumed to be dependent on
adsorption of fatty acids and reaction with surface hydrogen. The Languir-Hinshelwood
mechanistic model was again used by Snare et al.[12] to study the decarboxylation and
the decarbonylation of ethyl stearate and stearic acid respectively over 5%Pd/C. They
simplified the mechanistic model to a first order reaction by assuming the surface
reaction to be slower than the adsorption steps. They obtained a good fit between data
and model. Though computationally fitting parameters for mechanistic model can be
challenging due to large amounts of constant involved, the intrinsic reaction parameters
can be obtained as they are determined in as much as possible in mass transport limited
free conditions.
Kumar et. al[13] used a pseudo first order rate equation to predict the rate constant for
removal of sulfur and oxygen from a mixture of Jatropha oil and its mixtures with gas oil.
Sebos

et.

al[14]

obtained

the

mass

transport

limited

rate

constants

for

hydrodeoxygenation of triglycerides to diesel using a first order approximation. Phuong
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et al [15] obtained rate constant , reaction order and activation energy for conversion of
methyl stearate to n-alkanes in a semi batch reactor using the general rate law (equation
2.5).
Rate  

E
dCms
n
 ke RT Cms
dt

(2.5)

Most of the power law type mechanism covered so far was restricted to an overall rate
expression due to the complex nature of the mechanism of vegetable oil hydrotreating.
Also the kinetic constants obtained were not true intrinsic kinetic constants but mass
transport limited. Most of these were either in batch or semi batch reactions where it’s
difficult to keep track of catalyst activity.
Recent work in our lab by Attanatho[3] developed a rate law equation for all the reaction
steps involved in conversion of triglyceride to n-alkanes(Table 2.1) in a continuous micro
tubular reactor. The true intrinsic rate constant for each step was determined by
developing a model that took into account the mass transport limitations.
Table 2.1: Rate equations for triglyceride hydrotreating[3].
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Zang et al [8] also using the rate law for each step for their proposed mechanism (Figure
2.5) obtained the rate constant for each reaction step in a batch reactor. The catalyst
deactivation was accounted for with a second order decay law.
2.3.1 Effect of Feed Type
The main source of triglycerides, comes from, edible and non-edible vegetable oils and
animal fats. Table 2.2 shows gives example of edible and non-edible oils/fats and their
fatty acid composition. The fatty acid composition of vegetable oils/fats is important in
determining the product composition of liquid fuel from hydrotreating. The fatty acid
normally has C12 to C22 hydrocarbons and can either be saturated or unsaturated.
Depending on the route for hydrotreating the fatty acid retains the same number of
carbons (hydrodeoxygenation) or is reduced by one (decarboxylation) for the liquid fuels.
Depending on the level of saturation, hydrogen consumption is high (unsaturated fatty
acid) or low (saturated fatty acids) and also gaseous products are found to increase with
decrease with chain length and degree of unsaturation[16].
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Table 2.2: Edible and non-edible vegetable oils/fats and their fatty acid composition[5].

2.3.2 Effect of LHSV
The liquid hourly space velocity (LHSV) is defined as, the liquid feed flow rate per
volume of catalyst used. This determines the contact time between the reacting fluids and
catalysts. This is important for regulating catalyst effectiveness and stability before
deactivation. Increase in LHSV, decreases the reaction contact time. Increasing LHSV
generally reduce hydrodeoxygenation rate and also poising of catalyst beyond a certain
level. Studies for hydrotreating of waste cooking oil showed improvement in the
conversion and selectivity towards diesel range products using LHSV from 0.5 to 1.5h-1
however going beyond this, resulted in reduced activity and deactivation of catalyst from
poisoning[17]. Saturation of the unsaturated triglycerides was found to benefit from
increasing the LHSV.
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2.3.3 Effect of Hydrogen Partial Pressure
Pressure affects the hydrogen availability (solubility in oil) and subsequently also the
chemical reactions hydrogenation, isomerization and cracking. The hydrogen pressure
employed affect the preferred hydrotreating route as well as improve upon catalyst life by
removing excess water formed, and also suppressing coke formation. Low hydrogen
pressure favor decarboxylation route over hydrodeoxygenation route as well as cracking
reactions.

Higher

reaction

pressures

favor

diesel

range

products,

and

the

hydrodeoxygenation route is preferred[5]. Hydrotreating of waste vegetable oils in 810MPa range, produced low boiling range biogasoline at low pressures and biodiesel at
high hydrogen pressure[17]. The conversion of fatty acids was also found to increase
with increasing hydrogen pressure from 7 to 14MPa at 310oC[18]. The gas composition
was also found to increase with increasing pressure. Studies by Simacek et.al for
hydrotreating of waste vegetable oil on sulfided NiMo/Al2O3 catalysts showed
interesting interaction with temperature[19]. At low temperatures (310oC) increasing
pressure resulted in decreased selectivity to for n-heptadecane whilst at high temperature
(360oC) selectivity for n-heptadecane was insensitive to increasing pressure. The
selectivity for n-ocatadecane increased with pressure at lower temperature whilst at
higher temperature the opposite trend was seen with temperature increase.
2.3.5 Effect of H2 /Oil Ratio
The hydrogen oil ratio is important for ensuring that the stoichiometric hydrogen
requirement is met, catalyst deactivation rate is maintained at a minimum and the
selectivity of reaction at chosen process parameters. High hydrogen flow helps in water
removal which reduces, the deactivation rate[5]. Studies by Bezergiani et al[17] with
H2/oil ratio from 543 to 890(Nm3/m3), hydrogenation reactions and hydrocracking
reactions were favored at high H2/oil ratio and the selectivity towards gasoline boiling
range compounds increased. At the lower H2/oil ratio selectivity towards diesel range
compounds was highest, suggesting the increase in hydrocracking with increasing H2/oil
ratio. Selectivity for oxygen removal was found to increase with increasing H2/oil ratio.
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2.3.4 Effect of Temperature
Temperature is the most important factor as it affects the equilibrium concentrations of
products and reactants as well as catalyst life. Temperature affects the extent of oxygen
removal, cracking reactions (production of gasoline range products) and conversion of
feed to diesel. Studies by Bezergiani et al on hydrotreating of waste vegetable oils from
330-398oC observed, high selectivity of diesel products at low temperature and increase
in gasoline range products at the high temperature. Oxygen removal was lowest at low
temperatures and highest at high temperatures[20]. Also for diesel range products
selectivity towards liquid alkane with one less carbon increased with temperature8.
Investigation into the hydrotreating of rape seed oil from 260-340oC, found low feed
conversion at low temperature and high conversion at high temperature[5]. For standard
hydrotreating reactors it has been found that starting reactions at low catalyst temperature
and increasing temperature when catalyst begin to deactivate is a good way of
maintaining long catalyst life[21][22].
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Table 2.3: Some selected examples of reactor, catalysts and process conditions for hydrotreating
reactions.

Conditions
Catalyst

5% Pd/C
(Aldrich)

Feed

Oleic acid

4%Pd/C

Stearic and

mesoporous

palmitic acid

1%
Pt-Re/H-ZSM-5

Jatropha oil

Temp

Pressure

(oC)

(bar)

300

15-27

300

270-300

17
(5% H2 in Ar)

oil(15wt%

Waste

(sulfided)

cooking oil

NA

[23]

NA

[24]

(WHSV)

350

N/A

350

45

370

82.7 to 96.5

305-345

30

260-340

40-90

(sulfided)
Ni-Mo/Al2O3

(h-1)

(85%H2 in N2)

Topsoe TK-575
Oleic acid

WHSV

1-10

FFA)

Ni-Mo/ᵧ-alumina

LHSV/

65

Jatropha
Ni-Mo/Al2O3-SiO2

Ref

7.6
(LHSV)

1.5
(LHSV)
0.5-1.5
(LHSV)

[25]

[26]

[6]

[17]

Cotton seed
Sulfided

oil in

Co-Mo/Al2O3

petroleum

5-25
(WHSV)

[14]

diesel
Sulfided
NiMo/ Al2O3

Palm oil

2
(LHSV)

[27]
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2.4 Microscale Reactors
2.4.1 Introduction
Microscale reactors are advantageous to conventional large scale systems for
performance of multiphase reactions due to the following:


Fast mass transport times due to the small length scale.



Fast heating times.



Large surface area to reactor volume.

Dietrich [28] in Table 2.4 summarizes some important characteristic time and their
dependence on the characteristic reactor length scale(R). The characteristic time, for
transport phenomena (mass and heat) scales faster at the micro scale. Also time for
surface tension, viscosity scales faster than body force (gravity).
Aside the benefits of improved fundamental phenomena, micro scale reactors allow for
integration of chemical processes (e.g.: multi stage reactions and separation of reaction
products). Also due to their small volumes, low stocks of reaction agents are required.
This ensures waste minimization and safety in terms of handling of hazardous reagents.
The hydrodynamics, mass transport rate, heat transport mode, method for catalyst
deposition influence the design and fabrication method used for microscale reactors. The
hydrodynamics affect the flow regime available for mass transport, the method for
catalyst deposition affect available catalyst area, and fabrication method used. The review
in this section would be focused on heterogeneous type microreactor.
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Table 2.4: Expressions of various elementary characteristic times and their dependence on the
characteristic dimension R[28].
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Nth-order
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2.4.2 Continuous Phase Micro Reactor
These type of reactors are operated with the gas/liquid flowing as separated continuous
phase contacted at the interface only. The falling film reactor is a classic example. This
gives advantage of less need for downstream separation of the two phases after reaction.
Falling film reactors have large interfacial areas (>15 000m2/m3) , this makes them
attractive for multiphase catalytic reactions[29]. Catalyst can be deposited directly on the
walls of the reactor[64] or on a support deposited on the reactor walls[30]. Depositing the
catalyst on a support on reactor walls has been shown to be more robust[30] than directly
on the reactor walls[64].
2.4.3 Dispersed Phase Micro Reactor
The gas is usually dispersed in the liquid phase as bubbles and reaction occurs when gas
diffuse into liquid phase and react with liquid on solid catalyst surface. The size of
bubbles formed depends on inlet design, gas/liquid flow ratio, microreactor
dimensions[28].Though these reactor types produce large interfacial areas, separation of
the two phases downstream, is not trivial as traditional gravity body forces used in larges
scales for separation cannot be used at these scales.
2.4.4 Packed-Bed Microreactor
Micro fabricated reactors with packed bed catalysts have been studied for multiphase
contacting reactions. Losey et. al [31] incorporated standard porous catalyst into siliconglass micro fabricated reactor consisting of microfluidic distribution manifold, 10
microchannel array and a 25 um filter for immobilizing the solid particles in the reactor.
The reactor performance was compared to standard packed bed reactors and achieved two
orders of magnitude more overall mass transport coefficient (K La) when compared to
traditional packed beds. To avoid flow misdistributions, large pressure drops and in
multichannel packed beds, randomness in packing especially small particles should be
avoided.
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2.4.5 Micro Structured Reactors
Presence of small packed catalyst in micro channels provide the advantage of increased
mass and heat transport, but has the drawback of increase pressure drop and flow
maldistributions when particles are not uniformly packed[71]. One way of achieving the
advantages of packed beds and eliminating the disadvantages is using engineered
microstructures in the reactor channel. The arrangements, size and spacing of these
features can be controlled to achieve the desired effect. Losey e.t. al came out with a fully
micro etched packed-bed reactor made out of silicon[32]. This was an array of staggered
micro pillars that achieved the overall inherent advantages of a packed bed reactor but
eliminated the poor distribution of the micro packed bed reactor. This reactor had better
control of flow distribution low pressure drop along length of reactor compared to the
micro packed bed reactor. Wada et. al [33] demonstrated the presence of micropost in
etched silicon microchannel enhanced the conversion and selectivity of oxidation of
phosphates and amines compared to channels without posts. Pressure drop zone at the
inlet of the reactor ensured uniform distribution of gas liquid flow across multiple
channels.
2.5 Hydrodynamics of gas liquid Solid Microscale Reactors
Understandings of the flow dynamics especially for dispersed phase type microreactor
are critical for design and expected reactor performance. The flow pattern developed in
microscale reactors depend on the ratio of gas/liquid flow rates/velocity (liquid flow UL
and gas flow Ug), the reactor design/dimensions and inlet design (Figure 2.8). The
Capillary number, Weber number and Reynolds number help to identify the flow pattern.
Indeed a plot of weber number of gas and liquid flow has been shown to provide better
prediction of transitions from different flow regimes [34][35].
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Figure 2.8: General flow hydrodynamics map in microscale systems[36].

Figure 2.9: Flow regimes in microchannel [37][38] : (a) bubbly flow, (b)Slug/Taylor flow (c)
Churn Flow (d)Slug/annular flow (e)annular flow.
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2.5.1 Surface Tension Dominated Flow
When surface tension forces dominate, (low capillary number) bubbly flow (a), and slugbubbly or Taylor flow is observed (b). Bubbly flow (Figure 2.9a) occurs in surface
tension dominated flows when the liquid flow is higher than the gas flow. For a given set
of operating conditions and reactor dimensions, the smaller the size of gas inlet the
smaller the bubble formed[39]. When gas flow is more than liquid flow rate in surface
tension dominated flow, slug/Taylor flow is observed (Figure 2.9b). For heterogeneous
reactions, Taylor flow regimes are preferred due to the fast transport times to reactor
walls and mixing zone created between successive bubbles.
2.5.2 Transition Flows
Churn flow (Figure 2.9c) and slug annular (2.9d) are observed when transitioning from
surface tension dominated flows to inertia dominated flow. In churn flow the gas/liquid
flow is similar to slug flow however the liquid flow is relatively higher. Thus slugs
formed are regularly broken by bubbles of gas with diameters less than 50% of the
channel diameter[40]. When liquid flow is relatively lower compared to churn regime
slug/annular(Figure e) is observed[34].
2.5.3 Inertia Dominated Flows
When the gas flow in the slug/annular regime is increased, a stable annular core of gas
with liquid film at the walls is formed [39](Figure2.9 e). A typical example of this type of
flow is falling film micro reactor. The film thickness and mean film velocity can be
estimated from the Nusselt falling film theory[41].
2.5.4 Formation of Gas Bubbles and Bubble Size Estimation in Taylor/Slug Flow
This is the most common flow regime observed in microchannel and has wide application
for mass transport and reaction due to its stability and high specific interfacial area. Thus
it’s the preferred flow regime that would be explored for current reactor design and work.
Bubble formation can be divided into three main stages: (1) Expansion (2) Collapse and
(3) Pinch off[42]. The collapse stage controls the bubble breakup process. Fu et al [42]
demonstrated that, at this stage the collapse rate of the thread neck and collapse time
were affected by the gas and liquid flow rates and viscosity of the liquid phase. The main
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mechanism involve in this collapse stage depend on the relative magnitude of interfacial
stress from surface tension, shear stress exerted on tip of the discontinuous fluid,
resistance to flow of continuous fluid resulting from resistances from the discontinuous
phase [34]. Two main regimes exist here, the squeezing regime and the dripping regime.
In the squeezing regime, force arising from pressure drop across the forming bubble
dominates usually at low liquid flow rates and capillary numbers[43][34]. At higher
liquid flows the mechanism transitions to the dripping regime where shear stress or/and a
combination of the upstream pressure build up causes droplet to break off [44]. The
formation mechanism is very much dependent on the inlet design configuration, which
also affects the ultimate bubble size formed[45] [46] [43]. Various design configurations
exist for making bubbles. T-junction[44], Y-mixer[41] and cross flow[45].
Using a porous membrane to disperse the gas phase Laborie et al[47] developed a
correlation from experimental results to estimate the length of bubble and slug in 1-4mm
capillaries as function of the Eötvös and Reynolds number. Liu et. al[39] used the
relationship between mass transport coefficient and slug length[48] to derive an empirical
correlation for slug length as function of liquid and gas phase Reynolds number. This
correlation found poor applicability to other works[47][37]. Akbar and Ghiaasiaan[49]
improved the applicability of this correlation by accounting for the gas holdup. They
improved the deviation up to 19.5% by fitting their results to experimental data from Liu
et al[39] and Laborie et. al[47]. Garstescki et al [44] developed the scaling equation for
finding the bubble length as a function of gas and liquid flow rate for low flow and
capillary numbers.
Kreutzer et. al[37]developed a correlation for liquid slug length for a microstructure
reactor as a function of the average liquid hold up. Shao [50] showed from numerical
simulation and comparison with correlations from [37],[44],[51],[47],[39],[49], obtained
best fit with correlations from Kreutzer et al[37] and Garstecki[44]. Tan et al [52]
expanded on the correlation of Garteski et al[44] including the angle of entry of both
phases, and effects of surfaces forces by accounting of capillary number. There was
significant differences in results of the two correlations, and could be attributed to
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differences in the flow conditions. Qian and Lawal et al[51] developed a correlation for
unit cell length(slug + bubble length) as a function of gas holdup, Reynolds number and
Capillary number. Table 2.5 summarizes the correlations covered and their range of
applicability.
Table 2.5: Correlation for slug and bubble length in slug/Taylor flow.
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2.5.5 Estimation of Film Thickness
In Taylor flow, gas bubbles formed, are not in direct contact with reactor walls but
separated by a thin film of liquid from solid walls. This film provide lubrication that
makes bubble move faster than the surrounding liquids, also this thin film formed provide
short path for diffusion of gas into liquid phase and then to solid surface. The thickness of
this film formed then becomes critical for catalytic reactions. First investigations into
developing a correlation for estimating film thickness was carried by Fairbrother and
Stubbs in 1935[53] for air and water systems. The expressed the film thickness a function
of the capillary number and characteristic system dimension(r). This relation was found
to be valid up to a capillary number less than 0.015. Marchessault and Mason in 1960
[54] expanded on this work with studies on both gas/liquid and liquid systems.
Table 2.6: Correlations for estimation of film thickness in Taylor flow.

Literature

System

Correlation

Range of
Applicability

Aussillous and

Air-water

Quere[55]
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The film thickness was expressed as a function of the flow speed employed, surface
tension and liquid viscosity. Bretherton[57] in 1961 using air-aniline/benzene found for
capillary numbers less than 0.003, the film thickness scales with 2/3 of the capillary
number.

In recent time using advance measurement techniques, Irandoust and

Andersson(1989) [56]and Aussillous and Quere (2000)[55] proposes correlations for
estimating the liquid film thickness. Table 2.6 summarizes the covered correlations from
literature. To ascertain which correlations had the best applicability for different flow
conditions, a plot of film thickness for air-water system [36](Figure ) using different
correlations showed that correlations from Bretherthon and Aussillous

and Quere

provided the best fit. Thus these two correlations are widely used for estimating film
thickness[58],[59].

Figure 2.10: Predicted wall thickness for air water system compared with proposed
correlations[36].
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2.6 Mass Transport in Taylor Flow
The short length scales in micro allows for fast mass transport to catalytic surface for
heterogeneous reaction to take place. For gas-liquid –solid systems the liquid phase is
taken to wet the solid catalyst surface for reaction to take place. Figure 7.11 shows the
mass transport process that occurs in a typical Taylor flow regime. Processes involved are
(1) Mass transport from gas to solid through liquid film, ( kGL aGL ) (2) Mass transport from
gas to liquid ( kLS aLS ) and

(3) Liquid phase to solid surface ( kGS aGS ). Considering the

transport from gas to liquid and liquid to solid as resistances in series, Kreutz expresses
the overall mass transport of gas to the solid surface as:

 1
1 
kOV a  kGS aGS  


 kGL aGL k L aLS 

1

(2.6)

Where the specific area of the channel walls in contact with the slugs, aLS 

aGS 

4 L
d

4(1   L )
,is the specific area of the channel wall in contact with the thin film
d

separating the bubbles from the wall, and aGL

specific area of the spherical caps of

bubbles.

Figure 2.11: Schematic of mass transport in gas liquid slug flow reactor.
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Warin et. at [60] in their studies on the hydrodynamic and mass transport in a structured
plate microreactor (Figure 2.12) proposed the following correlations for the volumetric
mass transport coefficient k L a for the square(equation 2.7) and triangular (equation
2.8)structures studied as follows:

 vg 
kL a  0.177 

 0.02 
 vg 
kL a  0.175 

 0.02 

0.874

0.899

 vL 


 0.02 
 vL 


 0.02 

0.179

(2.7)

0.432

(2.8)

The mass transport in both structures correlated well with the velocity of both phases (vg
and vl).It was observed the triangular structure at the same conditions provided better
mass transport coefficient. Interfacial area in the range of 2600-5600m2/m3 and
volumetric mass transport 0.17-1.10s-1 reactor was observed.

Figure 2.12: Microreactor plate (a) Shows overall reactor design with inlet and outlet(b) Square
layout structure (c) Triangular structure layout[60].
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Yue et al[61] proposed a correlation for the volumetric mass transport coefficient in a
square micro reactor(equation 2.9) that showed increase in mass transport with bubble
speed, and decreased with hydraulic diameter (dh).
0.5

2  DUB   LB 
kL a  
 

d h  LB  LS   LB  LS 

0.3

(2.9)

The overall mass transport coefficient can be expressed based on the resistance analogy
for mass transport form gas to liquid, from bulk liquid to solid catalyst surface and from
catalyst surface to pores containing active sites.
kov 

kov 

1
1
1
1


k L ai kc as  k
1
1
1

kL a  k

(2.10)

(2.11)

k L ai = mass transport across liquid interface, kc as ; transport of dissolved gas to catalyst

surface,  ; catalyst effectiveness factor; k the intrinsic rate constant. k L a = The volumetric
mass transport coefficient. Losey et al[31] used this to obtain the volumetric k L a for their
novel micro packed bed reactor of 5-15s-1.
Table 2.7 summarizes the improvement in mass transport parameters for micro scale
reactors compared with conventional reactors.
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Table 2.7: Comparison of mass transport performance of microscale rectors with conventional
reactors( adapted from[60]).

Type of contactor

a [m2 / m3 ]

kL a[ s 1 ]

Bubble Column[62]

180-670

0.07-0.25

Trickle bed reactor[63]

150-1500

0.01-0.08

Three-phase fluidized bed[64]

30-160

0.08-0.64

Static Mixer[65]

100-1000

0.1-2.4

Microchannel [66] [41]

3400-9000

0.3-21

Micro-capillaries[67]

1000-7500

0.3-15

Micro packed bed reactor[32][31]

1500-16000

5-15

Micro structured plate reactor[60]

2600-5600

0.17-1.1
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CHAPTER 3: REACTOR DESIGN AND FABRICATION
3.1 Introduction
From literature search a micro scale based reactor for hydrotreating of vegetable oils into
diesel has not been done before. The challenge has been a combination of material and
fabrication technology that allows seamlessly all the critical components of the system,
catalyst incorporation, method for introducing two phase flow, hematic reactor that
would prevent hydrogen leakage at harsh reaction conditions to be incorporated. For
process intensification benefits of micro reactor to be felt, reactor developed should be
easily scaled (numbered up) without loss of advantages in individual micro scale reactor
device. Microscale devices offer two orders of magnitude mass transport rate compared
to traditional reactor[31]. Elimination of mass transport resistances in microscale reactors
mean the intrinsic kinetic rate can be enhanced aside the traditional thermodynamic mode
by increasing the catalyst loading. When packed bed approach is used traditional
microtube reactors have larger diameters to accommodate more catalysts this tends to
affect the radial heat and mass transport. Losey et. al overcame this with their micro
fabricated packed bed reactor by parallelizing 10 small reaction chambers. The result was
a phenomenal two orders of magnitude increase in mass transport rate, but the random
nature of the catalyst packing created pressure drop, and flow distribution along the 10
main channels management issues. They overcame this with an engineered packed bed
reactor from silicon[32], where random packing is eliminated but controlled placement of
micro posts in reaction chamber simulated packed bed reactor. Though the productivity
increases by scaling from a single channels to multiple channels per unit, uniform
distribution of gas and liquid for multiphase reactions becomes a challenge[68][32][31].
This can be overcome by use of special header designs to distribute gas and liquid
evenly[68] or using pressure drop zones at the inlet[33] with 40 fold higher pressure drop
than the rest of reactor.
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3.2 Design Considerations
Key technical and process requirements considerations was used as a guide to come up
with a working microscale based reactor for hydrotreating of vegetable oil into diesel.
These are the (1) Operating conditions (2) Production performance expectations (3)
System characteristics requirements.
3.2.1 Operating Conditions
The main consideration here was the type of vegetable oil feedstock to be used for
hydroprocessing process and the range of operating reaction conditions.
3.2.1.1 Feedstock Selection
The vegetable oil type was determined by Petroleum Authority of Thailand (PTT), the
projects funding’s partner. There is a budding commercial value in making diesel from
palm oil in Thailand. Palm olein with C16 and C18 oleic acid fatty acid constituents was
chosen as feedstock. Table 3.1 summarizes the properties of the palm olein feedstock
supplied by PTT.
Table 3.1 Properties of palm olein oil feedstock.

Name

CAS #

Purity

Triglycerides of Free Fatty Acid of (%)

(%)
Palm Oil

8002-75-3

100

C12

C14

C16

C18

0.1

1

49

49.9

Previous work in our lab[69] for conversion of vegetable oil to diesel a minimum
hydrogen to oil ratio of 30moles is required. Also work by Donnis et al[6] showed that if
the HDO pathway is used to convert all triglycerides to diesel, 16 moles of hydrogen is
required and from 7-19 moles if water gas shift methanisation reaction occurs in addition
to the normal decarboxylation route. Thus for this work the minimum hydrogen to oil
mole ratio requirements was fixed at 30 mole H2/Mole of Triglyceride as a design
consideration.
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3.2.1.2 Reactor Operation Conditions
The critical consideration here was the reaction temperature, pressure and safety with
use of hydrogen.
3.2.1.2.1 Reaction Temperature Range
Based on literature search and previous preliminary work reaction temperature range of
250-400oC was set as design parameter. Thus a material that could stand this
temperature for long operational periods is critical. Also it has been shown presence of
post in reaction chamber aids in dissipation of heat. It was envisioned to incorporate
micropost in the reaction chamber. Electrical heating was chosen as best means of
heating reactor to temperature.
3.2.1.2.2 Reaction Pressure Range
The reactor pressure was set as a minimum 3MPa and maximum 10MPa. Considering
hydrogen safety any leak during process was potential fire hazard, design safety needed
to be considered. Hydrogen source was chosen to be ultra-pure hydrogen and would be
supplied from compressed hydrogen tank.
3.2.3: Production Performance and Expectations
The main considerations here are: (1) Performance Requirements (2) Physical
Requirements (3) Products Characterization and (4) Safety and Environmental
3.2.3.1: Performance Requirements
The key performance metric was to match PTT’s pilot plant capacity of 24L/day/reactor.
It was envisioned to have a microscale or combination of several microscale reactors to
meet this capacity. The reactor size chosen should provide enough time for complete
conversion (on molar basis) of oil feed to diesel. Ease of operation from start up to shut
down and also ease of catalyst replacement after deactivation. Finally operating and
capital investment cost should be a smaller than current conventional systems.
3.2.3.2: Physical Requirements
The main considerations was size of reactor and its components, power requirements,
fabrication materials and available methods and tools, catalyst type and method of
incorporation into reactor, means of safely exhausting unreacted hydrogen gas.
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3.2.3.3 Safety and Environmental Requirements
Provisions for safe deposition and outlet for reactor waste stream (gas, liquid and solid)
to be vented/disposed off.
3.2.4 System Design Characteristics and Ease for Future Adaptation
Catalyst type and method of incorporation into reactor, reactor design requirements and
means of assembling various components of reactor are discussed below.
3.2.4.1 Catalyst Requirements
Ni-Mo/Al2O3 was chosen as catalyst of choice, as has been found to be more effective
for HDO of vegetable oils and was current catalyst of choice for PTT. Deposition of this
catalyst on alumina support deposited on walls from previous work in our lab[69] was
best route to go because of high surface area afforded and good mechanical strength at
reaction conditions. Consideration was given to in situ and ex situ deposition of catalyst
in reactor, looking at catalyst activation requirements, fabrication method constraints
and analytical constraints. It was decided ex situ deposition of catalyst would be best.
And the catalyst plate would be one with micropost to enhance surface area for catalyst
deposition and efficient heat and mass transport, as well as favorable flow
hydrodynamics.
3.2.4.1: Microchannel Reactor Design Requirements
To meet the 24L/day pilot plant target of PTT, the micro post plate reactor system was
required to reach up to 20mL/min of diesel. It would be farfetched for a single reactor to
meet this, thus was decided to make a single micro post reactor that could achieve up to
0-5mL/min of capacity for proof of concept, which would be scaled to 20mL/min
capacity required by numbering up. It was also estimated from previous work in our lab
and preliminary analysis that a mean residence time of 0.5 to 12min would be required
for complete conversion. With set operating temperature 250-400oC and pressure 3MPa
to 10MPa. 316 stainless steel was used as construction material, and laser welding as
means of providing a hematic (leak proof) device. Also a method for introduction of two
phases into the reactor had to be considered. The desired hydrodynamics was gas slugs
in liquid, flowing along the micro scale reactor. One main concern for this is generating
consistent gas bubbles and flow along the entire reactor cross section that would not be
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affected by reactor pressure fluctuations. Previous work by Attanatho et. al[69] went
round this problem, with choked flow of hydrogen gas using 2um orifice that generates
gas slug in a mixer outside the tubular reactor. The main advantage of choked flow is
hydrogen comes in at a pressure twice that of reactor pressure through these small
orifices, this ensures the reactor pressure fluctuations inside the reactor does not affect
the desired gas mass flow to be delivered.
3.2.4.2: Laser Welding Requirements
The main requirements were good weld strength, weld hermiticity, and weld accuracy.
For such requirements to be achieved, the thickness of stainless steel required had to be
considered, single/ multiple laminae welds, reactor pressure and temperature and effect
on catalyst deposited.
Table 3.2 summarizes the functional reactor requirements.

Parameter

Functional Criteria

Reaction Temperature

250 – 400 °C

Reaction Pressure

3MPa-10MPa

Hydrogen Flow Rate

*

Oil Flow Rate

0-10(mL/min)

Residence Time

Operating flow rate dependent

Construction Material

316 Stainless Steel

MLP Sealing Mechanism

Laser Welding

*determined from oil flow rate to meet the minimum H2/Oil ratio
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3.3 Design
3.3.1 Reactor Area
To fit on the existing balance of plant heater block, the reaction area was limited to 203
mm X 145 mm. To provide area for laser welding (best method for sealing the reactor)
around the perimeter and support for internal reactor pressure (Figure 3.3), and for input
and output of the fluids and hydrogen gas, size of reactor was enlarged to a total plate
size of 247mm x 178mm.
3.3.2: Catalyst Plate Post Size and Spacing
Based on previous modeling and prior experience, the post size selected was 0.300 mm in
diameter and 0.3mm high. Photochemical etching of steel was chosen as best method for
producing the post. This process is isotropic thus spacing between the posts should be no
more than 5:1 of the height of the post. From pressure drop considerations [32][31], a
center to center spacing of 1.0 mm was chosen. The plate was populated with the post in
a staggered configuration (Figure 3.1 and 3.2) given a post hold up of 0.92.

Figure 3.1: Post plate for catalyst deposition with staggered array of 300um posts.
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Figure 3.2: Basic repeat unit of staggered arrangement.

Figure 3.3: Catalyst plates installed in external support shell for welding.
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3.3.3 Support for Internal Pressures
Figure 3.4 shows the full reactor assembly, catalyst plates and pressure shell support for
welding. The shell design structure was critical in understanding the effect of internal
pressure on it. Thus a more comprehensive analysis was performed on the MPL to
determine the required support structure necessary to prevent the device from failing
during testing from internal pressures. The reactor was expected to run at 500psig, thus
to factor in safety the reactor is expected to withstand up to 750psig internal pressure. It
was decided to have weld post on the shell as well as the perimeter to hold the internal
pressure. 1mm diameter post at 20mm centers was decided for this purpose. Below
(Figure 3.5) is the result of simulation in SolidWorks showing the effect of 750psig
internal pressure on assembled reactor. From Figure 3.5, 3.6 and 3.7 as designed the
device fails and leaks, even with additional (Figure 3.5) support. The places for potential
leakages are shown in red. A displacement of non-welded area around the weld spots, is
greater than 180um (Figure 3.6), and stress is greater than the yield strength of steel
material (25000psi).

Figure 3.5: Deflection from stress analysis; red spots indicate areas of leak.

39

Figure 3.6: Displacement Analysis: displacement >180um.
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Figure 3.7: Stress Analysis: Stress>>yield strength.

The large deflections observed with the 1mm diameter post was not satisfactory, further
iterations was done and was found that 2mm diameter post with 10mm centers(Figure 3.8
and 3.9) produced a maximum deflection less than 3um and maximum stress of 24,000psi
which was less than yield strength of 25000psi. This meant this current configuration
would be able to take the design pressure of 750psi without failing.
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Figure 3.8: Displacement Analysis: displacement <<3um.
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Figure 3.9: Stress Analysis: stress << yield strength.
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To ensure maximum safety in case of failure due to stress from internal pressure, it was
decided to add an external clamping fixture, that would serve as a secondary seal in case
of leak from reactor and also counter pressure from reactor shells. Figure 3.10 and 3.11
shows a model of steel plates of 19mm and 25mm thickness for each top and bottom
plates. This was simulated to counter the deflection from Figure 3.5. Results show if plate
is 19mm deflections of up to 75um (0.003in) are obtained, there is not enough support,
however with a 25mm thick steel plates adequate support is obtained with deflection of
just 40um. Figure 3.12 shows the final external support design with micropost reactor
clamped inside.

Figure 3.10: Two 19mm steel plates support gives a maximum of 0.003inches (76um) of
deflection.
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Figure 3.11: Two 25mm steel plates support gives a maximum of 0.001inches (25um) of
deflection.

Figure 3.12: Clamped 25mm external supports for pressure and secondary sealing.
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3.3.4 Consideration of Catalyst Deposition
After evaluating the requirements for the deposition of the catalyst and the laser welding,
it was decided to make the parts with the catalyst for this prototype a separate piece that
would be inserted in to the assembly prior to welding up the assembly. This will
minimize the impact of catalyst on the laser weld process. The resulting design is a
“clam shell” with post plates (with the catalyst) inserted in the middle (Figure 3.13).

Figure 3.13: Clam shell design with separate catalyst and weld shell supports.
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3.3.5 Oil Input and Design of the Hydrogen Bubble Generator Within the MPL
The oil is provided to the MPL through a single input tube through the bottom plate, and
then into a manifold where it flows to the oil injection slots, a total of 19 slots to ensure
flow along whole of reactor area (Figure 3.14). These slots are where the hydrogen
bubbles are generated and mixed with the oil. Within the oil injection slot is a small
orifice where the hydrogen gas is introduced. The size of this orifice is designed to limit
the flow hydrogen gas such that the minimum 30 molar ratio is maintained by ensuring
constant hydrogen mass flow delivery. From previous work[69] a size of 2-5um would
be sufficient for this purpose. The size of the oil injection slot is designed to increase the
velocity of the oil at the point of entry of hydrogen gas to shear the hydrogen gas to form
bubbles. Figure 3.15 and 3.16 shows the detailed design of the oil slot and hydrogen
holes for mixing the two phases. The Hydrogen gas is directed to the injection hole
through channels made by a plate attached to the underside of the Bottom Plate

Figure 3.14: Bottom plate with oil input slot and H2 bubble generation holes.
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Figure 3.15: Oil injection slots details.

Figure 3.16: Hydrogen hole for bubble generation.
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Figure 3.17 and 3.18, shows the detailed design of the hydrogen input manifold. 1µm
filters are included within the hydrogen manifold to prevent the hydrogen input injection
hole from becoming clogged with particulates (Figure 3.18). Figure 3.19 shows the
detailed mixing path for oil and hydrogen.

.
Figure 3.17 - Hydrogen input manifold.

Figure 3.18 – Filters on hydrogen input manifold.
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Figure 3.19 Oil and H2 mixing path detail.

3.3.6 Design Summary
Below is an exploded picture of the various plates that will be laser welded together to
form the MPL reactor. After a subsequent design review it was decided for additional
support of reaction pressure and ease of welding the hydrogen manifold would be made
into a full shell plate Figure 3.21. Figure 3.22 shows the fully assembled design review
when welded together. The mixer section has been designed to ensure the desired
pressure drop in the mixing section. Pressure drop analysis showed the pressure at the
mixing section is four orders of magnitude larger than the main reactor section. This is
larger than the 40 times magnitude achieved by Wada et. al[33] which ensured good flow
distribution in the multichannel micropost reactor. Thus it’s hoped similar or better flow
performance would be achieved.
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Figure 3.20: Exploded view of various part of MPL reactor system.

Figure 3.21: Exploded view of refined design of MPL reactor assembly system.
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Figure 3.22 Fully assembled and welded functional MPL reactor.

3.4 Fabrication of Reactor
The main fabrication steps identified to produce the designed pieces are (1) Photo
chemical etching to produce micro post feature of catalyst plate (3) Annealing of etched
parts to clean and release residual stress from etch process(2) Laser micro machining to
produce oil slots and hydrogen holes and (3) Laser welding assemble various reactor
parts. Metrology is then used to verify the produced parts meet the design specifications.
3.4.1 Photo Chemical Etching
This was contracted to a private vendor Great Lakes Etching and Finishing to produce
the pieces. Figure 3.23 shows the produced pieces.
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Figure 3.23: Photochemically etched post/catalyst plate and shell plates.

3.4.1.1 Annealing of Etched Plates
The etched pieces come warped due to residual stress from photochemical etching
process. The subsequent fabrication processes laser micro machining and laser welding
requires flat pieces. The etched parts are annealed in Camcor Vacuum Furnace using the
temperature program in Figure 3.25. The furnace is initially evacuated to vacuum
conditions for 30 minutes and temperature ramped to 1040oC above the critical
temperature of steel 900oC[70], maintained for 20mins allowed cool slowly to room
temperature. The results of the annealed pieces are shown in Figure 3.23.

53

Figure 3.24: Etched plates ready for annealing in vacuum furnace.
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Figure 3.25: Temperature time program for etched parts annealing.
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3.4.1.2 Metrology of Etched Parts
To ensure the produced parts meet the design tolerances, metrology was carried out with
2D and 3D optical microscopes.
3.4.1.2 .1 Z-scope Imaging
The objective of this process is to find the average ‘etch-depth’ of the posts and
also surface roughness of the MPL plate. A Zemetrics 3D microscope, Zescope was used
for this purpose.
Definition of important parameters:
Ra [µm]: Quantitative calculation of the relative roughness of a linear profile or
area, expressed as a single numeric parameter. In Figure 3.26 the Ra value represents the
average surface roughness along the line drawn from the peak to the valley on the MPL
plate. This value shows the surface finish or texture of the etching process used in
making the posts along the drawn line. Ra value of 96um obtained showed the portion
around the line was rough. Indicating the etching process produced very rough surface
finish.
Rpv [µm]: This is the peak to valley values profile along a linear line. This gives the
value of the etch depth from top of post (peak) to the bottom of plate (valley) along the
specified line. Peak to valley value of 327.8um was obtained indicating there was an
almost 30um overshoot of the desired 300um depth from etching process.
Sa [µm]: This value represents the average surface roughness of the imaged area (Figure
3.26 and 3.27). This better estimate the roughness than the Ra values as it gives the
roughness for the imaged area, a 45um average surface roughness was obtained, for the
surface imaged consisting of 3 posts and a valley.
Spv [µm]: This value represents the peak to valley value height of the imaged post plate
for whole imaged area (Figure 3.26 and 3.27). This value shows the ‘etch-depth’ of the
post plates. The peak to valley value of etch depth obtained was 360um.
Since the catalyst plate is 203mm 145mm was decided to extent the imaging to a larger
area to obtain a more representation of actual etched features. Producing an image of the
whole MPL plate was difficult and time consuming, thus a smaller area of

18.5mm  24.5mm was imaged. For this area the average ‘etch-depth’ was found to be
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351 µm. The average surface roughness was 50 µm (Figure 3.27).

Figure 3.26: 2-D optical profile of a 3 post area ( 1mm 1mm ).

Figure 3.26: Left: 2-D optical profile of reduced area. Right:: Left: 3-D optical profile of
reduced area.

Figure 3.27: Left: 2-D optical profile of large area. Right, Left 3-D optical profile of large area.
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3.4.2 Laser Micromachining
3.4.2.1 Introduction
The critical oil slots dimensions of 50um  50um and hydrogen holes of 2-10um could
not be done with the photochemical etching technique; laser micromachining was taken
as best technique to do this. The advantage laser has is the ability to precisely control
where in the material and at what rate energy is deposited to remove or cut portions of
material[71]. Lasers find wide applications in various fabrication processes, like
ablation,

cutting,

drilling,

marking,

welding,

sintering,

heat

treatment

and

micromachining. Nd:YAG and CO2 are the most common type of laser for machining
engineering materials. Laser light is composed of photons of the same frequency ,
wavelength and phase, this makes them highly directional, high power density and better
focusing characteristics[72]. Figure 3.28 shows the operations principles involved in a
laser machining process[73], heat energy from laser is used to remove material from
work piece by (a) melting (b) vaporization and (c) chemical degradation(from bonds
broken) The process of material removal is accelerated by high pressure assist gas[74].

Once inside a material the laser light absorbed decays according to the Beer-Lamber law
(equation 3.1), where I is the intensity at a depth z in material, I O the incident laser just
inside the surface after considering reflection loss, and  the material absorption
coefficient. The magnitude of the volumetric energy deposition rate is given by equation
3.2[71]. The wavelength of the laser also affect the depth the incident laser is absorbed.

I  z   IOe z

(3.1)

I   IO e z

(3.2)
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Figure 3.28: Schematic of an Nd:YAG laser beam machining system[73] .

The mechanism by which laser energy is absorbed is dependent on the type of materials.
For metals the absorption is dominated by free electrons through the inverse
bremsstrahlung mechanism then energy absorbed is transferred to phonons and
thermalized[75]. For metals the thermalisation time is order of 1012  1010 s when laserinduced excitation rate are low compared to this rate the absorbed laser energy is
transformed into heat, called photothermal. For example processes using laser pulses
greater than 109 s material evolution is characterized by photothermal mechanisms.
When the excitation rate is faster compared to the thermalisation rate, photo chemical
processing is observed[71], where material removal is aided by breakup of chemical
bonds. An example is the femtosecond pulsed excitation of semiconductors[75]. The
amount of material that is removed depending on the laser beam / matter interaction
process(Figure 3.32)[76] can be described from equation 3.3[76] and 3.4[75] for photo
thermal mechanism and photochemical mechanism respectively.
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m

N  E pulse

c p  TV  T0   H m  H v

F 
m  N    A   1  ln  a 
 Fth 

(3.3)

(3.4)

Where N is the number of laser pulses, A is focal spot, E pulse the pulse energy, c p the heat
capacity, TV evaporation temperature, T0 ambient temperature, H m melting enthalpy,

H v evaporation enthalpy, Fa the laser fluence,  the optical penetration depth, and Fth
the threshold fluence for ablation.

Figure 3.29: Beam-Matter interaction: a)photo thermal beam-matter interaction (b)Ultrafast
beam-matter interaction[76].

3.4.2.2 Laser Ablation of Oil Slot Experiments and Hydrogen Hole Drilling
The main process developments steps used in laser micro machining are outlined in
Figure 3.30. Process starts with CAD/SolidWorks drawing of part to be machined in
DXF format, then the information contained there is converted to a SmartCam language
(laser movement sequence), features are then machined in the ESI 5330 UV LASER in
Figure 3.34 with a wavelength of 532nm. This laser tool is a nano second pulsed laser.
The pulse energy used for ablation can be expressed as follows

(1  R) P / Rrate
Q 
 w2

 

  F (t )G(r )2 rdrdt
0 0

(3.5)
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Develop machine tool
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Optimize laser
parameter

Machine
features

Figure 3.30: Shows the process steps for laser micromachining.
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Figure 3.31: Setup for laser micromachining process on the ESI 5330 UV laser.

Equation 3.5 represents the amount of energy absorbed by the material. The parameters
of consideration for a laser micromachining process are:


Type of material to be machined, eg: steel, polymer alumina etc. depending on
the material its ability to absorb laser energy is captured by the variable R.



The power setting of the laser tool captured as P.



The laser pulse frequency captured as Rrate.



The duration of pulse  .



The laser beam width w .



The speed/velocity of the stage used



The number of repetitions used per ablation energy used
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Figure 3.32: Laser parameters to be optimized for slots micromachining and hydrogen hole
drilling.

On the laser tool, Figure 3.6 the main parameters of importance are:


Power(P)



Repetitions



Velocity(Bite size*Rrate)



Bite Size and



Repetition rate (Rrate).

Table 3.1 Summarizes these parameters and their operation ranges
Table 3.1: Laser parameters to be varied.

Parameter

Value

Laser Power

0-5.8 W

Rrate/Frequency

30-70 kHz

Stage Speed/Velocity

0-400mm/s

Repetitions

1-∞+

+ The value chosen depending on desired quality and depth of cut
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Previous work on this laser for steel ablation showed that the main parameters that
affected the quality of the ablation were the laser power and number of repetitions used.
Thus for these investigation these were the main parameters studied. A Zeiss 3D laser
scanning microscope 510 was used to investigate the machine features to ensure they
were close to the design specifications. The bite size and laser energy per pulse are
critical parameters that determine the quality, and depth of desired ablation[77]. The bit
size =

Velocity  mm / s) 
[um] determines the ablation quality that is how burrs at the
Rrate (1/ s)

edges of the ablation are minimized. The energy per pulse 

Power ( J / s)
[uJ ]
Rrate (1/ s)

determines the amount of material removed and hence the ablated depth. To minimize the
experiment required for ablation of features, the bite size was found first by varying the
velocity and frequency. The power and number of repetitions experiments was then
performed to determine the optimum parameters for ablation of oil slots.

3.4.2.3 Results for Oil Slots Ablation
L
h

(a)

d

(b)

Figure 3.33: (a) Feature to be machined L=200um critical section length, w=critical section
width =50um and desired depth =50um. d= desired hole diameter to be made (b)
Programed laser movement (blue lines) profile in SmartCam.

Figure 3.34 is the image obtained from the laser scanning microscope. When the bite
size is less than 10um cleaner ablation feature is obtained compared to bite size more
than 10um
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Figure 3.34: Effect of laser bite size on the quality of ablation: (a)≤10 um bite size(b)>10um bite
size at 1W power setting.

Thus for the subsequent power and repetitions investigations the bite size was fixed at
10um. Figure 3.35 shows the effect of laser power on the depth and width of the critical
oil slot section. For this study the number of repetitions was fixed at one. The power
varied from 1 to 5.8W. It can be observed that the depth and width of the critical slot
increased from 20um (close to the laser beam with at focus) to 74um and 85um for the
depth (height) and width respectively. From this study, for single repetitions a power of
around 3.5W gives the best result in terms of the depth and width requirements of the
critical section of the oil slot. A 3D LSM image of the machined feature at this power
showed a poorly machined feature with uneven groves (Figure 3.35). However when the
power was reduced to 1W and number of repetitions increased it was found that a
smoother and cleaner cut with less rough features was observed (Figure 3.36). Both the
width and depth increased with number of repetitions (Figure 3.36). From Figure 3.37 at
power of 1 and 3 repetitions a depth of 55um and with of 68um is obtained this is close to
the desired 50um  50um size. The optimized parameters were then successfully used to
machine the oil slots and holes shown in Figure 3.37.
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Effect of laser Power
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Figure 3.35: (a) Effect of laser power on ablated oil slot dimensions (b) LSM image of machined
slot at laser power of 3.5W.
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Effect of number of Repitions
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Figure 3.36: (a) Effect of number of repetitions on ablated oil slot dimensions (b) LSM image of
machined slot at laser power of 1W and 3 repetitions.
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Table 3.2: Optimized laser parameters for oil slot ablation.

Parameter

Value Slots

Power(W)

1

Reprate(kHz)

30

Repetitions

3

Pulse(uJ)

33.3

Bite Size(um)

10

Velocity(mm/s)

300

Figure 3.37: Successfully laser machined oil slot with hole at the center.
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Table 3.3: Oil slot width and depth measurements for integrated reactor micro mixer.

Channel

Width(um)

1

78.21

2

76.10

3

77.50

4

76.29

5

76.73

6

77.36

7

78.34

8

79.43

9

78.71

10

77.23

11

77.02

12

76.10

13

78.92

14

79.35

15

76.84

16

78.10

17

76.05

18
19

Height(um)
74.03
73.08
72.50
69.03
78.02
80.01
81.89
76.70
75.01
73.54
77.64
81.55
73.99
65.22
73.01
70.12
68.20

77.06

69.01

77.09

70.09
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3.4.2.3 Six Sigma Analysis of Fabrication of Oil Slots
In order to ensure consistency and less variation in size of for all 19 slots a six sigma
analysis was performed for the laser ablation process. Six sigma methodologies help to
ensure that the variability in the process is random and normal and also the process is
under control. This makes predictions or extrapolation more meaningful for a process
under control and also to trace a root cause for special variation in any size obtained
which subsequently would affect the performance of the reactor in terms of uniform
flow distribution and conversion. The first step in the six sigma method is drawing a
histogram to endure the data follows a normal distribution, drawing a control chart to
ensure process is under control and then determine the capability of the process to meet
desired specification limits and finally predict the long term stability and performance of
the process and adjust/correct defects accordingly. The six sigma analysis was
performed using the STAT Graphics statistical software. Based on considerations for
minimizing the pressure drop across the critical slot oil section and also not
compromising the advantage of fast flow with smaller cross section, lower specification
limit of design size of 50um by 50um was set for slot width and depth. An upper
specification limit of 85um by 85um for slot width and depth. In six sigma these become
lower and upper specification limit which when the fabricated oil slots critical slots sizes
fall within would ensure consistent flow conditions in reactor. Table 3.3 shows the
values of width and height obtained for critical oil slot dimensions for first successful
implementation of optimized laser parameter on the actual shell of MPL reactor (Figure
3.37). Figure 3.38 is a process capability plot for the data in table 3.3, showing that the
histogram plot of the data follows a normal distribution. Using the Shapiro-Wilk test to
compare the quantiles of the fitted normal distribution to the quantiles of the data, the
smallest P-value (Table 3.4) among the performed test is greater than or equal to 0.05,
the distribution can be said to be from a normal distribution with 95% confidence. From
the mean (X) control chart and moving range (Figure 3.39) control chart the process for
making the oil slot is in control as the don’t exceed the control limits of 3 above and
below the mean of the normally distributed slot width data.
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Table 3.4: Tests for normality for critical oil slot width.

Test

Statistic

P-Value

Shapiro-Wilk

0.938

0.250

This indicates that the process is in control. To predict the short and long term capability
of the process, six sigma capability parameters Cpk , Ppk and DPMO, was found. The Cp
measures the potential capability assuming that the process average is equal the midpoint
of the process. The Cpk on the other hand shows the proximity of the process mean to
either specification limit. If the process is centered between the specification limit Cp is
the same as Cpk. The Pp and Ppk has same formula but are used when the total
population data is available thus the STAT graphics software projects this value assuming
population values to determine the stability for a long term process where data collected
matches the population.

From Figure 3.38 the slot width are skewed to the upper

specification limit, thus making the Cpk and Ppk values 2.38 and 2.28 half of the Cp/Pp
values of 5.54 and 5.31 respectively. However Cpk and Ppk are more than one indicating
a capable and stable process .Hence the low DMPO values observed for short term and
long term performance. These values are far less than the 2700 defects required for a non
capable process.
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Figure 3.38: Process capability plot showing distribution is normal for slot width.

Table 3.5: Summary process capability analysis for slot width.

Short-Term

Long-Term

Capability

Performance

Cp/Pp

5.537

5.306

Cpk/Ppk

2.37957

2.28004

DPM

4.74398E-7

0.00000397982
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X Chart for Critical Oil Slot Width

82
80.6399

X

80

78
77.4795
76

74.319

74
0

4

8

12
Observation

16

20

MR(2) Chart for Critical Oil Slot Width

4

3.88263

MR(2)

3

2
1.18833

1

0

0.0
0

4

8

12
Observation

16

20

Figure 3.39: X and MR control chart for the critical oil slots width.

The six sigma analysis was performed for the depth/ height of the slot to evaluate its
consistency. From Figure 3.40 and Shapiro-Wilk test (Table 3.6) show the height data is
normal similar to the width data. Using the Shapiro-Wilk test to compare the quantiles
of the fitted normal distribution to the quantiles of the data, the smallest P-value
0.761(Table 3.6) among the performed test is greater than or equal to 0.05, the
distribution can therefore be said to be normal.
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Figure 3.40: Process capability plot showing the distribution is normal.

Table 3.6: Tests for normality for critical oil slot width.

Test

Statistic

P-Value

Shapiro-Wilk W

0.969868

0.761253
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Figure 3.41: X and MR control chart for the critical oil slots height.
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To ensure the process was in control in terms of desired height an x chart and moving
range(MR) chart was constructed (Figure 3.41), the data recorded is within the control
limits 3 (Figure 3.47). The capability analysis is summarized in table 3.7. The Cp
(short term capability) and Pp value (Long term performance) value estimates was 1.825
and 1.26 respectively. Though this is good, the one sided long term performance index
Ppk is 0.80 is less than 1 thus in terms of a stable process for producing desired depth
current method though capable is not long term stable. Hence the almost 8000 DPMO
observed, for long term performance far more than the 2700 acceptable DPMO.
Table 3.7: Summary of process capability performance.

Short-Term

Long-Term

Capability

Performance

Cp/Pp

1.82

1.26

Cpk/Ppk

1.16462

0.803081

DPM

238.076

7992.97

3.4.2.4 Laser Drilling of Hydrogen Holes
The current design specification required 2-10 µm hydrogen feed holes (Figure 3.16).
This could be made by a femto laser, but the cost for producing this, by outsourcing to a
vendor was prohibitive. Thus the current nano second laser was adapted for this purpose.
Table 3.8 summarizes the parameters used for hole drilling. The first effort in this regard
resulted in the production of an average 9 µm hole sizes. A further process development
was again undertaken resulting in reduction of the hydrogen holes by half from 9um to
5.6um (Figure 3.43) .Which was hoped would produce more consistent flows in each of
the 19 holes.
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(a) Front 20um hole

(b)Back 9um hole

Figure 3.42: (a) Front 20um hole (b) back of plate 9um.

Figure 3.43: Optimized 5.6um average hole size.
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Table 3.8: Optimized parameters for hydrogen hole machining.

Parameter

ValueHoles

Power(W)

5.8

Reprate(kHz)

30

Repetitions

50(3)

Pulse(uJ)

193

Bite Size(um)

10

Velocity(mm/s)

300

3.4.2.5 Six Sigma analysis of drilling of hydrogen holes
Six sigma analysis of the holes showed the data for the optimized 5.6um holes process is
normally distributed (Table 3.8), the process is under control (Figure 3.50). From
pressure drop and critical flow optimizations when the hole size is greater than 10um.
The consistency of flow in reactor is compromised. Thus a one side capability analysis
was set up with 10um as the upper specification limit above which design specification
was exceeded. The results (Figure 3.51 and Table 3.9) show the process is capable and
stable with a Cpk and Ppk of 4.88 and 4.92 respectively and DPMO of 0.

Table 3.8: Test for normality.

Test

Statistic

P-Value

Shapiro-Wilk W

0.924761

0.143475
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Figure 3.44: X bar and MR bar control chart for making the hydrogen holes.
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Figure 3.45: Process capability plot showing distribution is normal for hydrogen hole size.

Table 3.9: Summary of process capability analysis.

Short-Term

Long-Term

Capability

Performance

Sigma

0.300433

0.298142

Cpk/Ppk

4.88184

4.91935

DPM

0.0

0.0
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To establish the effect of reduction to the current 5.6 µm hole size on flow distribution
and consistency through all of the 19 holes for each reactor, an experiment was set up
(Figure. 3.52) after welding the hydrogen manifold. The experimental set up consists of
placing the welded manifold in a bowl of deionized water and subjecting it to an input
pressure of up to 120psig. The results (Figure 3.53) show excellent and consistent flow
distribution from each hole. Thus it’s clear the reduction to the 5.6 µm sized holes
promotes consistent well distributed flow.

Figure 3.46: Experimental setup testing flow distribution and consistency of the hydrogen
holes after hydrogen manifold weld.
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a

b

Figure 3.47: Flow consistency demonstration from 5.6 µm sized hydrogen holes.
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3.4.3 Laser Welding of Reactor
3.4.3.1 Introduction
The current design requires ex situ incorporation of catalyst on catalyst pate. Laser
welding was chosen as fabrication method of choice to seal the reactor after catalyst has
been deposited on plate, because it did not affect the integrity of the catalyst plate. Three
main performance metrics for welding were developed in order to investigate and verify
the successful implementation of laser welding to the MPL reactor assembly. Namely (1)
weld strength, (2) weld hermiticity, and (3) weld accuracy. These requirements are
essential for the reactor ability to meet the reactor operation conditions of high
temperature and pressure. The investigations of the optimum parameters for welding was
done by Dr. Brian Paul of the Mechanical Engineering Department at OSU and his group
and for this section would summarize the main findings that was adopted for welding the
reactors for all experimental investigations. Process development for welding the MPL
plates was not trivial several design iterations was performed to come out with optimum
parameters for producing a hematic device. Laser power and scanning speed were
selected as the main parameters that met all the design requirements for the assembly of
the MPL reactor. Efforts put in to achieve a good weld are described below.
3.4.3.2 Laser Welding Requirements
The MPL reactor required two main type of weld to achieve its stringent operation and
safety requirements. These are spot welds on the 2mm optimized weld post (Figure 3.48)
and seam welds(Figure. 3.48), that is weld around the reactor perimeter/edges . These
two main welds are expected to aid the reactor hold fluid pressure (oil and hydrogen)
from operation pressure of 500psig to input pressures of over 1000psig. Again the welds
has to be done in such a manner that it does not change reactor geometry as this would
affect flow characteristics and performance. This requires precision of weld placement.
Also due to hydrogen being highly flammable and cannot leak to the outside environment
weld should be able to meet this requirements. The weld method chosen for the MPL
assembly was the key hole welding, where the weld laser energy is focused on material to
change it from solid to liquid phase as it penetrates material. Once the liquid solidifies the
joints are sealed to form the weld joint (Figure 3.49). However due to the parabolic shape
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of the laser, the weld surface takes the parabolic shape of laser causing the end of weld to
be smaller in thickness compared to the top part (Figure 3.50). From preliminary weld
strength investigations, the small section of weld is weaker compared to the thicker
section of the weld. To meet the strength and hematic requirements it was decided to do a
full penetration weld. This would ensure across the two shim interface the weld seal
would be thick to prevent leaking.

drogen distribution
late eld area

a

Spot

elds

Short edge seam

elds

Long edge seam

eld
c

b
Figure 3.48: Seam welds and spot welds requirements.

The reactor weld depth can be predicted from process parameters and material properties
for a given weld. Laser power, scanning velocity, laser setup efficiency are parameters
critical for laser welding process parameters. For material properties the thermal
diffusivity, thermal conductivity, melting temperature and vaporization temperature are
important for developing predictive models.

   

P 
Dw     


 V   k  Tm  To    Wws 

(3.6)
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A predictive model (equation 3.6) developed, showed that the weld depth( Dw ) can be
predicted as function of the laser input power (P), scanning velocity (V),  material
thermal diffusivity thermal conductivity, Tm material melting point, To initial
temperature ,  material set up efficiency. From this equations and experiments done it
was found that weld speed of 150mm/s and laser power of 750W are ideal for procuring
the required 1.5mm weld depth to achieve a full penetration depth through the 0.75mm
thick shell support shims.

Figure 3.49: Schematic of key hole welding.

Wws

Wwi

ts

Figure 3.50: Schematic of cross section of key hole welding joint.

Dw
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3.4.3.3 Laser Welding Process
The laser welding was done using a high power laser output of up to 1000W (Rofin FL
010 laser work station).After all iterations have been done for getting a good weld, next
was to implement the parameters on the actual MPL assembly. The major learning was
need for clamping fixtures. For a good weld between shims the two pieces have to be
compressed together so that there is no gap between the two shims. Any gap prior to
incident of laser beam, prevents full penetration of the shims and also causes gaps along
the weld length creating big leaks. Thus clamping fixtures, consisting of a clamping bar
and clamping plates was made. The clamping fixture plates (Figure 3.51f) are used to
compress the shims to be welded using the compression bars (Figure 3.51g) up to a
torque of 20lb.ft. This eliminates the formation of any gap between the shims to be
welded.
The first welds to be done is the hydrogen manifold to base of reactor shell support plate.
A power of 750W and speed of 150mm/s is used. Next, the coated catalyst plates are
placed in the top shell plate. This is then welded to the bottom shell plate with hydrogen
manifold welded. The spot welds are done first and the seam (edge) welds are done to
complete weld process. The power used is the same but the speed is reduced to 140mm/s
as this from experience ensured a leak proof device. After the reactor is welded the inlet
and outlet tubes are welded to reactor using traditional arc welding.
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Figure 3.51: Laser weld set up in the Rofin work station. (a) Rofin stage, (b) main support for
compression plate, (c) main plate securement locations (d) shim/compression plate alignment pin
(e) long-edge clamp (f) compression plates, (g) compression bar (h) compression screws.
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3.5 Hematic Seal Testing
To test for hematic sealing the fully assemble reactor(Figure 3.52) was place in the
reactor test loop and pressurized in increasing amounts of 100[psi]and left to sit for 30
minutes up to 680[psi] using nitrogen. The device was then brought up to 600[psi] and
left to sit for 5 hours. Any leaks were detected by a change in pressure over time. The
results Figure 3.53 did not show a drop in pressure during this test period indicating
hematic sealing at these pressure conditions. Since critical flow was used as method of
gas delivery the input pressure was up to twice the maximum reactor pressure indicated
in Figure 3.53. Thus it was safe to assume the reactor could handle actual reaction
conditions without leaks. This was confirmed after running the reactor at actual operation
conditions of 500psig without leaking (Figure 3.54). It is interesting to note that the
deflection predicted (Figure 3.16) with the 25mm clamp shell was observed as tiny
bumps around the spot welds in Figure (3.54).

Figure 3.52: Fully assembled reactor after performance and leak testing in the reactor test loop.
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Figure 3.53: Pressure versus time results for the second BHD reactor welded and tested in the
reactor test loop.
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Figure 3.54: Reactor after an experimental run showing no signs of leaking and small deflection
around the spot welds.
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CHAPTER 4: CATALYST DEPOSITION IN REACTOR AND
CHARACTERISATION

This chapter is focused on the efforts undertaken to coat the micropost plates with
conventional NiMo hydrotreating catalyst. Literature reviews of current methods used are
presented. The method developed in previous work in our lab[69] was built upon to coat
the surface of the post plates.
4.1 Literature Review
4.1.1 Hydrotreating Catalysts
NiMo or CoMo supported on alumina is the most widely used catalysts for hydrotreating
reactions. NiMo/Al2O3 is more active for HDO (hydrodeoxygenation reactions), HDN
(hydrodenitrification reactions), and HYD (hydrogenation reactions). CoMo/Al2O3 on the
other hand is more active for HDS (hydrodesulfurisation) reactions in conventional
hydrotreating operations[78]. Mo is the main hydrotreating catalyst but not very active by
itself, however when promoted by Ni or Co results in an order of magnitude activity
increase. Ni/(Ni+Mo) or (Co/Co+Mo) atomic ratio of 0.2 to 0.3 have been found to be
optimum for hydrotreating reactions[79].Hydrodeoxygenation of triglycerides consumes
a large number of hydrogen, thus for HDO of triglycerides based feed stocks NiMo/Al2O3
has been the catalyst of choice for its high HYD and HDO activity. The catalyst
preparation process deposits NiMo in the oxide state (Ni-Mo-O/ Al2O3) on alumina,
which is subsequently converted into the active phase by reduction or sulfidation. The
later (sulfidation) produces a more active and stable state of the catalyst. The active sites
on hydroprocessing catalysts are the same for all heteroatom(S, O and N) removal. The
active phase is the so called Ni (Co) - Mo-S phase formed from the deposition and
subsequent activation. Thus from Figure 4.1, optimization of the active catalytic phase is
critical for choosing an appropriate catalyst preparation method.
The use of sulfided NiMo/ Al2O3 for hydrotreating of triglycerides based feed stocks
introduces sulfur into the products which are non-naturally occurring in the feed[80].
Noble metal catalysts like Ru, Pd and Pt on carbon, zeolite and alumina supports have

90

shown similar or better performance to conventional sulfided NiMo/CoMo on
alumina[80]. However the costs of these noble catalysts make them prohibitive for
practical applications. Thus development of non sulfided transition catalyst for
hydrodeoxygenation is highly desired. Sunflower oil was successfully deoxygenated on
non sulfided (reduced) NiMo/ Al2O3 and CoMo/ Al2O3 to diesel and jet fuel range liquid
products and the activity was shown to be stable for more 700hrs of continuous
operation(Figure 4.2)[81].

Figure 4.1: Shows how catalyst preparation method affects the amount and dispersion of active
catalytic phase.

Figure 4.2: Shows the stability activity of reduced NiMo/Al2O3 and CoMo/Al2O3 over
time[81].
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The intrinsic catalytic properties of the active hydrotreating catalyst are dependent on the
nature and strength of the interaction with the support. This determines the dispersion,
structure and the intrinsic catalytic properties of the active phase[82]. The interaction is
dependent on the type of support, nature of preparation of support, calcination conditions
of support, the type of catalyst, method of loading, calcination conditions and the
activation procedure used (reduction or sulfidation).
A good support should have high specific surface area for loading of catalyst, mechanical
and thermal stability. The support is also desired to be inert, to prevent reaction with the
metal catalysts, as well as reactants.
Alumina is the most widely used support because of its high surface area for metal
dispersion, mechanical and thermal stability for use in conventional fixed bed reactors.
However the acidity of alumina, though desirable for isomerization reactions promotes
the formation of coke[83],[84] ,[85]. Besides this its susceptibility to water deactivation
makes alumina less desirable as a support. Carbon, and titania supports have been found
attractive in suppressing coke formation due to their moderate polarity and metal
dispersion ability[86],[87],[88]. Besides this zirconia and titania have been found to
increase activities of Mo and W catalysts compared to alumina. However the low surface
area provided by these supports compared to alumina makes the later more desirable for
practical applications. Silica and activated carbon have been found to be attractive
support of Ni/Co-Mo catalysts due to their inert nature. They possess low acidity making
them less susceptible to coking, also makes it easier for catalyst activation. However
activated carbon possesses low bulk density and weak mechanical strength. Also due to
its extensive micro pore structure giving it high surface area, most of the active metals
deposited do not see the larger triglyceride feed. While silica on the other hand also
possess lower surface area compared to alumina.
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4.1.2 Catalyst Preparation
Catalyst preparation method should be chosen to ensure the active phase is well dispersed
on the chosen support. The support preparation method is chosen with good mechanical
stability, ease of pore structure adaptability for type of feed and high surface area in
mind. The sol-gel method for preparation of catalyst has been found very
attractive[89][90]. In the sol gel method the alumina support is prepared by controlled
hydrolysis of the aluminium alkoxide precursors, solvent dried and calcined to produce
the alumina powder. The advantage of the sol-gel method for alumina support production
is control over the porosity, purity, surface area and structure depending on preparation
and calcination conditions used. The high surface area of the sol-gel prepared alumina
allows for high loading of the active phase (up to 28wt % Mo)and also the active phase
can be directly incorporated during the alumina preparation procedure to increase loading
further(30 wt% Mo) and also provides better dispersion[90]. The sol gel method produces
very high specific surface area samples in the 400-700m2/g range[90][91].
The dry impregnation or the pore filling method is widely used industrially to deposit the
active phase on the support. This method involves using the exact volume of active metal
solution corresponding to the pore volume of catalyst support. For most laboratory
applications on the other hand the equilibrium impregnation method is employed. The
method allows for controlling of process parameters like pH, type of solution,
concentration, temperature and time to reach equilibrium impregnation levels[79]. The
impregnation method involves using organic salts of the active metals in solution.
Ammonium heptamolybdate((NH4 )6 Mo7 O24 ) and nickel nitrate [Ni (NO3)2 ·6H 2 O]
dissolved in water are the source of Mo and Ni ions for impregnation[79]. Additives like
NH3 (for pH regulation)[92] carbamide (to stabilize solution) and phosphoric acid(serve
as stabilizer and also to provide phosphorus)[93] that enhance dispersion, are all used to
enhance, and optimize the deposition process .After impregnation the catalysts are dried
and calcined (sintered) at appropriate temperature to produce the oxide phase of the
catalysts NiO-MoO3-ᵞ-Al2O3.
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4.1.3 Deposition of Catalysts in Microchannel
Thin film of alumina support is deposited on the microreactor walls using alumina
solution in the suspension form , sol gel form or the hybrid form(combination of
suspension and sol method)[94] [95] [96].

In the suspension method, ready-made

commercial catalysts are suspended in water with aid of a binder and acid to form slurry.
The hybrid method is similar to the suspension method just that the sol is used as the
binder in the process and also affects the final properties of the deposited film. The
hybrid and sol gel methods produces thin films (<10um) while the suspension method
produces thicker films( up to 600um)[94]. For preassembled reactors, gas assisted
displacement methods are preferred. The thickness of film deposited is dependent on the
gas flow rate and alumina solution viscosity[97] [94]. For reactor deposition, before
assembly the dip and spin coating methods are preferred[94]. Prior to alumina film
deposition the substrate normally undergo pretreatment to provide rough surface areas
which provide better adhesion between substrate and alumina film. Thermal
oxidation[94] and chemical oxidation [98]are mainly employed to provide rough surfaces
for steel substrates. After alumina film is deposited, dried and calcined, if the coating
method does not include the active metals then appropriate impregnation method using
organic salts of the active metals (Ni, Co, Mo) are employed.
4.1.4 Catalytic Active Sites
The coordinatively unsaturated sites (CUS) located on the edges of MoS 2 nano clusters,
with size average of 2-3nm are the active sites for sulfided NiMo/CoMo catalysts. Figure
4.3 shows the mechanism for formation of the CUS sites. These sites show Lewis acid
character and can bond with atoms with unpaired electrons. These bonding makes it’s
easier for C-X(O,S,N) bond scission[99]. The promoter when added occupy the MoS2
edge forming the Ni-Mo-S or Co-Mo-S phase[100].
The presence of the promoter through d-electron donation causes the Mo to behave like a
noble metal catalyst that are more active for hydrotreating reactions[30]. Aside from the
Lewis acid characteristics of the CUS sites, the presence of H+ and SH- groups on the
catalyst surface show Brønsted acid character, which enables the catalyst to provide
hydrogen for HDO reactions.
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Phosphorus has been found to have a promotion effect in HDO reactions. Promotes the
formation of new Lewis and Brønsted acid sites on catalysts surface, formation of more
easily reducible/sulfidable active metal oxides, increase the dispersion of MoS2
crystallites by formation of poly phosphomolybdate complexes and increase the stacking
in MoS2 crystallites as well as change their morphology[101]. K has been found to
enhance the HDO[102] by increasing Mo dispersion and structure[101] and Pt have also
been found to enhance HDO[102] by its high hydrogenation activity characteristic of
noble metals[103].

Figure 4.3: Mechanism of generation of coordinatively unsaturated sites on MoS2 [78].

4.1.5 Catalyst Activation
The oxidic precursors are transformed into the active phase by removal of oxygen
through reduction or sulfidation. Reduction is done under hydrogen gas flow[81] and
sulfidation done under H2S, C2S mixed with N2 or H2 gas or with DMDS mixed with feed
or appropriate solvent[79] [104] [105]. The sulfidation is mostly used in both industrial
and laboratory settings but the reduction procedure is more desired since it avoids the
introduction of S into the triglyceride based oil feed.

4.1.6 Catalyst Deactivation
Catalyst deactivation occurs by coking, poisoning of the active sites by deposition of
impurities from feed ( As, Pb, Cu) present in trace amounts, decrease in dispersion from
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agglomeration and growth in size (sintering) of the active particles[106]. The role of
carrier is to anchor the active metals and avoid agglomeration thus sintering or loss of
surface area of support may also lead to catalyst deactivation. Coke formation is the main
route of catalyst deactivation under normal hydrotreating conditions and sintering of the
active metal under high temperature conditions[107]. Deactivation by coking could be
reversed by mild oxidation of the spent catalyst to burn of the coke or by using solvents
like n-hexane, toluene and methyl chloride to remove soluble coke[108][109][110].
Drastic loss of activity after activity regeneration has been attributed to loss of promotion
for NiMo/Al2O3 catalysts[111].
4.1.7 Active Catalytic Area
Active MoS2 catalysts occur in layered stacks depending on active phase support. From
Figure 4.3 the CUS sites are found on the edge planes , the basal region are normally
considered inactive and the rim is usually responsible for

hydrogenation

and

desulfurization[112] . The anisotropic nature of the MoS2 does not make it amenable for
BET surface area analysis[113] . Oxygen chemisorption is normally used to estimate the
active catalytic surface area[106][113].O2 chemisorption (dynamic mode) shows vastly
improved correlation between catalytic activity against O2 chemisorption capacity.
Voorhoeva and Stuiver[114] proposed the MoS2 edge planes as the site of
hydrodesulphurization activity based on Electron Paramagnetic Resonance(ESR) studies.
Chemisorption of oxygen applied in a dynamic mode has been shown to be effective in
determining the edge plane area of MoS2. Low correlation of chemisorbed O2 with
activity is attributed to changing edge plane/basal plane ratio due to the wide variations
among preparation conditions which are difficult to control.

Hydrotreating process

results in initial rapid loss of active sites due to coking, this after a certain time on stream
results in the formation of the stabilized active phase MoS2-xCx. Promoted and
unpromoted MoS2 , were shown to form the stabilized MoS2-xCx phase under steady state
conditions of hydrodesulphurization[115]. Oxygen chemisorption have proven capable of
measuring the active area of promoted carbon stabilized MoS2 and RuS2 catalytic
systems[30].
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4.2 Experimental Investigation of Catalyst Deposition
The process begins with pretreatment of catalyst plates, deposition of support and
impregnation of active metal catalyst. The catalyst used was NiMo with phosphorus to
aid in dispersion of the active phase on the alumina support. Sol gel process was used to
prepare the alumina support, wet impregnation method used to deposit the active metals
on the support, and sulphidation of NiMo with DMDS was used as main mode of catalyst
activation. The success of depositing active catalyst was explored from characterization
techniques used. Figure 4.4 summarizes the process steps involved

Substrate pretreatment

Alumina sol gel
preparation

Alumina Sol
coating and
coating
characterisation

NiMo active
metals
impregnation
and
characterisation

Figure 4.4: Sequence for deposition of catalyst unto micropost catalyst plate.

4.2.1 Substrate Pretreatment
Coating the surface of steel with alumina requires rough surfaces for well adhered
coatings. One way to achieve the rough surfaces is through thermal oxidation , chemical
treatment and anodic oxidation[94]. Previous work by Attanatho et al [69] showed
pretreating of steel surface at 700oC for 5h produced rough surface that enabled well
adhered alumina coating from the low alumina removed from adhesion test performed.
For this study the photochemical etching of the steel shims to produce catalyst plates
form rough surface thus there is no further treatment chemical/thermal needed for this
catalyst plate. The main requirement however is to have very flat plates for the coating
process thus the plates are annealed in a vacuum furnace, which serve as a cleaning step

97

by removal of all organic contaminants on steel surface. The pretreatment method
involves annealing of the micropost catalyst plates to flatten them in a CamCor vacuum
furnace (Figure 3.24) using the temperature time events (Figure3.25).
4.2.2 Alumina Sol Gel Preparation
Figure 4.6 shows the experimental set up for sol gel preparation. As mention the sol gel
procedure used in previous work[69] was used to make the alumina sol gel. From
preliminary investigation by collaborators from PNNL it was found 10t% alumina was
suitable for producing uniform coating on MPL plates. Thus sol gel was prepared to
contain 10wt% alumina. Table 3.1 summarizes the reagents used and their various
amounts. The procedure involves mixing alumina precursor aluminum isoporoxide ( 
98%) purchased from Sigma Aldrich with DI water for 1h at 82oC, then adding acetic
acid to peptize it 48hrs under reflux at 82oC. The solution was allowed to cool down and
mixture of ethanol and P123( EO20 -PO70 -EO20) is added to peptized aluminium
isoporoxide solution and stirred for 15h. The sol gel was then concentrated to desired
alumina wt% by boiling of ethanol at 45oC. Table 4.1 summarizes the reagents used and
their various amounts.

Table 4.1: Alumina sol gel reagents composition.

Compound

Mass (g)

Al(iPrO)3

40.17

DI H2O

400

Acetic Acid

1.76

P123

24.16

Ethanol

126.24

Total

592.33
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Figure 4.6: Experimental set-up for sol gel preparation.

4.2.3 Coating of Micropost Catalyst Plate with Alumina Sol
Sol-gel allows deposition of a thin film (0.1-30um)[116][117][118], on reactor wall. This
enables efficient use of precious catalyst metals. Dip coating, spin coating and gas
assisted fluid displacement are the main modes of coating substrate with alumina film.
Dip coating was used as method of choice for coating the catalyst plate. To remove any
organic contaminants from catalyst surface before coating with alumina, the catalyst
plates was cleaned in a sonication bath filled with 1 wt% alconox solution and sonicated
for 1 hour. The plate is then rinsed with distilled water and air dried. The plates then
dipped in a shallow bath of 250mL alumina sol gel to ensure that every part of the plate is
submerged. Holding the plates at one edge, excess sol is allowed to drip and back of the
plates (without post) is wiped clean. The plate is place in an oven post side up, dried for
12hours and then calcined at 500o C for 5hours. SEM analysis showed (Figure 4.7a) those
portions of wall of the post are not covered by alumina, thus the procedure is repeated
this time the plates are inverted with plates facing downwards. This ensures every part of
the plate was covered (Figure 4.7b).
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4.2.4 Preparation of Active Metal Solution and Impregnation
Table 4.2: Recipe for preparation active metal solution.

Compound
Phosphoric acid

Concentration(mol/L)
0.74

DI water
Ammonium molybdate tetrahydrate

solvent
0.2

Nickel nitrate

0.74

Urea

0.75

A 250ml solution of the active metal solution was prepared according to procedure
described in previous work[69] with the concentration of the various components as used
in table 4.2. These concentrations give an expected 10wt% loading of Mo and 3wt%
loading of Ni after impregnation. This gives an optimal Ni/(Ni+Mo) atomic ratio of 0.3
desired for effective hydrotreating[79]. The alumina coated plate is placed in a 250mL
bath of the active solution and allowed to sit for 30mins. Plate is taken out and DI water
is used to rinse of excess active metal solution. The plates are then placed in an oven
dried at 120oC for 12hrs and calcined in air at 500oC for 4hrs.

4.2.5 Characterization of Alumina Coated Catalyst Plates
SEM (scanning electron microscopy), BET, XRD (X-ray Diffraction) and AFM (atomic
force microscopy) analysis was performed to characterize the alumina coating. SEM was
used to monitor the surface morphology, uniformity of coating, thickness of coated film
and variation in film composition. 1cm by 1cm coupons of the catalyst plates was cut for
this analysis using FEI QUANTA 3D dual beam SEM and FEI NOVA 230 high
resolution SEM at the Linus Pauling Institute at Oregon State University, with
magnification form 100 to 800. An SEM-EDX analysis was also done to show variability
of coating on plate.
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To determine if during the coating process uneven expansion of the steel plate with
regards to the alumina film created cracks and also evaluate detail textural properties, an
atomic force microscope (AFM Veeco Innova SPM) was used. The cantilever deflection
of the AFM across the alumina surface produces a 3D image of the surface imaged with
magnifications over 1 million that provided by SEM. This gives more detail insight
beyond the SEM capability.

To confirm the transition type of alumina formed after calcination, an XRD analysis was
performed on a non-coated alumina in powder form calcined at same conditions as the
ones coated on post plate. A Bruker AXS D8 Discover XRD tool was used with Cuk
radiation from 0deg to 90deg at 0.025deg step in 28.1s time step at 25oC.

Finally to determine the surface area of the coated alumina, BET analysis was performed.
Surface area, pore volume and pore size were obtained from this measurements.
Micrometrics ASAP 2020 was used for this experiments. Doing BET analysis for
alumina coated on the post plate was challenging, due to thin film deposited. Scraping of
the film for analysis proved difficult as the mass of the sample was masked by some of
the steel which was scraped off. To go around this, BET was done for plain post without
alumina coating as reference and post coupon with alumina. Plain post coupon steel did
not record any adsorption whilst post coupon with alumina recorded adsorption. The
mass of the plain steel was determined prior to coating and subtracted from the post plate
plus alumina weight to get weight of the alumina that underwent the adsorption in the
BET measurement. Thus the area recorded per mass deposited was determined. BET
analysis was performed at 77K.
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4.2.6 Characterization of Impregnated Active Metals
SEM-EDX and XPS analysis was performed to analyze the deposited active metals.
SEM-EDX was used to analyze the bulk composition of the active metals in the alumina
coating and XPS (ESCALAB 250) analysis to determine the surface composition of the
active metal. The FEI QUANTA 3D dual beam SEM. SEM-EDX was performed at
voltages from 10-12kv. This voltages range ensured that the metal composition was not
masked by steel’s Mo and Ni contents. XPS analysis was performed using ESCALAB
250 at 15kv with monochromatic Mgk . XPS determines species in the 100A outmost
surface and could also do a depth profile analysis up to a 150um resolution.
4.2.7 Alumina Coating Adhesion Test
To evaluate the robustness of the coating process adhesion test was performed using
similar procedure described in previous work[69]. Adhesion test was performed in 10
minutes time incremental up to 160mins. The initial mass before sonication in dodecane
solution was determined and mass loss determined at each time incremental after drying
in an oven for 2hrs at 80oC. The % loss in mass is recorded against each time
incremental.

4.3 Results and Discussion
4.3.1 Alumina Support Results and Discussion
SEM images and SEM-EDX analysis was used to evaluate if a single coat or double
coating would be adequate for providing uniform film thickness on the catalyst plate.
Figure 4.7a shows SEM image of single coated post and Figure 4.7b double coated post.
The composition of alumina at the base/valley of the post, along post walls and top of the
post was evaluated from SEM-EDX (Figure 4.8 and 4.9).
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Figure 4.7: SEM images of single and double coated catalyst plates.

Alumina coating (wt%)

Concentration profile of alumina coating in the MPL
10 wt% alumina sol solution-1 coat
15
11.78
10
5
2.74

0

0.65
Valley/bottom
surface

wall
Top of the post

Figure 4.8: SEM-EDX analysis of single coated post plate.
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Alumina coating (wt%)

Concentration profile of alumina coating in the MPL
10 wt% alumina sol solution, two coats with 2nd coatinverted drying

30

20.98

20
2.91

10

1.49

0
Valley/bottom
surface

Post wall base

2.41

Post wall top
Top of the post

Figure 4.9: SEM-EDX analysis of double coated plate.

From Figure 4.9 and 4.8 its clear the double coat method gives more uniform coating
than the single coat. Especially along the walls of the post there was hardly any alumina
present 0.65%. But with double coat inverted drying method, this doubled to 1.49-2.91%.
Thus the double coat method with inverted drying was chosen as the desired method of
incorporating alumina support everywhere on catalyst plate (Figure 4.10). The thickness
of the film was also determined for the double coating method developed (Figure 4.11).
The results indicate that the film thickness varies from 2-10um. From effective factor
calculation as a function of film thickness in previous work[69], the observed thickness is
less than the 20um that ensured an effectiveness factor of 1. Thus active metals deposited
in these films would not be limited by diffusion of reacting species.
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Figure 4.10: SEM image of double coated post plate.

To obtain a detailed textural analysis of the alumina support AFM analysis was
performed. The results Figure 4.12 shows no cracks in the support and also an average
roughness of 0.12um.
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B

Figure 4.11: Film thickness determination from SEM image of double coated post plate.

Figure 4.12: AFM image of alumina film deposited on catalyst plate.
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To confirm the desired   alumina transition alumina is formed, XRD analysis was
performed and the results Figure 4.13 showd the desired   alumina oxide was formed.

Figure 4.13: XRD analysis of alumina support calcined at 500oC.

After confirming the transition type of alumina formed, next thing was to determine the
surface area of the deposited alumina film on the post catalyst plate. Figure 4.14 show the
BET adsorption and desorption isotherm plot and Figure 4.15 the BJH pore size
distribution plot. The recorded BET surface area was 732m2/g and pore size ranged from
5-50nm (Table 4.3). This large surface area was consistent with recorded high surface
areas of sol gel prepared supports[90][91] and almost twice obtained for conventional
alumina supports in range of 200-300m2/g[79]. A typical triglyceride molecule has a size
of 2nm. This size defined by Fernandez et. al[119] is the diameter of the smallest cylinder
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through which the molecule can pass without distortion. Thus the pore size of 5-50nm
obtained is large enough for a triglyceride molecule to diffuse through without stearic
hindrance.

Figure 4.14: BET adsorption plot.
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Figure 4.15: BJH pore size distribution plot.

Table 4.3: Summary of BET analysis.

Calcination
o

BET surface area of

BJH pore size distribution of

Temp ( C)

(m /g)

2

(nm)

500

732

5-50
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4.3.2 Results and Discussion Active Metals
The calcination process produces the oxide form of the active metal (NiO-MoO3-Al2O3).
SEM-EDX and XPS analysis was used to show the target composition was achieved and
also to confirm the oxidation state of the active metals. The thin coating film produced
(2-10um) makes it amenable for XPS analysis due to its low penetration depth. XPS
gives the composition of the active metals as well as their bonding environment
(oxidation state). Figure 4.16 and 4.17 shows the active metals Ni and Mo were
successfully converted to their expected oxide form NiO-MoO3 from the Ni (+2) and Mo
(+6)

oxidation

state

observed.

For

Mo6+

in

a

characteristic

oxygen

environment[120][121], The Mo3d5/2 and Mo3d3/2 binding energies are observed at
233±0.1eV and 236.1±0.1eV respectively. For Ni2+ in an oxygen environment the 2p3/2
binding energy is observed at 856 ±1eV[122]. Table 4.3 shows the weight % of the
various elements present. From the table 4.3 it’s evident the impregnation process was
successful in depositing amounts close to the expected target. The 9.84wt% and 8.2wt%
respectively obtained for Ni and Mo gives a Ni/(Ni+Mo) atomic ratio of 0.28. This is
close to the desired 0.3 optimum atomic ratio required. To ascertain how these vary with
depth XPS depth profile analysis was performed up to 60s etch time.

Figure 4.16: XPS analysis of catalyst showing oxidation state of the deposited Mo active phase.
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Figure 4.17: XPS analysis of catalyst showing oxidation state of the deposited Ni active phase.

Table 4.3: XPS surface compositional analysis of the deposited catalyst.

Experimental

Target Value

Element

(wt %)

(wt %)

Mo

8.2

10.6

Ni

1.94

3.25

Al

42.21

-

P

2.51

-

C

2.45

-

111

wt %

Variation of catalyst loading with depth
50.0
45.0
40.0
35.0
30.0
25.0
20.0
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5.0
0.0
0
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O
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P

Figure 4.18: XPS depth compositional analysis of the deposited catalyst.

4.3.3 SEM-EDX Results
SEM-EDX was performed to obtain the bulk composition of the impregnated alumina
support. The challenge in doing the SEM-EDX analysis was, because of the thin film of
alumina deposited, feedback from the steel substrate masks the analysis from just the
film. Thus it’s critical to choose an appropriate voltage for the analysis that reduces
interference form background steel. From Figure 4.19, the incident electron energy beam
used was 30kv which went through the deposited catalysts film and through the steel
plate. Since the steel contained both Ni and Mo, the composition recorded was masked by
that present in the steel plate. To go around this, experiments was performed by varying
the voltage of the incident electron beam and a value of 10-12kv was found to be
appropriate for quantifying the exact amount of Ni and Mo present, without being
masked by that present in the steel plate. Figure 4.20 shows the elemental composition of
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catalyst after calcination with a 10kv incident beam. When the two are compared the Ni
(2.2wt%) and Mo(9.4wt%) are close to the target value of 3.25wt% and 10.6wt%
respectively for 10kv than using 30kV where 4.15wt% and 5.5wt% was obtained for Ni
and Mo respectively.

Figure 4.19: SEM-EDX of bulk catalyst composition at 30KV.
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Figure 4.19: SEM-EDX analysis of impregnated support with 10kv electron beam energy.
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Finally result from adhesion test Figure 4.20 indicate that when the deposited alumina,
are exposed to extremely harsh conditions just a little over 20wt% would be lost. Thus
the reactor can be run for long periods of time under repeated cycles without loss of
deposited catalyst from lack of adhesion to reactor walls.

Alumina coating adhesion test
25

% Alumina Loss

20
15
10
5
0
0

50

100
Time(min)

Figure 4.20: Adesion test of alumina coating on test coupons.
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CHAPTER 5: MATHEMATICAL MODEL DEVELOPMENT AND
SIMULATION
5.1 Introduction:
To predict the performance of the microscale reactor, a mathematical model was
developed. This model encompasses the flow (momentum), mass transport and reaction
kinetics. The main requirement of this model is ability to model two-phase flow in
which mass transfer of multiple chemical species and solid catalyzed chemical
reactions are calculated. For the model to be useful for optimizing reactor design or
determining reaction rate kinetics, however, it must also be computationally efficient.
Developing a two phase flow model, coupled with reaction was untenable for current
reactor configuration, due to large computational domain with large number of features
(posts) as current computational resource available could not handle it (Figure 5.1). The
gas flow (0.0091-0.015m/s) and liquid velocities(0.00045-0.00078m/s) used at reaction
conditions falls in the slug flow hydrodynamic regime[32]. Thus reactor was simplified
as two parallel plates with hydrogen gas bubbles and liquid slug flowing in between
(Figure 5.2). To determine the size of the liquid and gas slugs, tracer studies and
draining method was used to determine the liquid hold up and using correlation
developed by Kreutz et. al[37] for estimating slug size based on the average liquid hold
up the slug length and bubble length was found. A model was set in Comsol
Multiphysiscs software using this slug and bubble dimensions determined (Figure 5.11).
Using similar concept developed in previous work[69][67], the flow field is solved as a
period of the bubble and slug moving in steady state mode. This was then coupled with
mass transport and solid catalyzed reaction at the wall to estimate the reaction kinetics
parameters. The bubble was regarded as stationary with liquid slug moving past it. The
liquid slug is moved by applying the bubble speed as moving boundary condition to the
reactor wall and using a slip boundary condition on surface of bubble. Since bubble was
stationary diffusion physics was applied to only the bubble and at the interface the
continuity of mass transport was tracked with the Henry’s constant of hydrogen gas.
Mass transport by convection and diffusion was used in the liquid domain and the wall
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boundary condition was applied as a reaction flux.

,
Figure 5.1: MPL reactor to be modelled.
Slug Unit Cell

Hydrogen

Oil

Catalytic Surface
Figure 5.2: Simplified reactor model for kinetic parameter optimization.

This chapter would discuss the experiments performed to determine the liquid holdup,
development of mathematical model and its solution implementation in Comsol
Multiphysiscs.
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5.2 Experimental Investigation of Liquid Holdup
For two phase flow the gas/liquid hold up is important for determining the interfacial area
for mass transport. Knowledge of the mean residence time, the time liquid spends in
reactor can be used to estimate the liquid hold up, or the steady state occupancy of liquid
at reaction conditions. When liquid present in reactor is drained and measured, it would
give the liquid holdup. A tracer study and liquid drainage methods was employed to
determine the liquid hold up at reaction conditions. Figure 5.4 shows the experimental set
up used for tracer studies.

Output optical flow cell
@exit (liquid + gas)

Input optical
flow cell @
oil inlet

Gas inlet

Reactor
clamped in
external support
shells

Tracer injection
loop

Figure 5.3: Experimental set up for tracer study.

The experimental set up consists of an AVANTIS optical cell at the input of liquid feed
line and output of reactor. Oil soluble tracer, oil red with maximum absorption at 539nm
was used as tracer for this study. To simulate reaction conditions, heptane and helium
was used as liquid and gas respectively. These have properties similar to the fluid mixture
at reaction conditions (Table 5.1). A pulse of tracer was injected and pulse shape and
spread recorded as absorbance at the input and output of reactor (Figure 5.4).The
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absorbance were measured by collimating fibre optic cables. Avis soft software was used
to the analyze results. The mean residence time was determined as the difference in the
pulse residence time at the outlet, time spent in connecting tubes and inlet. The residence
time was estimated from the following equation:
RT  tM  

 C  ti   ti
 C  ti 

 5.1

MRT  tM   RTouput  RTinput   time spent in connecting tubes  non catalytic reactor volume 

 5.2 

Table 5.1: Experimental conditions investigated for rtd studies.

Temp
(oC)

Total
Pressure
(psi)

Heptane
flow rate
@ STP
(ml/min)

25

14.6

1.81

25

14.6

25

14.6

2.2
2.81

Heptane
Viscosity
@ reaction
conditions
(Pa.s)

Helium
Viscosity
(Pa.s)

0.00038

1.99e-5

0.00038

1.99e-5

0.00038

1.99e-5

Helium
flow at
STP
(ml/min)

Flow ratio

Viscosity
ratio

(He/Heptane)

38

44
57

(He/Heptane)
20.99

0.052

20.00

0.052

20.28

0.052

Table5.2: Experimental conditions investigated for drainage studies.

Temp
(oC)

Total
Pressure
(psi)

Oil flow
rate
@ STP
(ml/min
)

275

500

1.5

275

500

275

500

1.8
2.3

Oil
Viscosity
@ reaction
conditions
(Pa.s)
0.000124
0.000124
0.000124

Oil flow at
reaction
conditions
T&P
(ml/min)
1.81
2.17
2.79

Hydroge
n
Viscosity
(Pa.s)
1.35e-5
1.35e-5
1.35e-5

H2 flow at
reaction
conditions
T&P
(ml/min)
36.24
43.39
55.90

Flow
ratio

Viscosity
ratio

(H2/Oil)

(H2/Oil)

20.02

0.11

19.99

0.11

20.04

0.11

Two phase flow residence time distribution was difficult to perform with the flow of gas
and liquid slugs. The presence of bubbles masked the absorbance measurements. To go
around this, a mixing cup experiment was performed. The tracer was collected in a
cumulative time intervals of 30seconds and the absorbance at each time step measured in
Perkin Elmer Enspire multimode reader absorbance instrument. The results from tracer
study suffered from laminar dispersion form the large width to height ratio of reactor.
Thus drainage experiments were also performed to have a more accurate handle on the
actual liquid hold up volume. This was performed using flow conditions in table 5.2. to
validate if the liquid hold up varied under different flow regime from reaction conditions.
Further experiment was performed by fixing the liquid flow at each reaction condition
and varying the gas flow from a low of 12ml/min to a high of 55mml/min.
The liquid hold up is estimated from the following equation. The catalytic reactor volume
determined for this experiment is 12.86mL.

 L drainage 

Liquid volume drained from catalytic volume
Catalytic volume

 5.3

5.2 Results and Discussion:
Figure 5.5-5.7 show the tracer experimental results for the pulse tracer experiment
performed. The mean residence times obtained from these results were 325, 281 and 208
seconds respectively. The liquid hold up was obtained for the following relation:

l 

Q flow  MRT
Vreactor

 5.4

Where MRT=mean residence time, Qflow= liquid flow rate, Vreactor = volume of
reactor. The corresponding liquid hold up of 0.77, 0.79 and 0.75 respectively were
obtained. The fact that the liquid hold up was less than one is explained by the presence
of bubbles in the reactor that prevents 100% occupancy by the liquid.
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Figure 5.4: Tracer study for heptane only at 1.81mL/min.
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Figure 5.5: Tracer study for heptane only at 2.17mL/min.
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Figure 5.6: Tracer study for heptane only at 2.79mL/min.

The results of the liquid drainage experiments are shown in Figure 5.8 and 5.9
respectively. Figure 5.8 compares the liquid hold up at various reaction condition flow
rates with liquid flowing only and with corresponding gas flow rates. The liquid hold up
increased from 0.78 to 0.81 with liquid flow from 1.81 mL/min to 2.79mL/min. In the
presence of the corresponding gas flow the liquid holdup decreased to an average of 0.45.
It increased from 0.42 to 0.45 with presence of gas flow from 36.24 mL/min to 55.90
mL/min. The results from the extended flow range studies and control chart analysis
(Figure 5.9) showed that the liquid holdup had a central value of 0.43 and varied from
0.39 to 0.49.
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Figure 5.7: Comparison of liquid hold up with and without gas flow.
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Figure 5.9: X Control chart for recorded holdup for experimental conditions investigated.
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5.3 Development of a Mathematical Model
To develop a simple flow model for the reactor, it’s taken as a parallel plate of length L
with distance H separating them. The correlation developed (equation 5.5) by Kreutz et
al[37] is used to find the slug and bubble size in microstructed reactor when the liquid
hold up is known.

LS
L

d h 0.00141  1.55 L2 ln   L 

(5.5)

d h = hydrodynamic diameter which for this reactor with large aspect ratio is twice the

height of reactor which is the distance from one catalyst plate wall to the other (500um).
Ls = slug length.
From the slug length the unit cell length can be found as:
LUC 

Ls

L

 5.6

The bubble length found as:

LB  LUC  LS

5.7 

The bubble formed is assumed to have a cylindrical body with spherical caps at the end
as the capillary numbers at reaction conditions was low ( Ca  103 )[57].The film
thickness between the cylindrical portion of bubble and reactor wall is found form the
correlation developed by Brethethon [57](equation 5.8).

  1.34rCa2/3

5.8

126

Z

L

z0

uc

L

B

H

X



z H

0 .5 L S

0.5LS
x=0

x=L

Figure 5.10: Simplified illustration of reactor to be modelled.

5.3.1 Momentum Model
The Nervier Stokes equation governing fluid flow is used in rectangular coordinates and
the following assumptions are made:
Assumptions:
1. Gas bubble formed is assumed to be constant in shape and size and stationary
2. Flow is laminar in liquid phase.
3. Steady state flow (

du y
dux
du
 0,
 0, z  0 ).
dt
dt
dt

4. Liquid is Newtonian, flow is incompressible.
5. Two-dimensional, fully developed laminar flow(x and z).
5. The gravity is neglected ( g x  0, g y  0, g z  0 ).
6. Isothermal conditions.
7. Pressure does not change along y (

8. Continuity equation is applied

dP
 0)
dy

dux du y duz
du


0 x 0
dx
dy
dz
dx

9. No flow velocity in y direction( u y =0)
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The Nervier-Stokes equations for the rectangular coordinate system (x, y, z) are as
follows:
x component:

  2 u x  2 u x  2u x 
 ux
ux
ux
ux 
P

 ux
 uy
 uz
 2    gx
    2 
x
y
z 
x
y
z 
 t
 x

(5.5)

y component :

u y
u y
u y
 u y
 ux
 uy
 uz
x
y
z
 t



  2u y  2u y  2u y

P




 2
 2 

y

x

y
z




   g y


(5.6)

z component :

 uz
u
u
u
 ux z  u y z  uz z
x
y
z
 t



  2 u z  2u z  2u z

P




 2
 2 

z
y
z

 x


   gz


(5.7)

After applying simplification assumptions to Navier Stokes equation it becomes:




  2u x 
ux 
P




 2 

z 
x
 z 

(5.8)




uz
x

  2u z 
P





 2 

z

 x 

(5.9)

  uz

  ux

Boundary Conditions:


@ z  H , uz  0, ux  Ububble ; Ububble  U g  U L [67]



@ z  0,



Slip boundary condition is applied at the bubble surface

dux
0
dy

du
 0 [67]
dn
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5.3.2 Mass Transfer
Figure 5.10 shows the proposed reaction scheme for conversion of a free fatty acid to
n-alkanes and reaction intermediates. The change in concentrations of reacting species
in the reactor is governed by the convection and diffusion equation for mass transport.

 2

2
2   

 
Ci  Di  2 Ci  2 Ci  2 Ci   ux Ci  u y Ci  u z Ci 
t
y
z
y
z 
 x
  x

(5.9)

Where D= diffusion coefficient and i represents species of reactant, intermediates
and products.

For the stationary hydrogen gas bubble the mass transport is governed by diffusion
only. The liquid flow portion however is governed by both diffusion and convection.
The mass transport in the gas phase reduces to:

 2

2
2 
Ci  Di  2 Ci  2 Ci  2 Ci 
t
y
z
 x


(5.10)

Assuming 2D diffusion problem (x and z only)

 2

2 
Ci  Di  2 Ci  2 Ci 
t
z
 x


(5.11)

Boundary Conditions at gas interface(equilibrium) at interface:



C *H

2

l 

 H e PH2

 CH 2 ( x, z, t ) 
 Di 

x

H



 CH 2,l
mol

  M 
 HeRT  CH 2,g
 m2 bubble surface  s 




mol

  2
  m bubble surface  s 






Where M has unit m/s that forces continuity across the bubble surface[69].
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Boundary Conditions in gas phase:

@ t  0 CH2 ( x, z,0)  CH2,o

For the liquid phase the full convection and diffusion applies (equation 5.9):
Boundary conditions x-direction:


@ t  0 Ci ( x, z, 0)  Ci ,0 (initial oil concentration)



@ x0



@ xL

CH2 (0, z, t )  0;

dCi ( L, z, t )
0
dx

Boundary Conditions for z-direction:

Ci ( x,0, t )
0
z



@ z0






mol
mol
 C ( x, z, t )  
@ z  H ;  Di  i
  Ri  2
  2


x

 H  m reactor wall  s 
 m reactor wall  s 



 Ri  

Where:  

 moles reacted 
1 dN A
 ki C miCHn 2  ki*C mi 

W dt
 kg catalyst  s 

kg catalyst
m reactor wall
2

The details of the reactions involved in Ri are discussed below in the reaction mechanism
section.
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5.3.3 Reaction Mechanism
Figure 5.10 is the proposed reaction mechanism for conversion of free fatty acid into
diesel range products. Experimental results(Chapter six) showed that conversion of
triglycerides to free fatty acid intermediate was very fast and the limiting step in the
process was conversion of free fatty acid to diesel range products. Thus detailed kinetic
analysis was performed for the conversion of the free fatty acid to diesel range products.
The proposed mechanism (Figure 5.10) was based on reaction products and intermediates
measured from current reactor experimentation (Chapter Six) and inference from other
mechanisms proposed in literature and previous work[69][6][7][123]. The main pathways
for producing diesel range products hydrodeoxygenation and hydrodecarboxyaltion
pathways were observed. The reaction involve conversion the free fatty acid to C17
hydrocarbon by removal of CO2 (k3) via decarboxylation and CO (k4) via
decarbonylation route. The hydrodeoxygenation route proceeded via conversion to an
aldehyde intermediate step(k5), to a fatty alcohol intermediate step(k6), then to C18
hydrocarbon(k2).The fatty acid also proceed directly to the fatty alcohol group(k1),then
proceed to the C18 hydrocarbon(k2)[123]. Apart from these there is a reversible
esterification reaction between formed fatty alcohol and free fatty acid intermediate(k7
and k8) promoted by the acidic alumina support.

Figure 5.11: Proposed reaction mechanism.
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Table 5.3: Reaction equation from proposed mechanism.

Reaction no.

Stoichiometry

Reaction rate

r1

k1
C17 H35COOH  2H 2 
 C17 H37COH  H 2O

k1CC17 H35COOH C H2

r2

k2
C17 H37COH  H 2 
 n  C18 H36  H 2O

r2  k2CC17 H37COH CH 2

r3

k3
C17 H35COOH 
 n  C17 H36  CO2

r3  k3CC17 H35COOH

r4

k4
C17 H35COOH  H 2 
 n  C17 H34  H 2O  CO

r4  k4CC17 H35COOH CH 2

r5

k5
C17 H35COOH  H 2 
 C17 H35CHO  H 2O

r5  k5CC17 H35COOH CH 2

r6

k1
C17 H35CHO  H 2 
 C17 H37COH

r6  k6CC17 H35CHOCH 2

r7

k7
C17 H35COOH  C18 H37COH 
 C17 H35COOC18 H37  H 2O
k8

r7  k7CC17 H35COOH CC18H37COH

2

 5.12

5.13
5.14
5.15
5.16
5.17 
5.18
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From table 5.3 the production and consumption of the various species are expressed in
detail as follows:

dCC17 H35COOH

dCC18 H37COH

dCC17 H35CHO
dt

dt

dCnC18 H36
dt

dCH 2O
dt
dCH 2
dt

dCCO2
dt



 5.21

 r5  r6

dCC17 H35COOC18 H37

dt

 5.20

 r1  r2  r6  r7

dt

dCnC17 Hn

 5.19

 r1  r3  r4  r5  r7

dt

 5.22

 r7

dCnC17 H36
dt



dCnC17 H35

 r2

dt

 r3  r4

 5.23

 5.24

 r1  r2  r4  r5  r7

 5.25

 2r1  r2  r4  r5  r6

 5.26

 r3

dCCO
 r4
dt

 5.27 
 5.28
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5.3.4 Numerical Solution Approach for Mathematical Models
Comsol multiphysiscs software v4.3 research license was used to solve for developed
mathematical model. Figure 5.11 is the model geometry constructed from parameters
listed in table 5.4. It was assumed for the experimental conditions investigated the slug
and bubble size remained constant, from almost same liquid hold up value obtained from
Figure 5.8.The full list of parameters used for modeling is shown in Apendix A.

3
1

6

7

5

2

4

Figure 5.12: Simulation geometry used drawn in Comsol.

Domain 6 represents the gas bubble, 5 the liquid phase, 1 inlet to unit slug cell (Luc), 2
outlet to unit cell, 7 bubble interface and 3 and 4 reactor wall. The discretization of the
domain was done using a free mesh with triangular elements. Along the bubble interface
and reactor wall mesh was refined to capture the steep concentration gradients (Figure
5.13).
Table 5.4: Model geometry parameters used in Comsol.

Name

Expression

Description

Luc

4.1[mm]

Length of unit cell

Ls

1.8[mm]

Length of liquid slug

Lb

2.3[mm]

Length of bubble

Ft

0.0045[mm]

Film thickness

H

0.5[mm]

Channel Height
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Figure 5.13: Simulation mesh generated in Comsol.

Study Steps:
1. The hydrogen bubble (6) is kept stationary and the flow field Ux (z) is solved for
oil phase (5).
2. Flow properties of oil at reaction conditions are used and the moving wall
boundary condition is applied at (4) using the bubble speed (Ub).
3. The stationary state flow solution profile from flow model is then used in mass
transport physics to solve for mass transport equation.
Boundary Conditions flow:
1.

Steady state flow model is solved with periodic flow model in Comsol.

2. 1, 2: periodic boundary.
3. 3, 4: moving wall condition applied with u=-Ub (bubble speed).
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4. 7: Slip boundary condition applied.
Boundary Conditions Mass Transport Gas Phase:
5. 6: Initial hydrogen concentration.

Ci ,l 

6. 7: Flux across the interface n  Ni   M  Ci , g 

HeRT 

Boundary Conditions Mass Transport Liquid Phase:
7. 5: Initial oil concentration.
8. 1, 2: periodic boundary.

 Ci ,l

 Ci , g 
11: 7: Flux across the interface n  Ni   M 
 HeRT

9. 4, 3: Flux to reactor wall n  Ni   Ri .
In solving the time dependent mass transport model, the residence time was based on
liquid residence time in reactor. This is found from liquid fractional volume occupancy
divided by the liquid flow rate at reaction conditions.
5.3.5 Results and Discussion
Figure 5.12 shows the 2D velocity profile in the liquid slug. The color scale shows
increasing velocity from blue to red, with light green representing intermediate velocity.
As expected the velocity is maximum at the moving walls. A recirculation zone is
observed in the liquid slug with maximum circulation velocity at the center of liquid slug.
The effect of recirculation velocity on mass transport rate was studied for bubble speed
from table 5.1(sum of gas and liquid speed). Diffusion only with no recirculation was
solved for (Figure 5.15) as a base and compared with convention (Figure 5.14) and
diffusion solved for with increasing bubble speed Figure 5.16. In the absence of
recirculation (diffusion only) the mass transport process reaches a steady state in 15
seconds. With recirculation mass transport rate increases significantly. Steady state was
reached at 5 seconds for bubble speed 0.0095m/s, 3 seconds for speed 0.01138m/s and 2
seconds for speed of 0.0147m/s. Thus its evident the rate of mass transport is enhanced
by increased recirculation speed from rise in bubble velocity.
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Figure 5.14: 2D velocity profile in liquid slug.

Figure 5.15: 2D concentration profile in liquid slug for diffusion only.
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Figure 5.14: 2D concentration profile in liquid slug with diffusion and convection coupled.
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Figure 5.16: Effect of bubble speed on mass transport into liquid phase.
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CHAPTER 6: EXPERIMENTAL METHODS AND MATERIALS

This chapter focuses on experimental methods used to evaluate the performance of micro
post plate reactor. Balance of plant for reactor, initial test to evaluate performance,
planned experiments for determining optimum reaction conditions, and modeling of
reactor performance was carried out. Palm olein from Petroleum Authority of Thailand
was used to evaluate initial reactor performance. From preliminary results and previous
work[69] conversion from triglycerides to free fatty acids was fast compared to free fatty
acids to diesel products. Thus detail experiments for kinetics studies were performed with
oleic acid as a model compound for free fatty acid.
6.1 Balance of Plant for BHD System

Figure 6.1: Balance of plant for BHD system.
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Figure 6.2: BHD System flow sheet.
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Figure 6.1 and 6.2 shows the BHD reactor and process flow sheet respectively. The BHD
experimental set up consist of a control box for monitoring process pressure and
temperature, an HPLC pump for pumping oil, 20L ultra-pure hydrogen tank, a water
heater to maintain the product cooling heat exchanger at set temperature and low pressure
nitrogen flow control (N1,N2 and N3) to ensure any hydrogen leaks are maintained
below flammable concentrations.
Critical flow is used to deliver gas to reactor using 17um hole orifices to ensure
consistent flow. A back pressure regulator is used to maintain the reactor at pressure. An
input and out pressure gauge are used to monitor the pressure drop across the reactor.
2um filters are inserted at the oil and gas input lines into reactor to ensure small reactor
features (5.5um hole for hydrogen holes, 70um oil slots)) are not clogged by fine
particles. To maintain the sensitivity of back pressure regular 7um filter is used. A heat
exchanger maintained at 50oC is used to cool the reactor effluents. A three way switch
valve is used to switch between waste and reaction product capture. The two phase
products are separated here and effluent gas diluted with nitrogen (N3) for venting in
fume hood.
The whole reactor system is grounded to eliminate risk of electro static charges that can
cause spontaneous ignition of any leaked hydrogen gas.
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6.2 Safety Considerations

Figure 6.3: Show high temperature compressible graphite gasket material providing extra sealing
capacity for welded reactor.

Also the control box from Figure 6.1 is kept away from MPL reactor to minimize risk
of fire or explosion. Aside requirement of a hematic seal for MPL reactor, the external
clamp shell was designed to be able to take pressure outside the welded reactor up to
650psi of Nitrogen pressure. This ensured that air was purged outside reactor and also
any leak from inside of reactor at 500psig would be offset by the higher external pressure
of 650psi. A high temperature gasket was installed (Figure 6.3) to hold the 650psi
external pressure. Figure 6.4 shows the reactor fully assembled with safety precautions
implemented. Besides these precautions, there is a hydrogen sensor in the output
collection box that beeps loudly when the hydrogen concentration exceeds 2% by
volume in air. There is also a separate handheld hydrogen leak detector for sniffing
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around the whole reactor set up to check for any leaks. Solenoid valve installed at
the reactor inlet serve to relieve reactor pressure when it goes beyond 650psig.

Inlet to pressurized nitrogen
port

Product output line fitted with
graphite ferrules to seal and
allow
for easy removal after each
run

Outlet to purge air during
nitrogen pressurization

Figure 6.4: Fully assembled MPL reactor safety features installed.
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6.3 Materials
Reagents used in experiments are summarized in Table 6.1 below.
Table 6.1: Experimental Reagents.

Reagent

Source

Purity

Hydrogen

Airgas

Ultra-high purity

Nitrogen

Airgas

Ultra-high purity

Helium

Airgas

Ultra-high purity

Palm Olein

Petroleum Authority 99.91%
of Thailand

Oleic acid

Sigma Aldrich

Technical grade 90%
purity

Dodecane

Acros Organics

Dimethyldisulfide(DMDS) Sigma aldrich

Mixtures of isomers
99%

Table 6.2: Fatty acid composition of palm olein feed.

Vegetable Oil

Purity

Triglycerides of Free Fatty Acid of (%)

(%)
Palm Olein

99.91%

C12

C14

C16

C18

0.1

1

49

49.9

144

6.4 Catalyst Activation
This is done with H2 gas or a sulfidation agent (H2S or DMDS). H2 gas activation was
used for first reactor test and subsequent activation done with 1.5wt% sulfur in DMDS
mixed with dodecane. Figure 6.5 shows the activation temperature program employed
for the first BHD test. The system was initially purged with N2 at room temperature for
30min and pressure was raised to 500psig, H2 gas was slowly introduced into the system
at this point, to make up 90% by volume H2 and 10% by volume N2 and held for 10min.
The system is then heated at 100C/min to 120oC.

Catalyst Activation

Temperature (oC)

400
300

200
100
0
0

0.5

1

1.5

2

2.5

3

3.5

Time(h)

Figure 6.5: Catalyst activation temperature profile.

The temperature was then held at 120oC for 30min and further ramped up at
25oC/min to 335oC and finally held for 120 min. Same procedure was followed with use
of DMDS in dodecane as activation agent just that DMDS was introduced after heating to
120oC. The flow was set to achieve H2/liquid flow ratio of 436NmL/mL.
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6.5 Experimental Procedure
Three main experiments were performed. The first set was to evaluate the performance
of reactor the first time, the second sets to optimize the reaction conditions for maximum
conversion and the last set to evaluate the effects of catalyst loading on reactor
performance.

6.5.1 Initial Reactor Performance Test
The first set involved using 5wt% palm olein in dodecane. Catalyst (10wt% target Mo)
was coated on micropost plate as describe in Chapter 5. Reactor mixer is laser micro
machined as described in chapter 3, catalyst plates were then installed in the external
shell housing and reactor welded using procedure described in Chapter 3. The welded
reactor is then installed in external pressure clamp shells (Figure 6.4) and tested for
hematicity with nitrogen (Figure 6.5). The catalyst is then activated using hydrogen and
activations conditions described in section 6.4. Experimental was then run at conditions
in Table 6.2.
Table 6.2: Experimental conditions for initial reactor test.

Feed
(wt% in dodecane)

H2/oil flow
ratio
(Nml/ml)

Temperature

Pressure

Liquid

(oC)

(Psig)

residence
time(seconds)

5wt% palm olein

406

325

500

180

25wt% palm olein

406

325

500

180

50wt% palm olein

406

325

500

180
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6.5.2 Reaction Conditions Performance Optimization Test
After a successful experimental test of reactor. An experimental design was performed to
evaluate optimum reaction conditions .The governing reaction equation is given by:



1 dN A
W dt

 k CH 2 C A
at wall

at wall

 mol 


 kgcat  s 

(6.1)

The variables that affect the reaction rate are: temperature, pressure, residence time,
catalyst loading and the H2/Oil mole ratio. Carrying out an experimental design for all
these five variables requires a large number of data points which are untenable under
limited time and resource constraints. Excess hydrogen is required to ensure good
conversion, this variable was fixed and the catalyst loading too was fixed at 10wt%,
leaving 3 experimental variables for exploration (temperature, pressure and mean
residence time). A 3 factorial design with 3 levels (Table 6.3) was performed to study
effect on reaction conversion products. From previously established reaction scheme and
reaction rate constants the critical step for the hydrotreating process is the transformation
of the free fatty acids into the alkane products[69]. Thus experiments were performed
with oleic acid as a model compound representing the free fatty acid in palm olein.
Experiments were performed according to conditions set out in Table 6.2 using 5wt%
oleic acid in dodecane. A total of 27 experimental runs were performed. Catalyst was
activated before each experimental run with DMDS in dodecane as described in catalyst
activation section.
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Table 6.3: 33 factorial experimental design exploring the effects of mean liquid residence time in
reactor(MRT), pressure and temperature on reaction conversion at a target catalyst loading of
10wt%.

Run

H2/Oil

Temperature
o

Pressure

MRT
(seconds)

H2/oil flow
ratio
(Nml/ml)

mole ratio

( C)

(Psig)

1-3

136

275

200

125,155,180

436.61

4-6

136

275

350

125,155,180

435.55

7-9

136

275

500

125,155,180

439.09

10-12

136

300

200

125,155,180

436.61

13-15

136

300

350

125,155,180

435.55

16-18

136

300

500

125,155,180

439.09

19-21

136

325

200

125,155,180

436.61

22-24

136

325

350

125,155,180

435.55

25-27

136

325

500

125,155,180

439.09

6.5.3 Experimental Evaluation of Effect Catalyst Loading
After evaluating operating conditions that affect hydrotreating of oleic acid in reactor,
effect of different catalyst loading was evaluated. From equation 6.1 increases in catalyst
loading should increase conversion of oleic acid to reaction products. This effect was
studied by three different target active metal catalysts loading of 5wt%, 10wt% and 20wt
% (Table 6.3). In these experiments the weight of alumina support and support plus
active metal deposited was determined from a high precision weighing scale (Acculab
Al-104). Catalyst was activated before each experimental run, with DMDS in dodecane
as described in catalyst activation section.
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Table 6.3: Experimental conditions studied for the three catalyst loading.

Run

H2/Oil
Mole
ratio

Temperature
( C)

Pressure
(Psi)

(seconds)

H2/oil
flow ratio
(Nml/ml)

Target
Catalysts
Loading

1-3

136

275

500

125,155,180

436.61

5wt%

4-6

136

300

500

125,155,180

435.55

5wt%

7-9

136

325

500

125,155,180

439.09

5wt%

10-12

136

275

500

125,155,180

436.61

10wt%

13-15

136

300

500

125,155,180

435.55

10wt%

16-18

136

325

500

125,155,180

439.09

10wt%

19-21

136

275

500

125,155,180

436.61

20wt%

22-24

136

300

500

125,155,180

435.55

20wt%

25-28

136

325

500

125,155,180

439.09

20wt%

o

MRT

6.5.4 Characterization of Catalyst Plates after Experiments
To understand the state of the catalyst and its effects on reaction products. SEM, SEMEDX, XPS (as described in chapter 4) and Thermogravimetric analysis (TGA) was
performed. SEM was used to understand if there was flaking or loss of coated catalyst,
SEM-EDX was used analyze success of achieving target loading, activation form sulfur
content, and coking from carbon content. XPS analysis was used to determine the surface
active metal concentrations and their oxidation state after activation. The presence of
carbon from oleic acid residue on catalyst surface was difficult to differentiate from
carbon from coke with SEM-EDX and XPS analysis. Faiza et al [124] showed that TGA
was a powerful tool for determining coke deposits and their nature for Naphthalene
hydrogenation on NiMo/ -Al2O3 .Thus a thermogravimetric analysis was performed to
differentiate the carbon from coke and that from oleic acid. This experiment was done in
air atmosphere flowing @ 100ml/min and heating from room temperature to 1500oC at
10oC/min.
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6.6 Product Analysis
6.6.1 Liquid Product Analysis
The ASTM D6584-10a method[125] was used to determine the triglyceride, fatty
acids, oxygenated intermediates and alkanes content. The Gas Chromatograph used
was a Perkin El m er C l arus 500 , Gas Chromatograph

equipped with an auto

sampler and flame ionization detector (FID). Restek MXT biodiesel TG column
with 100% dimethyl polysiloxane stationary phase was used for the analysis. The
column was 14 m in length, with 0.53 mm internal diameter and 0.16um film
thickness. The unconverted triglyceride, oleic acid and intermediates were silylated by
N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) before analysis. Silylation
converts fatty acid to trimethylsilyl esters to make them sufficiently volatile for
analysis. Tricaprin was used as an internal standard in order to qualitatively and
quantitatively identify the peak positions and the concentration of reactants
respectively. Monoolein, diolein, triolein, oleic acid, oleyl alcohol, oleyl oleate, oleyl
aldehyde tricaprin and n-C18 were used as standards for the key reaction product
identification. A five level calibration curve was made from combination of the
standard solutions at di fferent concent rati on l evels . The analysis was done
using the ASTM D6584-10a.
6.6.2 Gas Product Analysis
Gas products, CO, CO2, H2, CH4 and higher hydrocarbon gases was analyzed, using SRI
8610C gas chromatograph with multiple gas #3 GC configuration. This is equipped with
molecular sieve column for separation of permanent gases, H2, N2, CH4 and CO in series
with a Heysep D column for separation of hydrocarbon gases and CO2. A thermal
conductivity detector (TCD) and Helium ionization detector (HID) were used for the
analysis. These detectors are linked in series. The gases are analyzed in the TCD
(nondestructive detector) first before going to the HID detector. Both detectors are able to
analyze the gas products of interest except hydrogen which is analyzed by the HID
detector only.
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CHAPTER 7: RESULTS AND DISCUSSION
7.1 Initial Reactor Performance Test
To validate reactor design, fabrication process and catalyst deposition methods
developed, experiments was performed with 5wt% palm olein in dodecane, 10wt% active
metal loading at temperature 325oC, pressure 500psig and mean residence time 180
seconds(table 6.2). Figure 7.1 shows the GC chromatogram of initial palm olein feed.
Figure 7.2, 7.3 and 7.4 show conversion of palm olein to reaction products at 30min,
45min and 60mins time on stream respectively.

Tricaprin
Triglycerides

Diglycerides

Figure 7.1: GC chromatograph of 5wt% palm olein feed in dodecane.
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From Figure 7.2 after 30 minutes time on stream there was complete conversion all the
triglycerides and diglycerides molecules into oxygenate intermediate fatty acid and fatty
alcohol. With further increase in time on stream to 45 minutes products collected showed
complete conversion of glycerides feed to mainly nC15 –nC18 hydrocarbon products and
a small fraction of fatty acid and alcohol oxygenate intermediates. This was consistent
with results from hydroprocessing of vegetable oil on Pt/H-ZSM5 catalyst to from C15C18 hydrocarbons. Similar observation occurred for the 60minutes time on stream
(Figure 7.4).

Tricaprin

Fatty alcohol
Fatty acid

Figure 7.2: GC chromatograph of product after 30 minutes on stream.
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nC18
nC17

Tricaprin

nC16
nC15
Fatty
alcohol
Fatty Acid

Figure 7.3: GC chromatograph of product after 45 minutes on stream.

The constituent fatty acid component of the palm olein were C16 (palmitic) and C18
(oleic acids). When oxygen is removed from the fatty acid intermediates by the
decarbonylation (CO removal) and decarboxylation route (CO2 removal) n-alkane
with one carbon less than constituent fatty acids is formed. When oxygen is removed
via the hydrodeoxygenation route (H2O removal) n-alkane with same number of
carbon as initial fatty acid is formed. The n-C15 and n-C16 alkanes are formed from
the palmitic acid constituent of palm olein and oleic acid constituents form the nC17
and nC18 alkanes[23]. Bezergianni et al [20] showed that at low hydrotreating
temperatures of 330oC maximum conversion and selectivity to diesel range products
are observed. Beyond this temperature diesel selectivity reduces and gasoline
products are formed. The n-alkane diesel yields at the 325oC (Figure 7.3 and 7.4) as
main products of reaction at this temperature is consistent with these results. From
Figure 7.5 the composition of diesel range products in liquid products was 95wt%,
oxygenates 5wt% and conversion of triglycerides 100%.

This was significantly

higher than diesel (n-15 – n-C18) yield results reported in previous work on jatropha
oil and triolein hydrotreating at similar reaction conditions and same catalysts[69].
Previous results showed the hydrodeoxygenation route was dominant compared to
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the decarbonylation and decarboxylation routes. To show which route was dominant,
a plot of the ratio of (n-1) n-alkanes to the (n) n-alkanes was plotted in Figure 7.6.
The ratio was 0.22 for the palmitic acid fatty acids constituents and oleic acid
constituents 0.24. These results showed that the hydrodeoxygenation route was
dominant compared to the decarboxylation and decarbonylation route.

Figure7.4: GC chromatograph of product after 60 minutes on stream.
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Figure7.5: Change in reaction products concentration with reaction time on stream.

Figure 7.6: Selectivity of desired n-alkane products with reaction time on stream.
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7.1.2 Effect of Palm Olein Concentration on Initial Hydrotreating Products
Studies by Donnis et. al [6], Bezergianni et al[17] and previous work showed that the
H2/oil ratio was a very important parameter affecting reaction progress. 16 and 7 moles
of hydrogen are used up in the hydrodeoxygenation and decarboxylation routes
respectively. And up to 19 moles for the decarboxylation route when methanisation
occurs from water gas shift reaction in gas phase[6]. Thus to understand the effect of
hydrogen utilization in the current reactor system, for the same hydrogen to oil flow ratio
of 407(NmL/mL), the concentration of palm olein in dodecane was increased from 5wt%,
25wt% and up to 50wt%. These correspond to H2/oil molar ratios of 404.51, 80.9 and
40.5 respectively. Comparing the results from Figure 7.7, the composition of n-alkane
products decreased in the order of 95%, 78% and 2.2% respectively. This indicates the
H2/oil ratio has a significant impact on the hydrotreating process. Similar trends were
observed for palm olein conversion. These decreased in the order 100%, 94% and 2.5%
respectively.
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Figure 7.7: Effect of initial palm olein concentration on conversion and products
composition.
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7.2. Results for Process Conditions Design of Experiments
Temperature from previous work by Attanatho[69], Bezergianni et. al[20][126] has been
shown to be important for feed conversion and diesel range product formation. Work by
Bezergianni et. al [17] [127] showed that hydrogen partial pressure is important for
catalytic activity, and hydrotreating reactions. The effect of hydrogen pressure conditions
of 200psig, 350psig and 500psig on hydrotreating of oleic acid at each of the
hydrotreating temperatures of interest 275oC, 300oC and 325oC was studied. The effect of
liquid residence times 125,155 and 180 seconds was also evaluated. Figure 7.8 shows the
effect of pressure at 275oC and liquid residence time from 125 to 180 seconds. It can be
observed that the maximum conversion of oleic acid occurred at the 180 seconds of liquid
residence time and maximum pressure of 500psig at 275oC of reaction temperature. The
oleic acid composition in liquid product was 89%, 77% and 45%, at 200 300 and 500psig
reactor pressure respectively. This indicates that hydrogen pressure is important for feed
conversion. Increase in pressure increases the hydrogen availability in liquid phase
increasing hydro conversion of oleic acid to products. Hence the increase in the n-alkane
products with increase in pressure at 9%, 13% and 31% respectively. What was
interesting to note was the C17 hydrocarbon composition was almost double that of the
C18 hydrocarbons at each pressure point studied. This indicates that at low temperature
of 275oC, temperature is more important in the selectivity to C18 hydrocarbons than
pressure. At 300oC (Figure 7.9), increase in pressure increased oleic acid conversion,
from 72% liquid composition to 37%. The n-alkane products increased from 18% at
200psig to a maximum of 35% at 500psig. What was interesting to note was at this
temperature increase in pressure favored C18 hydrocarbon selectivity over C17
hydrocarbons compared to the effects of pressure at lower temperature.

Another

o

interesting observation was at low liquid residence time at 300 C increase in pressure
favored the formation of the ester oleyl oleate. This ester is formed by a
transesterification reaction of the oleic acid feed and the fatty alcohol intermediate,
catalyzed by the acidic alumina support. The formation of this intermediate depends on
the availability of fatty alcohol in the products mixture. The fatty alcohol formation is a
hydrogenation reaction that is dependent on hydrogen availability in liquid feed[69].
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Thus at the small liquid residence time with increase in pressure enhances hydrogenation
of oleic acid to fatty alcohol which are used up to form the fatty ester. At 325 oC (Figure
7.10) , similar observation occurred at low pressure(200 and 350psig) but at 500psig the
main reaction products was C17 and C18 hydrocarbons. This indicates that at high
temperature of 325oC the increase in pressure has an effect of producing desired n-alkane
product of 88% in liquid product. Again with increase in temperature increase in pressure
favors C18 hydrocarbons over C17 hydrocarbons.
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Figure 7.8: Effect of pressure on products distribution on 10wt% catalyst loading. Reaction
conditions: T=275oC, H2/Oil mole ratio =136.
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Figure 7.9: Effect of pressure on products distribution on 10wt% catalyst loading. Reaction
conditions: T=300oC, H2/Oil mole ratio =136.
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Figure 7.10: Effect of pressure on products distribution on 10wt% catalyst loading. Reaction
conditions: T=325oC, H2/Oil mole ratio =136.
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To make sense of the effects of the experimental design variables (temperature, pressure
and liquid mean residence time) on oleic acid conversion and hydrodeoxygenation, these
were set as response variables, and temperature, pressure and liquid residence time as
experimental factors in STATGRAPHICS Centurion statistical software. The main
effects of experimental factors on oleic acid conversion and hydrodeoxygenation were
analyzed using a process factor quadratic model. Table 7.1 and 7.2 shows the estimated
effect of each factor and their interactions on oleic acid conversion and
hydrodeoxygenation respectively. Also shown is the standard error of each effect that
determines their sampling error. Also shown is the values for largest variance inflation
factor (V.I.F) that determines the orthogonality of the design. For orthogonal design, VIF
equals 1 for all factors. Factors larger than 10 or larger are usually interpreted as showing
serious confounding among the effects[128].
Table 7.1: Estimated effects for oleic acid conversion.

Effect
Average
A:Temperature
B:Pressure
C:Liquid residence time
AA
AB
AC
BB
BC
CC

Estimate
0.489232
0.376595
0.267281
0.141326
-0.0230994
0.0790938
-0.0091987
0.0374269
0.114809
-0.0336289

Stnd. Error
0.0217399
0.0200511
0.0200511
0.0200374
0.0347057
0.0245407
0.0245069
0.0347057
0.0245069
0.0350431

V.I.F.
1.00137
1.00137
1.00275
1.0
1.0
1.00137
1.0
1.00137
1.00275

Standard errors are based on total error with 17 d.f.

The standard error for estimates of the effects were all low <0.05 indicating small
sampling errors. Also the observed estimated effect shows none of the factors was
confounding for both oleic acid conversion and hydrodeoxygenation as the V.I.F was
close to 1.
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Table 7.2: Estimated effects for hydrodeoxygenation of oleic acid.

Effect
Average
A:Temperature
B:Pressure
C:Liquid residence time
AA
AB
AC
BB
BC
CC

Estimate
0.185176
0.308321
0.25269
0.152667
0.136556
0.152667
0.0370897
0.111889
0.120214
0.0169074

Stnd. Error
0.0372565
0.0343624
0.0343624
0.0343388
0.0594766
0.0420563
0.0419985
0.0594766
0.0419985
0.0600547

V.I.F.
1.00137
1.00137
1.00275
1.0
1.0
1.00137
1.0
1.00137
1.00275

Standard errors are based on total error with 17 d.f.

Figure 7.11 is a plot of the main effects of experimental factors temperature, pressure and
liquid residence time on oleic acid conversion and hydrodeoxygenation. Increase in
temperature had the most impact on oleic acid conversion and hydrodeoxygenation,
followed by pressure and temperature.
To evaluate in order of significance the effect of experimental factors on oleic acid
conversion and hydrodeoxygenation, a Pareto chart plot was made (Figure 7.12). The
Pareto chart determines the magnitude and the importance of the effect. The chart
displays a bar for each effect, from most significant to least significant, the length of each
bar being proportional to the standardized effect. The standardized effect equals the
magnitude of the t-statistic that would be used to test the statistical significance of that
effect. A reference line on chart (blue line) is at the 0.05 critical values for the student’s
t-test. Any effect that extends beyond this reference is statistically significant at the 5%
significance level[129]. This means any bar extending beyond this line has a low
probability that the observed effect was by chance or sampling error. From Figure 7.12
temperature, pressure, liquid residence times are important. Also interaction between
pressure and liquid residence time, temperature and pressure are important factors on
oleic acid conversion and hydrodeoxygenation. In order of importance these factors are
arranged as follows from Figure 7.12; Temperature>pressure>liquid residence time for
oleic

acid

conversion.

For

hydrodeoxygenation

Temperature>pressure>liquid residence.

the

order

is

as

follows;
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Finally an analysis of variance (ANOVA) is done, table 7.3 and 7.4 for oleic acid
conversion and hydrodeoxygenation respectively. In these tables the observed variance
are computed for each factor and a statistical test (P-value determined) to show that the
mean of the effects of each factor is significantly different from the other. The variability
in conversion and hydrodeoxygenation effects are partitioned for each the effects. An
estimate of the experimental error was then compared against the mean square to test for
statistical significance. The effects with p-value less than 0.05 indicate that at a 95%
confidence level the observed effects are significantly different from zero. The main
factors temperature, pressure and liquid residence time had effects on oleic acid
conversion and hydrodeoxygenation that was significantly different from zero. The pvalues were all less than 0.05. Temperature and pressure interaction, pressure and liquid
residence time increase interaction effects were also statistically significant with p-values
less than 0.05, for both conversion and hydrodeoxygenation. The R-squared values show
how much of the variability is explained by the model used. 97.3% and 91.7% was
obtained for oleic acid conversion and hydrodeoxygenation respectively. The adjusted Rsquared statistic which is more suitable for model with different numbers of independent
variables was 95.9% and 87.3% for oleic acid conversion and hydrodeoxygenation
respectively. These indicate that the model is adequate in terms of explaining the
variability in oleic acid conversion and hydrodeoxygenation.
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Table 7.3 Analysis of variance for conversion of oleic acid.

Source
A:Temperature
B:Pressure
C:Liquid residence
time
AA
AB
AC
BB
BC
CC
Total error
Total (corr.)

Sum of
Squares
0.63733
0.321036
0.0898782

Df

Mean Square

F-Ratio

P-Value

1
1
1

0.63733
0.321036
0.0898782

352.75
177.69
49.75

0.0000
0.0000
0.0000

0.000800377
0.0187675
0.000254548
0.00210116
0.0396522
0.00166385
0.0307144
1.15253

1
1
1
1
1
1
17
26

0.000800377
0.0187675
0.000254548
0.00210116
0.0396522
0.00166385
0.00180673

0.44
10.39
0.14
1.16
21.95
0.92

0.5146
0.0050
0.7120
0.2959
0.0002
0.3507

R2 = 97.335 %
R2 (adjusted for d.f.) = 95.9242 %

Table 7.4 Analysis of variance for hydrodeoxygenation of oleic acid.

Source
A:Temperature
B:Pressure
C:Liquid residence
time
AA
AB
AC
BB
BC
CC
Total error
Total (corr.)

Sum of
Squares
0.42719
0.286942
0.104882

Df

0.0279711
0.0699213
0.00413832
0.0187787
0.0434739
0.000420574
0.0902052
1.08596

1
1
1
1
1
1
17
26

R2 = 91.7 %
R2 (adjusted for d.f.) = 87.3 %

1
1
1

Mean
Square
0.42719
0.286942
0.104882

F-Ratio

P-Value

80.51
54.08
19.77

0.0000
0.0000
0.0004

0.0279711
0.0699213
0.00413832
0.0187787
0.0434739
0.000420574
0.00530619

5.27
13.18
0.78
3.54
8.19
0.08

0.0347
0.0021
0.3895
0.0772
0.0108
0.7817
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Finally the set of experimental factors that would ensure optimum values in terms of oleic
acid conversion and hydrodeoxygenation was studied using the optimization routine in
the STATGRAPHICS software. For these two response variable with 3 experimental
factors, 27 experimental runs, the model was quadratic with 10 coefficients.

The

optimized experimental factors of temperature, pressure and liquid residence time was
325oC, 500psig and 180 seconds respectively (Table 7.5). At these settings the response
variables give a high desirability index of 96.8 % (Table7.4).

Table 7.4 Response values at optimum hydrotreating conditions.

Response
Conversion
Hydrodeoxygenat
ion

Optimized Prediction
yes
yes

0.964534
0.829676

Lower
Upper
Desirability
95.0% Limit 95.0% Limit
0.901192
1.02788
1.0
0.721125
0.938227
0.937114

Optimized desirability = 0.968046
R2 = 97.34 % (Conversion)
R2 = 91.69 % (Hydrodeoxygenation)
The R2 values of 97.34% (oleic acid conversion) and 91.69 %( hydrodeoxygenation)
shows most of the variability in the response is adequately explained by the optimized
model.

Table 7.5: Optimum hydrotreating conditions for conversion of oleic acid to diesel products.

Factor
Temperature
Pressure
Liquid residence time

Setting
325.0
500.0
180.0
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Thus

from the experimental design, higher temperatures, pressures and a longer

residence time results in better conversion and formation of desired hydrocarbon
products. The next thing to do was to carry out experimental investigations to find how
the reaction proceeds with different catalyst loading. The pressure was fixed at 500psig as
it gave maximum conversion to desired products from previous experimental design
studies to reduce the number of experiments to perform. Three catalyst levels were
chosen, 5wt%, 10wt% and 20wt %. Kinetic experiments were run on each reactor at three
temperature levels, liquid residence time with the pressure fixed at 500psig.
7.3 Effect of Catalyst Loading on Hydrotreating Products
7.3.1 Results for 5wt% Target Reactor Loading
To study the effects of catalysts loading amounts on reaction products and conversion.
Experiments were performed with target catalysts loading of 5wt%, 10wt% and 20wt%.
For each catalyst loading level, three temperatures 275 oC, 300 oC and 325oC were
studied. Also the effect of residence time (125, 155 and 180seconds) for each temperature
and catalyst loading level was studied. The pressure was kept at 500psig for all
experiments performed. Data was collected over a period of 12hours to determine the
catalysts stability range. The catalyst was found to stabilize after 2hours run time on
stream (Figure 7.11). This stability range is important because in these ranges the catalyst
activity is stable and thus conversion and products composition does not vary from
experiments to experiments. The average conversion values in these stable ranges were
recorded at each residence time and temperature values. Figure 7.12 shows the steady
state conversion of oleic acid to various reaction products at 325oC, 500psig of pressure
time on stream 12hours and liquid residence time varying from 125-180seconds. The
conversion of oleic acid increases with liquid residence time, minimum of 60% at 125
seconds liquid residence time to 80% at 180seconds liquid residence time. The
composition of n-alkane (C18 and C17) produced increased from 34 % to 60 % from
125seconds to 180seconds. The total oxygenates products aside oleic acid was 24.7%,
20% and 23% for 125seonds, 155seconds and 180seconds liquid residence time studied
respectively.
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Figure 7.11: 5wt% Oleic acid hydrotreating product distribution. Reaction conditions:
P=500psig, T=325oC, H2/Oil ratio =136.
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7.3.2 Results for 5wt% Reactor Loading (P=500psig, H2/Oil=136, Runs)
The average composition of products at the temperatures studied 275oC, 300oC and
325oC at the three liquid mean residence times 125s, 155s and 180s are shown in Figure
7.12. The overall trend was increase in conversion of oleic acid with increase in
temperature and residence time. The yield of desired alkanes (C17 and C18
hydrocarbons) also increased with temperature and residence time. At 275oC the yield of
C17 hydrocarbons was higher compared to C18 hydrocarbons. Indicating that removal of
oxygen via hydrodecarboxyaltion (HDO) pathway (CO/CO2 removal) is preferred to
hydrodeoxygenation (HDC) pathway (H2O removal). Studies by Kubicka [7] on
mechanism of deoxygenation of refined rapeseed oil on Ni/Al2O3, Mo/Al2O3 and
NiMo/Al2O3 in temperature range from 260-270oC, showed Ni/Al2O3 promoted nheptadecane formation selectively. Mo/Al2O3 promoted n-octadecane selectively with
NiMo/Al2O3 promoting both hydrocarbon mixtures with n-octadecane being the major
component. Semi quantitative analysis of gas products showed that the decarbonylation
(CO removal) is preferred over decarboxylation (CO2) route for HDC. As explained by
the results of Snare et. al[23] though the decarboxylation route is more
thermodynamically favorable than the decarbonylation route, the converse was observed
in this experiments. Besides this the preference for the HDC pathway at 257oC may be
due to limited hydrogen activation at this temperature. At 300oC and 325oC the HDO
pathway was more preferable, the composition of C18 hydrocarbons was higher than the
C17hydrocarbons. At 300oC C18 hydrocarbon composition peaked at 20% compared to
12% for C17 hydrocarbons. At 325oC C18 hydrocarbons composition peaked at 41%
compared to 16% for the C17 hydrocarbons. Figure 7.12 summarizes the effect of
temperature on oleic acid conversion and hydrodeoxygenation at 180 seconds liquid
residence time. Figure 7.13 shows the selectivity towards C17 and C18 hydrocarbons
diesel products. From Figure 7.12 oleic acid conversion and hydrodeoxygenation
increases with temperature similar to previous results[69], while selectivity towards C18
hydrocarbon increases with temperature.
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Figure 7.12: Effect of temperature on hydrotreating reaction products at 5wt% target loading and
various residence times.
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Figure 7.14: Effect of temperature on hydrocarbon selectivity at 5wt% target catalyst loading.
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7.3.3 Results for 10wt% Reactor (P=500psig, H2/Oil=136, Runs)
With 10wt% reactor loading, there was an overall improvement in oleic acid conversion
compared to the 5wt% reactor loading at the same conditions of temperature and
residence time investgated (Figure 7.12). At 275oC maximum oleic acid conversion
occurred at 180seconds liquid phase residence time. The composition of oleic acid in the
liquid phase (mol%) was 66%. C17 and C18 hydrocarbons was 10.2% and 4.3%
respectively giving a total hydrocarbon composition of 16.4%. At 300oC conversion of
oleic acid doubled reaching liquid phase composition of 36.8% at 180 seconds residence
time. The C17 and C18 hydrocarbons was 19.8% and 23.0% respectively.The total
hydrocarbon composition was 43%. This results indcates that at 300oC the HDO route
was more selective than the HDC route. At 325oC conversion of oleic acid was almost
complete with liquid feed composition of 4.3%. The C17 and C18 hydrocarbons
increased to 26.3% and 61.9% giving a total of 88.3%. Figure 7.14 and 7.15 summarises
the conversion

and hydrodeoxygenation plots respectively, and C17 and C18

hydrocarbon composition respectively at 325oC and 180seconds. Its clear from Figure
7.14 that the conversion of oleic acid is favored by increase in temperature. Also the
selectivity

towards C18 hydrocarbons over C17 hydrocarbons with increase in

temperaure is observed in Figure 7.15. Thes observed results followed similar results by
Attanatho[69] which showed that increase in temperature favoured conversion and
hydrodeoxygenation of oleic acid at similar temperature conditions and catalyst loading.
Also from simulation results from previous work beyond a residence time of 180seconds
complete conversion of oelic acid and maximum hydrodeoxygenation activity was
observed. The experiment results at 325oC and 180 seconds is consistent with these
results. From these results its evident hydrotreating of vegetable oils proceeds much
faster than conventional reactors due to the elimination of mass transport limitations
occuring in macroscale reactors. These reactions take few minutes to reach maximum
feed conversion and maximum hydrodeoxygenation compared to hours in traditional
packed bed reactors[130][127].
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Figure 7.12: Oleic acid hydrotreating product distribution. Reaction conditions: P=500psig,
T=275oC, H2/Oil ratio =136, cat loading=10wt%.
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Figure 7.14: Effect of temperature on conversion and hydrodeoxygenation extent at 10wt%
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Figure 7.15: Effect of temperature on hydrocarbon selectivity at 20wt% target catalyst loading.
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7.3.4 Results for 20wt% Reactor (P=500psig, H2/Oil=136, Runs)
The results for 20wt% reactor loading produced some rather interesting results.
Conversion of oleic acid to desired products was rather low compared to the 5 and
10wt% reactor loading at the same conditions of temperature, pressure and liquid
residence time (Figure 7.16).Good dispersion of active metal on support is important for
catalytic activity, poor dispersion of active metals on catalyst surface with increased
loading of active catalyst results in low conversion of products[131]. SEM results Figure
7.20 showed that at these targets loading the active catalytic metals (Mo and Ni) form
large cluster chunks instead of evenly dispersed active catalyst on the support for the
5wt% and 10wt% target catalyst loading case. To obtain the target 20 wt% loading two
cycles of 10wt% deposition of active metal and calcination conditions was employed.
This might have affected the support metal interaction that caused low dispersion of
active metal on catalyst surface and build up large chunks. Thus available catalyst surface
is greatly reduced in this instance hence the low conversion values observed. Another
interesting observation (Figure 7.17) was at the highest oleic acid conversion 35%, C17
hydrocarbons was the major n-alkane product formed 15% compared to 0.002% for C18
hydrocarbons. This was converse to that observed with the 5wt% and 10 wt% target
catalyst loading respectively, where the C18 hydrocarbons was the dominant n-alkane
products formed. At these experimental conditions, liquid residence time 180 seconds,
and temperature 325oC, due to the low catalyst surface area and available catalytic active
sites thermal decomposition of the oleic acid via CO2 removal was possibly responsible
for the C17 hydrocarbon formation.
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Figure 7.16: 20wt% Oleic acid hydrotreating product distribution. Reaction conditions:
P=500psig, T=275oC, H2/Oil ratio =136 cat loading 20wt%.
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Figure 7.18: Effect of temperature on hydrocarbon selectivity at 20wt% target catalyst loading.
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7.4 Characterization of the Catalysts after Experimental Run:
7.4.1 SEM and SEM-EDX Analysis
After experiments the catalyst was analyzed with XPS, SEM-EDX and TGA analysis to
ascertain the nature of active metal deposited and catalyst deactivation.

Oxygen

chemisorption in dynamic mode coupled with XPS analysis was to be used to confirm the
active catalytic surface area. However for this method to be viable the procedure from
taking out catalyst from reactor to analytical instrument should prevent exposure to air.
However the current configuration of the reactor does not make this possible, also from
Figure 7.19, when the catalysts plate are taken out its covered with a film of oil that has
to be removed by a reflux extraction with an appropriate solvent(toluene). This process
however removes oil film as well as soluble coke and possibly some of the active metals.

Figure 7.19: Catalyst plate before and after experimental run.

181

Figure 7.20 shows the SEM images of the three catalyst loading target loading levels. The
5wt% and 10 wt% target loadings showed small dispersed active metals on the catalysts
surface. At the 20wt% target loading however poor dispersion of the active metals is
observed, forming large segregated chunks on the alumina support surface. SEM-EDX
was performed on each target reactor loading after taking the SEM images. The results of
this analysis are summarized in table 7.6. For optimum hydrotreating activity the
dispersion of Mo in alumina support is important. The Mo/Al atomic ratio gives a rough
estimate of the extent of this dispersion in the bulk phase[131]. From table 7.6 increasing
Mo target loading from 5 to 20wt% causes the Mo dispersion to double from almost 10%
to 20% at 10wt% target loading. At 20 wt% however the dispersion was almost 8 times
the maximum possible. The SEM-EDX technique measures the bulk composition of
metals in the alumina however from SEM images large aggregates of the active metals
form on the alumina support surface (Figure 7.20). Thus the technique sees a little portion
of the alumina relative to the active metals thus the higher than normal dispersion values.
Mo exits in its oxide form on surface of alumina as hexagonal layered structures
(thermodynamic stable structure). In its active state the sites responsible for hydrotreating
are found along these edges, thus staking of these slabs are preferable for hydrotreating
purposes. Sulfidation of Mo converts it from the +6 oxide state to a +4 active sulfided
state. In the absence of a promoter during activation (by sulfidation) these slabs sizes tend
to decrease. Thus the promoter Ni has two main significance, structural promotion and
electronic promotion[131]. The structural promotion is to stabilize the stack sizes (2-5)
formed upon deposition so that; there would be more edge sites for reaction. It does this
by occupying the edge sites to prevent epitaxial growth. The electronic promotion comes
from occupying the edges on the Ni-Mo-S layer to form the so called Brim metallic sites
that promotes hydrogenation reactions[132]. Phosphorus role is more structural
promotion to ensure increase in the number of slab layers[131]. It has also been well
establish that [133] single slabs of MoS2 layers of 2-3nm in sizes are active for
hydrotreating reactions, and in the presence of Ni/Co promoter hydrotreating activity is
increased by more than an order of magnitude by formation of active Ni-Mo-S/ Co-Mo-S
phase[134]. Insights into the working of hydrotreating activity, explains that a
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coordinatively unsaturated sites(CUS) are responsible for heteroatom(S, O an N)
removal, aside this, hydrogenation reactions especially in presence of Ni promoter is
important[78]. The work by Dumeignil et. al[78] showed in terms of promotion,
increasing Ni/Mo ratio from 0 -0.4 increase formation of CUS sites on the MoS2 edge.
The higher the ratios in this range better the promotion for hydrogenation reactions and
heteroatom removal. Thus from table 7.6 the average values for 0.123, 0.37 obtained for
the 5wt% and 10wt% target loading indicates these levels would have good promotion
for CUS sites formation and hydrogenation activity. Thus it’s expected the 10wt% target
loading level would have better hydrotreating activity than the 5wt% level. Hence the
observed better conversion at the 10wt% level compared to the 5wt% level. The low
conversion levels observed for the 20wt%, apart from its reduced surface area the
promotion effect is expected to be low from the high Ni/Mo ratio of 1.32 averages
observed. Dumeignil et al showed that the ability to form active CUS sites is greatly
reduced with a Ni/Mo ratio above 1[78].
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Table 7.6: Elemental composition of three catalyst loading levels after experimental runs.

5wt%

10wt%

20wt%

Ni

0.55  0.35

3.04  1.49

20.09  3.30

Mo

7.12  3.30

13.78  1.69

24.93  1.72

P

1.87  0.37

1.98  0.75

0.73  0.15

Mo/Al(atomic)

0.081  0.01

0.2  0.03

7.7  4.37

S/Mo(atomic)

0.801  0.71

1.82  0.74

4  0.25

Ni/Mo(atomic)

0.123  0.08

0.37  0.20

1.32  0.18

From Figure 7.21 when sulfur is used for activation it can react with Mo to form MoS 2
and Ni to form Ni3S2. Successful catalyst deposition process and activation should cause
all sulfur to react with Mo to form MoS2, thus a maximum S/Mo atomic ratio of 2 is
expected to indicate good catalyst deposition and activation process. At target wt%
loading, S/Mo ratio was half the maximum desired. A couple of reasons can be assigned
to this, the first is incomplete conversion of Mo to sulfide state and the other reaction
with isolated Ni atoms, to form Ni3S2. At 10wt% however the S/MO ratio was close to 2
hence the better activity observed at this level. Similar correlation of Mo loading with
S/Mo ratio was observed[135]. The 20wt% target level showed more than double the
desired S/Mo ratio. From table 7.6 and Figure 7.20 a large number of Ni atoms exist on
the surface compared to the other levels. Thus it’s highly likely a lot of the sulfur went to
react with Ni to form Ni3S2, hence the low conversions recorded on this catalyst.
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Figure 7.20: SEM images of 5wt%, 10wt% and 20wt % reactor target loadings.
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Figure 7.21: Shows how catalyst preparation method affects the amount and dispersion of active
catalytic phase.
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7.4.2 XPS Analysis Results:
From the SEM-EDX analysis it’s obvious after catalyst activation not all the Mo go into
the active phase (MoS2) from the S/Mo ratios, also some of the sulfur actually might
react with Ni to form other species. Thus XPS analysis was performed to determine the
state and composition of the active metals after experimental runs for the 10wt% target
Mo loading. Figure 7.21 shows the various possible states the deposited active metals
would be in, on the surface of the alumina support. The most important state is the
NiMoS phase, which is responsible for the hydrotreating activity. The percent of these
phases present depends on the catalyst preparation procedure and activation conditions.
Figure 7.22 show the state Mo state before and after activation. Table 7.7 summarizes the
XPS elemental compositions of the various elements present on alumina surface. The
NIST xps spectral data base was used as reference for assignment of elements and
states[136] as well as previous work on XPS analysis of hydrotreating catalysts[137].The
Mo3d scan showed that upon successful activation Mo is reduced from +6 state to mainly
+4 state. Table 7.7 summarizes the elemental composition of all elements summarized.
What is evident is the missing Ni composition. The reason is after reaction the surface of
the catalyst is covered with a film of oil (Figure 7.19) which was difficult to remove.
Thus the XPS voltage used 15kv could not detect these surface Ni elements. From table
7.7 carbon composition was dominant reflecting the oil film formed (30wt %). The Mo in
+6 states was 3.9wt% and that in +4 states was 3.1wt%. Thus only 44% of the Mo
initially present was transformed into the +4 oxidation state after sulfidation. The portion
of sulfur that went into the MoS2 state (2S) was 2.2wt%. The total sulfur content from
S2p sulfur scan was 8.1 wt%. It was difficult to get a good scan for the Ni2p, thus was
difficult to determine the amount of sulfur that was associated with Ni. It also worth
noting for these analysis, it was difficult in preventing the catalyst plate exposure to air
which may cause oxidation of the active Mo +4 sate to +6. Cutting the welded reactor
open and cutting plates into smaller pieces for analysis are all processes that take time
and expose the catalyst plates to air. However it’s was hoped that the film of oil may have
acted as protective layer to slow or prevent any oxidation of the catalyst plates for
analysis. Also from transportation to analysis sight care was taken to store the catalyst
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plate in an acetone solvent to prevent oxidation by air. Thus it was a good approximation
that the percent of the Mo that went into the active phase was close to the working reactor
conditions.

A

Mo

Mo

 6

6 

3d3/ 2

3d 5/2

Mo

4 

( 2)
2s
3d 5/2 S

B

Figure 7.22: Mo3d Scan of catalyst before (a) and after (b) experimental run for 10wt% target
catalyst loading.
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Table 7.7: Elemental composition of catalyst and their state from XPS analysis.

Element

Wt%

Al2p

20.9

O1s

29.8

C1s

30.75

P2p

2.4

S(-2) in MoS2

2.2

Mo(+4)

3.1

Mo(+6)

3.9

Mo total

7.02

Total S (from S2p scan)

8.1

7.4.3 TGA Analysis Results and catalyst deactivation:
Catalyst deactivation can occur by (1) passivation or coke formation, (2) loss of active
metals during experiments and (3) Sintering of the catalyst support or active metals itself.
From the bulk and xps analysis of the active metals there was no evidence of significant
loss of active metals during experimental run. Thus any activity loss during experimental
was mainly due to coke formation. The surface carbon content was very high compared
to the bulk carbon content indicating, some of the carbon came from remaining oil film.
To determine the portion of carbon that was actually from coke a thermo gravimetric
analysis (TGA) was performed. This analysis was important as it helped to confirm the
mode of catalyst deactivation and how much coking actually occurred during
experimental run. Figure7.23 shows the weight loss with temperature increase
decomposition profile of a catalyst sample. The normal weight loss (green) and the
derivative weight loss (blue) are shown. Below 250oC weight loss is attributed to water
loss, from 250oC to 440oC weigh loss is attributed to oil decomposition and from 440 oC
to 500oC weight loss attributed to coke decomposition. This experiment was done in air
atmosphere flowing @ 100ml/min. The overall weight loss was small (0.99wt %) due to

189

fact that bulk of the material weight came from the steel plate catalyst was deposited on.
With this in mind, 0.11wt% was due to water loss, .8wt% oil film deposited loss and
0.08wt% due to coke loss. Thus from the XPS results where the total carbon content was
30.75wt% gives an actual surface coke composition of 2.8wt%. Whilst in terms of bulk
coke content this value reduces to 0.82wt% from the bulk composition obtained from the
SEM-EDX analysis. This values are low indicating during the period of use catalyst
deactivation by coke formation was minimal.

Figure 7.23: TGA analysis of coke formed after experimental run.
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7.5 Determination of Intrinsic Reaction Parameters
From previous work and initial test, conversion of triglycerides proceeds much faster
than the fatty acid conversion. Thus to have a detail fundamental insight into conversion
of the fatty acid intermediate to reaction products in reactor, a reaction mechanism based
on measured reaction products and recent work by Zhang et. al[123] is proposed in
Figure 7.24. Determination of the reaction rate constants would give a fundamental
insight into operation of this novel microscale reactor as well as ability to predict future
performance and form basis for new designs and scale up.

Figure 7.24: Proposed reaction mechanism for conversion of oleic acid to diesel range products.

To obtain the mass transport free limitation reaction rate constants, the flow and mass
transport developed in chapter five is coupled with an unconstrained nonlinear
optimization subroutine in MATLAB fminsearch, based on the simplex method. The
fminsearch finds the minimum of unconstrained multivariable function using a derivative
free method. The flow and mass transport models developed are solved for with an initial
guess of reaction rate constants from Figure 7.24 in COMSOL. The numerical solution
from the model is then linked to a COMSOL MATLAB live link interface where the
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errors between the experimental and numerical results are minimized at each measured
residence time.

Figure 7.25: Information flow diagram for optimization process.
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To minimize the error between the numerical and experimental results, an objective
function is set up as a square of the error between experimental and numerical results in
equation 7.1 as:

F    Ci (ki )  Ci ,exp 
n

2

(7.1)

i 1

This objective function is then fed into the optimization routine summarized in Figure
7.25. Minimum tolerance  is set and optimization process solved through the Comsol
Matlab interface till minimum tolerances are reached. The final rate constantans k
obtained serve as the optimal rate constant for each reaction step. The reaction rate
constant optimization for was done for the each temperature levels (275oC-325oC) and at
5wt% and 10 wt% catalyst loadings at 500psig pressures. Since hydrogen was used in
excess to understand how hydrogen is utilized in this reactor, optimization of the rate
parameters was done for the 3 levels of hydrogen reactor pressure evaluated at 10wt %
catalyst loading and 325oC temperature.
For the temperature effects optimizations since hydrogen was used in excess in each
experimental investigation, the rate constants obtained were set up as pseudo first order
reaction. The mass transport free apparent activation energy and Arrhenius frequency
factor is calculated from the following equations below:

k  A

 Ea / RT 

(7.2)

Since the hydrogen concentration was imbedded in the apparent pseudo rate
constants(equation 7.3), optimized rate constant from three different reactor pressure
levels 200psig ,350psig and 500psig at 325oC on 10 wt% catalyst loading are found.

k  k *C Hn

2

(7.3)

A log plot of equation 7.3, the order of the hydrogen utilization is found in equation 7.4

ln k  ln k *  n ln CH2

(7.4)
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7.5.1 Optimized Parameters for 5wt% Experimental Runs
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Figure 7.26: Experimental and simulation concentration profile of liquid products from
hydrotreating of 5wt% oleic acid at T=275oC, P=500psig, cat loading 5wt% at
H2/Oil ratio 136, and liquid residence times.
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Figure 7.27: Experimental and simulation concentration profile of liquid products from
hydrotreating of 5wt% oleic acid at T=300oC, P=500psig, cat loading 5wt% at
H2/Oil ratio 136, and liquid residence times.
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Figure 7.28: Experimental and simulation concentration profile of liquid products from
hydrotreating of 5wt% oleic acid at T= 325oC, P=500psig and catalyst loading
=5wt%, H2 /Oil ratio =136 and various liquid residence times.
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Table 7.8: Optimized rate constant for 5wt% catalyst loading experiments.

Rate constant

275oC

300oC

325oC

k1[s-1 ]

1.68×10-4

9.18×10-4

1.33×10-3

k2[s-1 ]

6.51×10-4

2.90×10-3

5.15×10-3

k3[s-1 ]

1.13×10-9

5.01×10-9

6.27×10-9

k4[s-1 ]

1.89×10-4

4.19×10-4

5.82×10-4

k5[s-1 ]

1.61×10-5

1.30×10-4

1.53×10-4

k6[s-1 ]

9.99×10-5

1.17×10-3

3.40×10-3

k7[m 3 mol -1 s-1 ]

1.71×10-6

1.98×10-5

2.07×10-5

k8[m 3 mol -1 s-1 ]

3.68×10-13

1.12×10-12

4.17×10-12

Table 7.9: Pre-exponential factors and apparent activation energy constant for 5wt% catalyst
loading experiment.

Rate constant
A

Ea(kJ/mol)

1.47×107

113.85

4.70×107

113.26

1.38

132.07

151.41

61.60

1.42×107

123.92

3.17×1014

193.10

3.38×107

137.75

1.38

132.07
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k4[s ]
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Figure 7.29: Temperature dependence of the kinetic parameters on oleic acid hydrotreating at
5wt% catalyst loading.

Figure 7.27-7.29 shows the optimized results for numerical and experimental work. The
rate constants from this optimization are summarized in table 7.8. These were in the
same order of magnitude reported in other works[69][123].The activation and pre
exponential factors found from Figure 7.32 are summarized in table 7.9.
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7.5.1 Optimized Parameters for 10wt% Experimental Runs
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Figure 7.30: Experimental and simulation concentration profile of liquid products from
hydrotreating of 5wt% oleic acid at T= 275oC, P=500psig, Cat loading =10wt%,
H2/Oil ratio =136, and various liquid residence times.
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Figure 7.31: Experimental and simulation concentration profile of liquid products from
hydrotreating of 5wt% oleic acid at T= 300oC, P=500psig, Cat loading =10wt%,
H2/Oil ratio =136, and various liquid residence times.
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Figure 7.32: Experimental and simulation concentration profile of liquid products from
hydrotreating of 5wt% oleic acid at T= 325oC, P=500psig, Cat loading =10wt%,
H2/Oil ratio =136, and various liquid residence times.
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Figure 7.30 to 7.32 shows the optimized numerical and experimental conversion of oleic
acid to liquid products. The optimization scheme employed showed good fit to the
experimental data. The estimated reaction rate constants are summarized in Table 7.10.
As expected the observed reaction rate constants were double or an order of magnitude
higher than 5wt% loading, if mass transport effect are not limiting. Thus with increase in
active catalytic sites from increase in metal loadings, the observed reaction rate constants
is expected to increase. Table 7.11 summarizes the pre exponential factors and activation
energy values obtained from the temperature dependence plot from Figure 7.33. Both
activation energy and pre –exponential values were double that obtained from 5wt%
loading. This can be attributed to the increased number of active sites. For larger
activation energies it’s expected that for a similar temperature change reaction rate would
proceed faster than lower activation energy[138]. In terms of energy minimization for
this larger activation energies observed, smaller temperature rise is need to double
reaction rates.

202

Table 7.10: Optimized rate constant for 10w% catalyst loading experiments.

Rate constant

275oC

300oC

325oC

k1[s-1 ]

1.90 104

8.74 104

2.65 103

k2[s-1 ]

4.97 104

5.22 103

1.14 102

k3[s-1 ]

8.32 109

1.12 108

1.97 108

k4[s-1 ]

3.02 104

4.83 104

1.04 103

k5[s-1 ]

4.18 105

1.08 104

1.64 104

k6[s-1 ]

3.43 105

2.01 104

4.20 103

k7[m 3 mol -1 s-1 ]

1.41 107

5.96 107

7.87 106

k8[m 3 mol -1 s-1 ]

3.50 1013

2.24 1012

1.83 1011

Table 7.11: Pre-exponential factors and apparent activation energy constant for 10w% catalyst
loading experiments.

Rate constant

A

Ea(kJ/mol)

k1[s-1 ]

1.04 1010

143.86

k2[s-1 ]

1.55 1013

171.91

k3[s-1 ]

4582.50

46.55

k4[s-1 ]

756.50

67.36

k5[s-1 ]

611.31

74.79

k6[s-1 ]

1.98 1020

260.73

k7[m 3 mol -1 s-1]

6.87 1013

217.87

k8[m 3 mol -1 s-1]

1.09 108

215.18
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Figure 7.33: Temperature dependence of the kinetic parameters on oleic acid hydrotreating at
10wt% catalyst loading.

Table 7.12 summarizes the optimized reaction rate parameters at different pressures run
at 200psig, 350psig and 500psig respectively and temperature 325oC. Pressure from
experimental optimization runs was the second significant factor affecting conversion in
the reactor. Also from the nature of the activity of the NiMoS catalyst, the hydrogenation
pathway which is significantly promoted the brim metallic sites is limited by hydrogen
dissociation[78] . Also the reaction route for hydroprocessing of vegetable oils proceeds
through a complex intermediate steps with different hydrogen requirements. Hence
parameter optimization was done for the three levels of pressure at 325 oC to understand
the hydrogen dependence, to give first insight into the overall hydrogen dependence for
each intermediate reaction step from the reaction order with respect to hydrogen. Table
7.13 summarizes the order of hydrogen dependence (n), and extracted rate constants from
the pseudo reaction rate constants. These were obtained from the log /log plot (Figure
7.34) of hydrogen concentration at these pressures and observed pseudo reaction rate
constant for reaction steps that use hydrogen.
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Table 7.12: Rate constants dependence on reactor pressure at 325oC and 10wt% catalyst loading.

Rate constants

200psig

350 psig

500 psig

k1[s-1 ]

6.60×10-4

1.19×10-3

2.65×10-3

k2[s-1 ]

4.98×10-3

6.34×10-3

1.14×10-2

k3[s-1 ]

3.39×10-9

3.74×10-9

1.97×10-8

k4[s-1 ]

3.98×10-4

5.47×10-4

1.04×10-3

k5[s-1 ]

4.46×10-5

1.77×10-4

1.64×10-4

k6[s-1 ]

3.54×10-4

4.62×10-4

4.20×10-3

k7[m 3 mol -1 s-1 ]

1.02×10-6

3.60×10-5

7.87×10-6

k8[m 3 mol -1 s-1 ]

2.89×10-14

8.68×10-14

1.83×10-11

Table 7.13: Extracted hydrogen dependence.

Rate constants

k*

n

k1*

5.5E-08

1.64

k2*

9.77E-10

2.15

k4*

4.37E-08

1.32

k5*

8.84E-10

1.90

k6*

9.74E-10

2.25
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Figure 7.34: Hydrogen concentration dependence of the kinetic parameters on oleic acid
hydrotreating at 10wt% catalyst loading.

Finally using these predicted reaction parameters, the developed numerical model was
simulated for long residence times. The condition was reaction temperature 325oC,
pressure 500psig and catalyst loading 10wt% and 5wt%. From this predictive tool
maximum complete conversion of oleic acid would occur under 7minutets. This
performance is superior to that reported in traditional reactors[123],[17][6].Maximum
hydrodeoxygenation occurred within this time frame too. Just as determined from initial
reaction experiments, C18 hydrocarbon rout was dominant. Almost the same C18 to C17
hydrocarbons ratio was obtained in Figure 7.35 and 7.36. The 10wt% catalyst loading
shows at this time products is mainly n-alkane hydrocarbons. The 5wt% catalyst loading
on the other hand shows a 10% fatty ester composition. This is expected because the low
dispersion of the catalyst on support makes the intermediate alcohol and fatty acid feed
more accessible to the alumina support. The acidic nature of the support is able to
catalyze the transesterification reaction to form the fatty ester.
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Figure 7.35: Predicted steady state reactor performance of 5wt% oleic acid hydrotreating at T=
325oC, P=500psig, Cat loading =10wt%, H2/Oil ratio =136, at long liquid
residence times.

207

1

0.8

0.6

0.4

0.2

0
0

200
Oleic acid(model)
Oleyl aldehyde(model)

400

600
Oley alcohol(model)

800

C17 hydrocarbon(model)

1000
Oleyl oleate(model)

1200

C18 Hydrocarbon(model)

Figure 7.36: Predicted steady state reactor performance of 5wt% oleic acid hydrotreating at T=
325oC, P=500psig, Cat loading =5wt%, H2/Oil ratio =136, at long liquid
residence times.

7.6 Determination of Absence of Mass Transport Limitation:
From experimental results its clear this microscale reactor’s high performance was due to
absence of mass transport limitation under reactions conditions studied. To ensure this
was the case the catalyst effectiveness factor for reaction was studied. This assumes mass
transport limitation in the pore of the catalyst limits the overall rate of reaction observed.
Levenspiel[138] defines the effectiveness factor as



 actual mean reaction rate within pore resistance 
 rate if not slowed by pore diffusion 

(7.5)

For first order reaction since the rate is directly proportional to concentration, the pseudo
first order studied the reaction rate can therefore be expressed as:
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rA_withdiffusion limitation   kCA

(7.6)

From equation 7.5 in absence of diffusion limitation the effectiveness factor should be
close to one. For first order reaction since the rate is directly proportional to
concentration the effectiveness factor can be expressed a function of the drop in
concentration in the pore. This equation expresses the effectiveness factor as:



CA
C AS

(7.7)

The effectiveness factor can also be expressed as function of the catalyst thickness
deposited through the dimensionless parameter Thiele modulus (mL) as:



tanh (mL)
mL

mL  L

k
Deff

(7.8)
(7.9)

Where L is the catalyst thickness, Deff is the effective diffusion coefficient in pore, and k
is the observed reaction rate constant. When diffusion is faster than the rate of reaction
then process is not limited by diffusion. Levenspiel[139] was able to show this for
mL<0.4 and   1 . For the current reaction set up at the maximum operation conditions
the 325oC, 500psig, 10wt% catalyst loading, the fastest reaction would provide the test
for diffusion limitation. The k-values for this reaction are 1.14×10-2 (s-1) and
corresponding effective diffusion coefficient is 1.16×10-7(m2 /s). The effectiveness factor
was calculated as function of catalyst thickness in Figure 7.38.The maximum thickness
determined from SEM measurements was 10um. Thus from Figure 7.37, the
effectiveness factor is one at the range of thickness of catalyst studied. Thus the observed
rate constants are the mass transport free limited rate constants.
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS
8.1: Conclusions
A novel microscale reactor has been developed in this work for successful conversion of
vegetable oils into diesel. A set of suitable reactor design parameters were developed to
meet stringent hydrotreating reaction conditions and safety requirements. A novel
fabrication method was developed to make the reactor. Laser micromachining was used
to make the critical oil and gas mixer for mixing the two phases. Six sigma
methodologies were used to ensure the fabrication step was normal, under control,
capable and in the long term stable. A novel laser welding method was developed to weld
reactor system. This method provided hematic sealing that could withstand high pressures
of up to 680psig. Sol gel method was used to deposit the alumina support on catalyst
plate and wet impregnation method used to deposit active NiMo catalyst on support.
Catalyst deposited showed good adhesion to catalyst plate as when exposed to harsh
condition just 20% of the initial amount deposited was lost. The hydrodynamics of the
reactor system was also studied. Published literature correlations were used to establish
the reactor flow dynamics under operations conditions followed slug flow
hydrodynamics. Residence time distribution analysis and liquid drainage methods was
used to determine the steady state liquid and gas hold up of the reactor.
The reactor performance was studied experimentally with palm olein vegetable oils and
its model intermediate fatty acid. Superior performance of this reactor over conventional
reactors was demonstrated with hydrotreating of 5wt% palm olein in dodecane. 100%
conversion of all glycerides molecules to mainly n-alkane hydrocarbons under just 3
minutes was achieved. The H2/oil mole ratio was found to be critical for hydrotreating
reactor performance, with increasing palm olein concentration. At 50wt%, poor
conversion of triglycerides was observed as close to the stoichiometric hydrogen
requirement was reached. The conversion of the fatty acid intermediates to n-alkanes was
found to be limiting for the hydrotreating process.
Oleic acid was used as model fatty acid intermediate to study its conversion at different
temperatures (275oC-325oC), pressures (200psig-500psig) and liquid residence times
(125-180seconds). A 33 factorial experimental design was used to find optimum

211

hydrotreating reaction conditions. Temperature was found to be most important
parameter followed by pressure, and liquid residence time. Temperature of 325oC,
pressure 500psig and 180 seconds liquid residence time were found to be the optimum
conditions for conversion and hydrodeoxygenation to desired n-alkanes products.
The effect of catalyst loading at 5wt%, 10wt% and 20wt% was also studied on
hydrotreating of oleic acid in reactor at 500psig of pressure, varying temperature and
liquid residence time. The catalyst dispersion, Ni/Mo ratio and extend of activation was
found to be important for the hydrotreating process. At 5wt% though, dispersion was low
the Ni/Mo ratio was found to be adequate in terms of promotion effect, hence good oleic
conversion was observed. The 10wt% loading level doubled metal dispersion and Ni/Mo
ratio. The conversion of oleic acid doubled to almost 100% and products consisted of
mainly n-alkane products. At 20wt% conversion was low as the catalyst dispersion was
poor and surface area low.
Catalyst deactivation studies performed showed in the range of operation conditions there
was no loss in activity due to loss/ leaching of active metals. Coke formation was found
to be cause of initial rapid drop in catalyst activity to stable state. Deactivation by coke
formation was found to be very low from low coke amounts deposited on catalyst surface
after reaction.
A detailed mathematical model describing the flow, mass transport and reaction kinetics
occurring in the reactor was also developed as a tool to understand current performance
and predict future performance of the reactor. This enabled the decoupling of the mass
transport resistances from reactor performance so that the mass transport free reaction
rate constant could be determined. This model was used to find the mass transport free
rate constants, characterizing oleic acid hydrotreating on 5wt% and 10wt% catalyst. The
activation energies and Arrhenius pre-exponential factors were determined. Also the
hydrogen dependence was also found from the developed model. This model was
validated and used as predictive tool to find maximum performance of reactor. Less than
seven minutes was found to be needed to produce liquid products consisting of n-alkane
products only.
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8.2: Future Work and Recommendations
From experimental and numerical models developed its evident the performance of this
reactor is limited by the intrinsic catalytic activity. Detailed studies on NiMo/Al 2O3
catalyst preparation and activation should be performed to maximize the amount of Mo
that is converted to the active phase from the current 40%. Also better insight into the
Ni/Mo ratio that produces larger percent of the so called active NiMoS phase should be
investigated in future studies and quantified. Interaction between alumina support and the
catalyst affects the intrinsic activity of the NiMoS phase. Activation method,
(temperature and activation agents) influence this interaction. Also the precursor for
preparing the active metal also influences this interaction. Thus more studies is needed to
understand how to maximize the NiMoS phase activity for the current reactor system.
Also less interacting supports like silica, carbon and TiO2 could also be studied for
effects on intrinsic catalytic activity. Ru/Al2O3 has been found to be most active
hydrotreating catalysts, however its cost makes it prohibitive for practical applications.
Ni is added as a promoter to the Mo catalyst to achieve similar electronic behavior as Ru.
Since the 5wt% loading showed promising conversion, use of Ru/Al2O3 can be studied in
this reactor without making the cost prohibitive due to low amounts that would be needed
in this reactor.
Presence of isomerized n-alkanes in diesel fuel improves its cold flow properties, this is
currently done in a two stage reactor system traditional reactors. Ni is normally used as
the isomerization catalyst. The design of the current reactor makes it easy to implement
these two stage catalytic reaction in the single micro reactor to achieve both hydrotreating
reactions and isomerization reactions at the same time. Hydroprocessing of other
vegetable oils that produce quality fuel could also be studied. Jet fuel could be produced
easily from hydroprocessing vegetable oils with low carbon number of fatty acids like
coconut oil.
The current welding requirement of reactor makes it difficult to access catalyst plates for
analysis after reaction. Currently a new open reactor concept is being developed to go
around this, when completed would make it easy for analysis of catalyst plate,
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replacement of deactivated catalyst plates and also scale up to larger capacity reactor
system.
In micro scale systems the surface force becomes dominant compared to body forces for
flow. For the current reactor system because of use of steel as material there was no way
to image and study the effects of these forces on flow hydrodynamics. Thus it would be
good for future studies to make model reactor system from glass or polycarbonates and
use fluids whose properties are similar to that at reaction conditions to study the flow
hydrodynamics. The motions of bubbles could be imaged, flow regime hydrodynamics
confirmed and the dynamic liquid and gas holdup determined along the length and width
of reactor to determine if it’s uniform or shows variability. The information obtained
would be important for improving the model developed, reactor design improvement and
characterizing the reactor’s overall mass transport performance compared to traditional
reactors.
Finally when huge computational resource is available, full multiphase models,
encompassing bubble formation, flow in reactor and chemical reaction could be
developed and solved for.
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APENDIX A: Comsol-Matlab Live Link Code for Parameter
Optimization
Slave Comsol Matlab Live link Code:
function f = BHD325(k)
%
% BHD325.m
%
% Model exported on Apr 24 2014, 23:00 by COMSOL 4.3.0.233.
import com.comsol.model.*
import com.comsol.model.util.*
model = ModelUtil.create('Model');
model.modelPath('J:\');
model.name('BHD325.mph');
k1
k2
k3
k4
k5
k6
k7
k8

=
=
=
=
=
=
=
=

k(1);
k(2);
k(3);
k(4);
k(5);
k(6);
k(7);
k(8);

if k1<0,
k1=abs(k1);
end
if k2<0,
k2=abs(k2);
end
if k3<0,
k3=abs(k3);
end
if k4<0,
k4=abs(k4);
end
if k5<0,
k5=abs(k5);
end
if k6<0,
k6=abs(k6);
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end
if k7<0,
k7=abs(k7);
end
if k8<0,
k8=abs(k8);
end
model.param.set('k4_FA',k1);
model.param.set('k5_C18',k2);
model.param.set('k6_C17',k3);
model.param.set('k7_C17',k4);
model.param.set('k8_FAL',k5);
model.param.set('k9_FA',k6);
model.param.set('k11_ET',k7);
model.param.set('k12_ET',k8);
Figure(1),plot(k1,'o')
set(gcf,'Visible','off');
saveas(gcf,'Figure_k1.Figure')
hold on
Figure(2),plot(k2,'s')
set(gcf,'Visible','off');
saveas(gcf,'Figure_k2.Figure')
hold on
Figure(3),plot(k3,'d')
set(gcf,'Visible','off');
saveas(gcf,'Figure_k3.Figure')
hold on
Figure(4),plot(k4,'+')
set(gcf,'Visible','off');
saveas(gcf,'Figure_k4.Figure')
hold on
Figure(5),plot(k5,'v')
set(gcf,'Visible','off');
saveas(gcf,'Figure_k5.Figure')
hold on
Figure(6),plot(k6,'x')
set(gcf,'Visible','off');
saveas(gcf,'Figure_k6.Figure')
hold on
Figure(7),plot(k7,'+')
set(gcf,'Visible','off');
saveas(gcf,'Figure_k7.Figure')
hold on
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Figure(8),plot(k8,'v')
set(gcf,'Visible','off');
saveas(gcf,'Figure_k8.Figure')
hold on
model.param.set('Luc', '4.4[mm]', 'Lenght of unit cell');
model.param.set('Ls', '1.7[mm]', 'Length of liquid slug');
model.param.set('Lb', '2.7[mm]', 'Length of bubble');
model.param.set('ft', '0.0045[mm]', 'Film thickness');
model.param.set('H', '.5[mm]', 'Channel Height');
model.param.set('rho_l', '557.2[kg/m^3]', 'Density of liquid');
model.param.set('visc_l', '9.67e-5[Pa*s]', 'Visosity of 5wt% oleic in
dodedane');
model.param.set('rho_g', '1.5[kg/m^3]', 'Density of hydrogen');
model.param.set('visc_g', '1.435e-5[Pa*s]', 'Viscosity of hydrogen');
model.param.set('ub', '0.01138[m/s]', 'bubble velocity');
model.param.set('Tr', '325[C]', 'reaction temperature(unit is oC
actually)');
model.param.set('Tsys', 'Tr*1[K/C]+273[K]', 'reaction temperature(K)');
model.param.set('BubL', '(H-(2*ft))', 'Lenght of bubble rectangle
portion of bubble');
model.param.set('BubW', 'Lb-(H-(2*ft))', 'Width of bubble rectangle
portion of bubble');
model.param.set('BubA1', 'BubL*BubW', 'area of rectangle portion of
bubble');
model.param.set('BubA2', '3.142*(BubW/4)^2', 'Area of circular portion
of bubble');
model.param.set('BubT', 'BubA2+BubA1', 'Total bubble area');
model.param.set('SlugT', 'H*Luc-BubT', 'Liquid slug total area');
model.param.set('UT', 'H*Luc', 'Total area of unit slug cell');
model.param.set('R', '8.205746*(10^-5)[m^3*atm/K/mol]', 'Universal gas
constant(m3 atm/K mol)');
model.param.set('PH2', '500[psi]', 'Reactor pressure');
model.param.set('Mw_oleic', '282.5[g/mol]', 'Oleic acid molecular
weight');
model.param.set('H2_flow', '(36.3/1000)[L/min]', 'Hydrogen volumetric
flow mL/min at 275oC');
model.param.set('H2_mol_flow', '0.0272[mol/min]', 'Hydrogen molar flow
at 275oC');
model.param.set('H2_conc', 'H2_mol_flow/H2_flow', 'Concentration of
hydrogen');
model.param.set('Oleic_flow', '1.81[L/min]/1000', '5wt% oleic acid in
dodecane flow rate');
model.param.set('Oleic_mol_flow', '0.000199[mol/min]', 'Oleic molar
flow rate');
model.param.set('Oleic_conc', 'Oleic_mol_flow/Oleic_flow', 'Initial
olec acid comcentration');
model.param.set('Patm', '500*0.07[atm]', 'Pressure in atm');
model.param.set('visc_L', 'visc_l[1/(Pa*s)]*1000', 'Viscosity in
centipoise for use in stoke einstein eqaution for liquids');
model.param.set('W_cat', '0.122[g]', 'Mass of catalyst deposited on
each plate');
model.param.set('A_surf', '0.0412[m^2]', 'Surface of each reactor
plate');
model.param.set('M', '1[m/s]', 'Contant to force continuity');
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%model.param.set('k4_FA', '0.0002[m^3/s/kg]', 'Rate onstant for
formation of fatty alcohol');
%model.param.set('k5_C18', '0.00521[m^3/s/kg]', 'Rate onstant for
formation of C18H from FA');
%model.param.set('k6_C17', '1.45e-7[m^3/s/kg]', 'Rate onstant for
formation of C17HC from FFA with CO2 released');
%model.param.set('k7_C17', '0.003[m^3/s/kg]/10', 'Rate onstant for
formation of C17HC from FFA with CO released');
%model.param.set('k8_FAL', '0.0065[m^3/s/kg]/10', 'Rate onstant for
formation of fatty aldehyde from FFA');
%model.param.set('k9_FA', '0.0504[m^3/s/kg]/10', 'Rate onstant for
formation of fatty alcohol from fatty aldehyde');
%model.param.set('k11_ET', '3.24e-5[m^6/s/kg/mol]/10', 'Rate constant
for formation of ester from ffa and fa forwrd');
%model.param.set('k12_ET', '4.5e-13[m^6/s/kg/mol]/10', 'Rate constant
for formation of ester from ffa and fa backward');
model.modelNode.create('mod1');
model.geom.create('geom1', 2);
model.geom('geom1').lengthUnit('mm');
model.geom('geom1').feature.create('r1', 'Rectangle');
model.geom('geom1').feature.create('r2', 'Rectangle');
model.geom('geom1').feature.create('c1', 'Circle');
model.geom('geom1').feature.create('c2', 'Circle');
model.geom('geom1').feature.create('uni1', 'Union');
model.geom('geom1').feature.create('r3', 'Rectangle');
model.geom('geom1').feature.create('dif1', 'Difference');
model.geom('geom1').feature('r1').set('size', {'Luc' 'H'});
model.geom('geom1').feature('r2').set('pos', {'Ls/2+((H-(2*ft))/2)'
'ft'});
model.geom('geom1').feature('r2').set('size', {'Lb-(H-(2*ft))' 'H2*ft'});
model.geom('geom1').feature('c1').set('pos', {'Luc-(Ls/2)-(H-(2*ft))/2'
'H/2'});
model.geom('geom1').feature('c1').set('rot', '270');
model.geom('geom1').feature('c1').set('r', '(H-(2*ft))/2');
model.geom('geom1').feature('c1').set('angle', '180');
model.geom('geom1').feature('c2').set('pos', {'Ls/2+(H-(2*ft))/2'
'H/2'});
model.geom('geom1').feature('c2').set('rot', '90');
model.geom('geom1').feature('c2').set('r', '(H-(2*ft))/2');
model.geom('geom1').feature('c2').set('angle', '180');
model.geom('geom1').feature('uni1').set('intbnd', false);
model.geom('geom1').feature('uni1').set('edge', 'all');
model.geom('geom1').feature('uni1').selection('input').set({'c1' 'c2'
'r2'});
model.geom('geom1').feature('r3').active(false);
model.geom('geom1').feature('r3').set('pos', {'0' 'H/2'});
model.geom('geom1').feature('r3').set('size', {'Luc' 'H/2'});
model.geom('geom1').feature('dif1').active(false);
model.geom('geom1').feature('dif1').selection('input').set({'r1'
'uni1'});
model.geom('geom1').feature('dif1').selection('input2').set({});
model.geom('geom1').run;
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model.selection.create('sel1', 'Explicit');
model.selection('sel1').geom('geom1', 1);
model.selection('sel1').set([4 5 7 8 9 10]);
model.selection.create('sel2', 'Explicit');
model.selection('sel2').geom('geom1', 1);
model.selection('sel2').set([2 3]);
model.selection.create('spf_dst_pfc1', 'Explicit');
model.selection.create('sel3', 'Explicit');
model.selection('sel3').geom('geom1', 1);
model.selection('sel3').set([1 6]);
model.selection.create('chds2_dst_pc1', 'Explicit');
model.selection('sel1').name('Interface');
model.selection('sel2').name('Catalytic surface');
model.selection('spf_dst_pfc1').name('Explicit 1');
model.selection('sel3').name('Periodic boundary');
model.selection('chds2_dst_pc1').name('Explicit 1a');
model.variable.create('var1');
model.variable('var1').set('D_H2_g', '6.875e5[cm^2/s]*((Tsys[1/K])^1.75)', 'Diffusion coefficeint of Hydrogen in
gas phase from the Fuller Schettler and Giddings equation');
model.variable('var1').set('D_CO_g', '3.49e5[cm^2/s]*((Tsys[1/K])^1.75)', 'Diffusion coefficeint of Hydrogen in
gas phase from the Fuller Schettler and Giddings equation');
model.variable('var1').set('D_CO2_g', '2.997e5[cm^2/s]*((Tsys[1/K])^1.75)', 'Diffusion coefficeint of Hydrogen in
gas phase from the Fuller Schettler and Giddings equation');
model.variable('var1').set('D_C3H8_g', '2.997e5[cm^2/s]*((Tsys[1/K])^1.75)', 'Diffusion coefficeint of Hydrogen in
gas phase from the Fuller Schettler and Giddings equation');
model.variable('var1').set('D_H2O_g', '4.13e5[cm^2/s]*((Tsys[1/K])^1.75)', 'Diffusion coefficeint of Hydrogen in
gas phase from the Fuller Schettler and Giddings equation');
model.variable('var1').set('D_H2_l', '7.4e8[cm^2/s]*Tsys[1/K]*(170.33^.5)/(visc_L*(24.5^0.6))', 'WilKe-Chang for
liquids');
model.variable('var1').set('D_CO_l', '7.4e8[cm^2/s]*Tsys[1/K]*(170.33^.5)/(visc_L*(24.46^0.6))', 'WilKe-Chang for
liquids');
model.variable('var1').set('D_CO2_l', '7.4e8[cm^2/s]*Tsys[1/K]*(170.33^.5)/(visc_L*(24.46^0.6))', 'WilKe-Chang for
liquids');
model.variable('var1').set('D_C3H8_l', '7.4e8[cm^2/s]*Tsys[1/K]*(170.33^.5)/(visc_L*(24.46^0.6))', 'WilKe-Chang for
liquids');
model.variable('var1').set('D_oleic_l', '(1.38e16[cm^2/s]*Tsys[1/K])/(6*3.142*visc_L*.5*5.949e-8*0.01)', 'Stoke
einstein for liquids (Ro chosen as 5.949)');
model.variable('var1').set('D_H2O_l', '(1.38e16[cm^2/s]*Tsys[1/K])/(6*3.142*visc_L*.5*2.641e-8*0.01)', 'Stoke
einstein for liquids (Ro chosen as 2.641)');
model.variable('var1').set('D_intermediate', '(1.38e16[cm^2/s]*Tsys[1/K])/(6*3.142*visc_L*.5*5.949e-8*0.01)', 'Stoke
einstein for liquids (Ro chosen as 5.949) same as oleic acid');
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model.variable('var1').set('D_hydrocarbon', '(1.38e16[cm^2/s]*Tsys[1/K])/(6*3.142*visc_L*.5*5.949e-8*0.01)', 'Stoke
einstein for liquids (Ro chosen as 5.949) same as oleic acid');
model.variable('var1').set('K_H2', '((-1.342+(0.012*Tsys[1/K]))*(10^2)*(0.10325)*1000)[mol/m^3/atm]', 'Henrys law constant varies with T
from Anderson 1974 (unit, mol/m3 atm)');
model.variable('var1').set('H2_interface', 'K_H2*Patm', 'Equilibrium
hydrogen concentation at interface');
model.variable('var1').set('factor1', 'W_cat/A_surf', 'Factor for
convertion reaction rate to flux');
model.variable('var1').set('Mol_FFA_in', 'Oleic_mol_flow/Oleic_flow',
'Initial mole of oleic free fatty acid present');
model.variable('var1').set('Mol_H2_in', 'Patm/R/Tsys', 'Initial mole of
H2 in');
model.variable('var1').set('c_FFA', 'mod1.aveop1(c_fattyacid)');
model.variable('var1').set('c_FA', 'mod1.aveop1(c_fattyalcohol)');
model.variable('var1').set('c_ET', 'mod1.aveop1(c_fattyester)');
model.variable('var1').set('c_C18', 'mod1.aveop1(c_C18hydrocarbon)');
model.variable('var1').set('c_FAL', 'mod1.aveop1(c_fattyaldehyde)');
model.variable('var1').set('c_C17', 'mod1.aveop1(c_C17hydrocarbon)');
model.variable('var1').set('c_H2_l', 'mod1.aveop1(c_H2_l)');
model.variable('var1').set('c_H2O_l', 'mod1.aveop1(c_H2O_l)');
model.variable('var1').set('c_CO_l', 'mod1.aveop1(c_CO_l)');
model.variable('var1').set('c_CO2_l', 'mod1.aveop1(c_CO2_l)');
model.variable('var1').set('c_FFA_o', 'Mol_FFA_in');
model.variable('var1').set('X', '(c_FFA_o-c_FFA)/c_FFA_o');
model.variable('var1').set('C_total',
'c_FFA+c_FA+c_ET+c_C18+c_C17+c_FAL');
model.variable('var1').set('frac_FFA', 'c_FFA/C_total');
model.variable('var1').set('frac_FA', 'c_FA/C_total');
model.variable('var1').set('frac_ET', 'c_ET/C_total');
model.variable('var1').set('frac_FAL', 'c_FAL/C_total');
model.variable('var1').set('frac_C17', 'c_C17/C_total');
model.variable('var1').set('frac_C18', 'c_C18/C_total');
model.variable.create('var2');
model.variable('var2').model('mod1');
model.variable('var2').set('r4',
'k4_FA*factor1*max(eps^2,c_fattyacid)');
model.variable('var2').set('r5',
'k5_C18*factor1*max(eps^2,c_fattyalcohol)');
model.variable('var2').set('r6',
'k6_C17*factor1*max(eps^2,c_fattyacid)');
model.variable('var2').set('r7',
'k7_C17*factor1*max(eps^2,c_fattyacid)');
model.variable('var2').set('r8',
'k8_FAL*factor1*max(eps^2,c_fattyacid)');
model.variable('var2').set('r9',
'k9_FA*factor1*max(eps^2,c_fattyaldehyde)');
model.variable('var2').set('r11',
'(k11_ET*factor1*max(eps^2,c_fattyacid)*max(eps^2,c_fattyalcohol))(k12_ET*factor1*max(eps^2,c_fattyester)*max(eps^2,c_H2O_l))');
model.material.create('mat1');
model.material('mat1').propertyGroup('def').func.create('eta',
'Piecewise');
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model.material('mat1').propertyGroup('def').func.create('Cp',
'Piecewise');
model.material('mat1').propertyGroup('def').func.create('rho',
'Analytic');
model.material('mat1').propertyGroup('def').func.create('k',
'Piecewise');
model.material('mat1').selection.set([2]);
model.cpl.create('aveop1', 'Average', 'geom1');
model.cpl('aveop1').selection.set([1]);
model.physics.create('spf', 'LaminarFlow', 'geom1');
model.physics('spf').selection.set([1]);
model.physics('spf').feature.create('pfc1', 'PeriodicFlowCondition',
1);
model.physics('spf').feature('pfc1').selection.named('sel3');
model.physics('spf').feature('pfc1').feature.create('dd1',
'DestinationDomains', 1);
model.physics('spf').feature.create('wall2', 'Wall', 1);
model.physics('spf').feature('wall2').selection.named('sel1');
model.physics.create('chds', 'DilutedSpecies', 'geom1');
model.physics('chds').field('concentration').field('c_H2_g');
model.physics('chds').field('concentration').component({'c_H2_g'
'c_H2O_g' 'c_CO_g' 'c_CO2_g'});
model.physics('chds').selection.set([2]);
model.physics('chds').feature.create('fl1', 'Fluxes', 1);
model.physics('chds').feature('fl1').selection.named('sel1');
model.physics.create('chds2', 'DilutedSpecies', 'geom1');
model.physics('chds2').field('concentration').field('c_fattyacid');
model.physics('chds2').field('concentration').component({'c_fattyacid'
'c_fattyaldehyde' 'c_fattyalcohol' 'c_fattyester' 'c_C17hydrocarbon'
'c_C18hydrocarbon' 'c_H2O_l' 'c_H2_l' 'c_CO_l' 'c_CO2_l'});
model.physics('chds2').selection.set([1]);
model.physics('chds2').feature.create('fl1', 'Fluxes', 1);
model.physics('chds2').feature('fl1').selection.named('sel1');
model.physics('chds2').feature.create('pc1', 'PeriodicCondition', 1);
model.physics('chds2').feature('pc1').selection.named('sel3');
model.physics('chds2').feature('pc1').feature.create('dd1',
'DestinationDomains', 1);
model.physics('chds2').feature.create('fl2', 'Fluxes', 1);
model.physics('chds2').feature('fl2').selection.named('sel2');
model.mesh.create('mesh1', 'geom1');
model.mesh('mesh1').feature.create('size1', 'Size');
model.mesh('mesh1').feature('size1').selection.geom('geom1', 2);
model.mesh('mesh1').feature('size1').selection.set([1]);
model.mesh('mesh1').feature.create('size2', 'Size');
model.mesh('mesh1').feature('size2').selection.geom('geom1', 1);
model.mesh('mesh1').feature('size2').selection.set([2 3]);
model.mesh('mesh1').feature.create('ftri1', 'FreeTri');
model.mesh('mesh1').feature('ftri1').selection.geom('geom1', 2);
model.mesh('mesh1').feature('ftri1').selection.set([1]);
model.mesh('mesh1').feature.create('bl1', 'BndLayer');
model.mesh('mesh1').feature('bl1').selection.geom('geom1', 2);
model.mesh('mesh1').feature('bl1').selection.set([1]);
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model.mesh('mesh1').feature('bl1').feature.create('blp1',
'BndLayerProp');
model.mesh('mesh1').feature('bl1').feature('blp1').selection.set([2
3]);
model.mesh('mesh1').feature.create('ftri2', 'FreeTri');
model.result.table.create('evl2', 'Table');
model.view('view1').axis.set('xmin',
model.view('view1').axis.set('xmax',
model.view('view1').axis.set('ymin',
model.view('view1').axis.set('ymax',

'-0.2200002521276474');
'4.619999885559082');
'-1.4788951873779297');
'1.9788951873779297');

model.material('mat1').name('Hydrogen');
model.material('mat1').propertyGroup('def').func('eta').set('arg',
'T');
model.material('mat1').propertyGroup('def').func('eta').set('pieces',
{'200.0' '1300.0' '2.14524642E-6+2.54245E-8*T^1-1.0235587E11*T^2+2.80895021E-15*T^3'});
model.material('mat1').propertyGroup('def').func('Cp').set('arg', 'T');
model.material('mat1').propertyGroup('def').func('Cp').set('pieces',
{'200.0' '1300.0' '10808.501+21.5799904*T^10.0444720318*T^2+3.85401176E-5*T^3-1.14979447E-8*T^4'});
model.material('mat1').propertyGroup('def').func('rho').set('expr',
'pA*0.002016/8.314/T');
model.material('mat1').propertyGroup('def').func('rho').set('args',
{'pA' 'T'});
model.material('mat1').propertyGroup('def').func('rho').set('dermethod'
, 'manual');
model.material('mat1').propertyGroup('def').func('rho').set('argders',
{'pA' 'd(pA*0.002016/8.314/T,pA)'; 'T' 'd(pA*0.002016/8.314/T,T)'});
model.material('mat1').propertyGroup('def').func('rho').set('plotargs',
{'pA' '' ''; 'T' '' ''});
model.material('mat1').propertyGroup('def').func('k').set('arg', 'T');
model.material('mat1').propertyGroup('def').func('k').set('pieces',
{'200.0' '1300.0' '0.00517975922+6.72778E-4*T^1-3.0388973E7*T^2+6.58874687E-11*T^3'});
model.material('mat1').propertyGroup('def').set('dynamicviscosity',
'eta(T[1/K])[Pa*s]');
model.material('mat1').propertyGroup('def').set('ratioofspecificheat',
'1.41');
model.material('mat1').propertyGroup('def').set('heatcapacity',
'Cp(T[1/K])[J/(kg*K)]');
model.material('mat1').propertyGroup('def').set('density',
'rho(pA[1/Pa],T[1/K])[kg/m^3]');
model.material('mat1').propertyGroup('def').set('thermalconductivity',
{'k(T[1/K])[W/(m*K)]' '0' '0' '0' 'k(T[1/K])[W/(m*K)]' '0' '0' '0'
'k(T[1/K])[W/(m*K)]'});
model.material('mat1').propertyGroup('def').addInput('temperature');
model.material('mat1').propertyGroup('def').addInput('pressure');
model.physics('spf').prop('CompressibilityProperty').set('Compressibili
ty', 'Incompressible');
model.physics('spf').feature('fp1').set('rho_mat', 'userdef');
model.physics('spf').feature('fp1').set('rho', 'rho_l');
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model.physics('spf').feature('fp1').set('mu_mat', 'userdef');
model.physics('spf').feature('fp1').set('mu', 'visc_l');
model.physics('spf').feature('wall1').set('BoundaryCondition',
'MovingWall');
model.physics('spf').feature('wall1').set('uwall', {'-ub'; '0'; '0'});
model.physics('spf').feature('wall2').set('BoundaryCondition', 'Slip');
model.physics('chds').prop('Convection').set('Convection', '0');
model.physics('chds').feature('cdm1').set('D_0', {'D_H2_g'; '0'; '0';
'0'; 'D_H2_g'; '0'; '0'; '0'; 'D_H2_g'});
model.physics('chds').feature('cdm1').set('D_1', {'D_H2O_g'; '0'; '0';
'0'; 'D_H2O_g'; '0'; '0'; '0'; 'D_H2O_g'});
model.physics('chds').feature('cdm1').set('D_2', {'D_CO_g'; '0'; '0';
'0'; 'D_CO_g'; '0'; '0'; '0'; 'D_CO_g'});
model.physics('chds').feature('cdm1').set('D_3', {'D_CO2_g'; '0'; '0';
'0'; 'D_CO2_g'; '0'; '0'; '0'; 'D_CO2_g'});
model.physics('chds').feature('init1').set('c_H2_g', 'Mol_H2_in');
model.physics('chds').feature('fl1').set('species', {'1'; '1'; '1';
'1'});
model.physics('chds').feature('fl1').set('N0', {'-M*(c_H2_g(c_H2_l/K_H2/R/Tsys))'; '-M*(c_H2O_g-(c_H2O_l/K_H2/R/Tsys))'; 'M*(c_CO_g-(c_CO_l/K_H2/R/Tsys))'; '-M*(c_CO2_g(c_CO2_l/K_H2/R/Tsys))'});
model.physics('chds2').feature('cdm1').set('u_src', 'root.mod1.u');
model.physics('chds2').feature('cdm1').set('u', {'ub'; '0'; '0'});
model.physics('chds2').feature('cdm1').set('D_0', {'D_oleic_l'; '0';
'0'; '0'; 'D_oleic_l'; '0'; '0'; '0'; 'D_oleic_l'});
model.physics('chds2').feature('cdm1').set('D_1', {'D_intermediate';
'0'; '0'; '0'; 'D_intermediate'; '0'; '0'; '0'; 'D_intermediate'});
model.physics('chds2').feature('cdm1').set('D_2', {'D_intermediate';
'0'; '0'; '0'; 'D_intermediate'; '0'; '0'; '0'; 'D_intermediate'});
model.physics('chds2').feature('cdm1').set('D_3', {'D_intermediate';
'0'; '0'; '0'; 'D_intermediate'; '0'; '0'; '0'; 'D_intermediate'});
model.physics('chds2').feature('cdm1').set('D_4', {'D_hydrocarbon';
'0'; '0'; '0'; 'D_hydrocarbon'; '0'; '0'; '0'; 'D_hydrocarbon'});
model.physics('chds2').feature('cdm1').set('D_5', {'D_hydrocarbon';
'0'; '0'; '0'; 'D_hydrocarbon'; '0'; '0'; '0'; 'D_hydrocarbon'});
model.physics('chds2').feature('cdm1').set('D_6', {'D_H2O_l'; '0'; '0';
'0'; 'D_H2O_l'; '0'; '0'; '0'; 'D_H2O_l'});
model.physics('chds2').feature('cdm1').set('D_7', {'D_H2_l'; '0'; '0';
'0'; 'D_H2_l'; '0'; '0'; '0'; 'D_H2_l'});
model.physics('chds2').feature('cdm1').set('D_8', {'D_CO_l'; '0'; '0';
'0'; 'D_CO_l'; '0'; '0'; '0'; 'D_CO_l'});
model.physics('chds2').feature('cdm1').set('D_9', {'D_CO2_l'; '0'; '0';
'0'; 'D_CO2_l'; '0'; '0'; '0'; 'D_CO2_l'});
model.physics('chds2').feature('init1').set('c_fattyacid',
'Mol_FFA_in');
model.physics('chds2').feature('fl1').set('species', {'0'; '0'; '0';
'0'; '0'; '0'; '1'; '1'; '1'; '1'});
model.physics('chds2').feature('fl1').set('N0', {'0'; '0'; '0'; '0';
'0'; '0'; '-M*((c_H2O_l/K_H2/R/Tsys)-c_H2O_g)'; 'M*((c_H2_l/K_H2/R/Tsys)-c_H2_g)'; '-M*((c_CO_l/K_H2/R/Tsys)-c_CO_g)';
'-M*((c_CO2_l/K_H2/R/Tsys)-c_CO2_g)'});
model.physics('chds2').feature('fl2').set('species', {'1'; '1'; '1';
'1'; '1'; '1'; '1'; '1'; '1'; '1'});
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model.physics('chds2').feature('fl2').set('N0', {'-r4-r6-r7-r8-r11';
'r8-r9'; 'r4-r5+r9-r11'; 'r11'; 'r6+r7'; 'r5'; 'r4+r5+r7+r8+r11'; '(2*r4)-r5-r7-r8-r9'; 'r7'; 'r6'});
model.mesh('mesh1').feature('size1').set('table', 'cfd');
model.mesh('mesh1').feature('size1').set('hauto', 6);
model.mesh('mesh1').feature('size2').set('table', 'cfd');
model.mesh('mesh1').feature('size2').set('hauto', 4);
model.mesh('mesh1').feature('bl1').feature('blp1').set('blnlayers',
'2');
model.mesh('mesh1').feature('bl1').feature('blp1').set('blhminfact',
'5');
model.mesh('mesh1').run;
model.frame('material1').sorder(1);
model.result.table('evl2').name('Evaluation 2D');
model.result.table('evl2').comments('Interactive 2D values');
model.study.create('std1');
model.study('std1').feature.create('stat', 'Stationary');
model.study('std1').feature.create('time', 'Transient');
model.sol.create('sol1');
model.sol('sol1').study('std1');
model.sol('sol1').attach('std1');
model.sol('sol1').feature.create('st1', 'StudyStep');
model.sol('sol1').feature.create('v1', 'Variables');
model.sol('sol1').feature.create('s1', 'Stationary');
model.sol('sol1').feature('s1').feature.create('fc1', 'FullyCoupled');
model.sol('sol1').feature('s1').feature.create('d1', 'Direct');
model.sol('sol1').feature('s1').feature.remove('fcDef');
model.sol('sol1').feature.create('su1', 'StoreSolution');
model.sol('sol1').feature.create('st2', 'StudyStep');
model.sol('sol1').feature.create('v2', 'Variables');
model.sol('sol1').feature.create('t1', 'Time');
model.sol('sol1').feature('t1').feature.create('fc1', 'FullyCoupled');
model.sol('sol1').feature('t1').feature.create('d1', 'Direct');
model.sol('sol1').feature('t1').feature.remove('fcDef');
model.result.create('pg1', 'PlotGroup2D');
model.result('pg1').feature.create('surf1', 'Surface');
model.result.create('pg2', 'PlotGroup2D');
model.result('pg2').feature.create('con1', 'Contour');
model.result.create('pg3', 'PlotGroup2D');
model.result('pg3').feature.create('surf1', 'Surface');
model.result.create('pg4', 'PlotGroup2D');
model.result('pg4').feature.create('surf1', 'Surface');
model.study('std1').feature('stat').set('activate', {'spf' 'on' 'chds'
'off' 'chds2' 'off'});
model.study('std1').feature('time').set('tlist', 'range(0,1,180)');
model.study('std1').feature('time').set('activate', {'spf' 'off' 'chds'
'on' 'chds2' 'on'});
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model.sol('sol1').attach('std1');
model.sol('sol1').feature('st1').name('Compile Equations: Stationary');
model.sol('sol1').feature('st1').set('studystep', 'stat');
model.sol('sol1').feature('v1').set('control', 'stat');
model.sol('sol1').feature('v1').feature('mod1_c_H2_g').set('solvefor',
false);
model.sol('sol1').feature('v1').feature('mod1_c_fattyalcohol').set('sol
vefor', false);
model.sol('sol1').feature('v1').feature('mod1_c_fattyester').set('solve
for', false);
model.sol('sol1').feature('v1').feature('mod1_c_fattyacid').set('solvef
or', false);
model.sol('sol1').feature('v1').feature('mod1_c_H2O_g').set('solvefor',
false);
model.sol('sol1').feature('v1').feature('mod1_c_C18hydrocarbon').set('s
olvefor', false);
model.sol('sol1').feature('v1').feature('mod1_c_H2_l').set('solvefor',
false);
model.sol('sol1').feature('v1').feature('mod1_c_H2O_l').set('solvefor',
false);
model.sol('sol1').feature('v1').feature('mod1_c_CO2_g').set('solvefor',
false);
model.sol('sol1').feature('v1').feature('mod1_c_C17hydrocarbon').set('s
olvefor', false);
model.sol('sol1').feature('v1').feature('mod1_c_CO_l').set('solvefor',
false);
model.sol('sol1').feature('v1').feature('mod1_c_CO2_l').set('solvefor',
false);
model.sol('sol1').feature('v1').feature('mod1_c_fattyaldehyde').set('so
lvefor', false);
model.sol('sol1').feature('v1').feature('mod1_c_CO_g').set('solvefor',
false);
model.sol('sol1').feature('s1').set('control', 'stat');
model.sol('sol1').feature('s1').feature('fc1').set('initstep', '0.01');
model.sol('sol1').feature('s1').feature('fc1').set('minstep', '1.0E6');
model.sol('sol1').feature('s1').feature('fc1').set('ntermauto',
'itertol');
model.sol('sol1').feature('s1').feature('fc1').set('niter', '25');
model.sol('sol1').feature('s1').feature('d1').set('linsolver',
'pardiso');
model.sol('sol1').feature('st2').name('Compile Equations: Time
Dependent (2)');
model.sol('sol1').feature('st2').set('studystep', 'time');
model.sol('sol1').feature('v2').set('control', 'time');
model.sol('sol1').feature('v2').set('initmethod', 'sol');
model.sol('sol1').feature('v2').set('initsol', 'sol1');
model.sol('sol1').feature('v2').set('notsolmethod', 'sol');
model.sol('sol1').feature('v2').set('notsol', 'sol1');
model.sol('sol1').feature('v2').set('notsoluse', 'sol2');
model.sol('sol1').feature('v2').feature('mod1_u').set('solvefor',
false);
model.sol('sol1').feature('v2').feature('mod1_p').set('solvefor',
false);
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model.sol('sol1').feature('t1').set('control', 'time');
model.sol('sol1').feature('t1').set('tlist', 'range(0,1,180)');
model.sol('sol1').feature('t1').set('maxorder', '2');
model.sol('sol1').feature('t1').feature('fc1').set('maxiter', '5');
model.sol('sol1').feature('t1').feature('fc1').set('jtech', 'once');
model.sol('sol1').feature('t1').feature('d1').set('linsolver',
'pardiso');
model.sol('sol1').runAll;
model.result('pg1').name('Velocity (spf)');
model.result('pg1').setIndex('looplevel', '1', 0);
model.result('pg1').set('frametype', 'spatial');
model.result('pg1').feature('surf1').set('data', 'dset1');
model.result('pg1').feature('surf1').setIndex('looplevel', '160', 0);
model.result('pg2').name('Pressure (spf)');
model.result('pg2').setIndex('looplevel', '1', 0);
model.result('pg2').set('frametype', 'spatial');
model.result('pg2').feature('con1').set('expr', 'p');
model.result('pg2').feature('con1').set('unit', 'Pa');
model.result('pg2').feature('con1').set('descr', 'Pressure');
model.result('pg2').feature('con1').set('number', '40');
model.result('pg3').name('Concentration (chds)');
model.result('pg3').setIndex('looplevel', '1', 0);
model.result('pg3').feature('surf1').set('data', 'dset1');
model.result('pg3').feature('surf1').setIndex('looplevel', '181', 0);
model.result('pg3').feature('surf1').set('expr', 'c_H2_g');
model.result('pg3').feature('surf1').set('unit', 'mol/m^3');
model.result('pg3').feature('surf1').set('descr', 'Concentration');
model.result('pg4').name('Concentration (chds2)');
model.result('pg4').setIndex('looplevel', '1', 0);
model.result('pg4').feature('surf1').set('data', 'dset1');
model.result('pg4').feature('surf1').setIndex('looplevel', '1', 0);
model.result('pg4').feature('surf1').set('expr', 'c_H2_l');
model.result('pg4').feature('surf1').set('unit', 'mol/m^3');
model.result('pg4').feature('surf1').set('descr', 'Concentration');
%Numerical data at point a, t=125s
X_FFA_a=mphglobal(model,'frac_FFA','t',125);
X_FA_a=mphglobal(model,'frac_FA','t',125);
X_ET_a=mphglobal(model,'frac_ET','t',125);
X_C17_a=mphglobal(model,'frac_C17','t',125);
X_C18_a=mphglobal(model,'frac_C18','t',125);
X_FAL_a=mphglobal(model,'frac_FAL','t',125);
%Numerical data at point b, t=155s
X_FFA_b=mphglobal(model,'frac_FFA','t',155);
X_FA_b=mphglobal(model,'frac_FA','t',155);
X_ET_b=mphglobal(model,'frac_ET','t',155);
X_C17_b=mphglobal(model,'frac_C17','t',155);
X_C18_b=mphglobal(model,'frac_C18','t',155);
X_FAL_b=mphglobal(model,'frac_FAL','t',155);
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%Numerical data at point c, t=180s
X_FFA_c=mphglobal(model,'frac_FFA','t',180);
X_FA_c=mphglobal(model,'frac_FA','t',180);
X_ET_c=mphglobal(model,'frac_ET','t',180);
X_C17_c=mphglobal(model,'frac_C17','t',180);
X_C18_c=mphglobal(model,'frac_C18','t',180);
X_FAL_c=mphglobal(model,'frac_FAL','t',180);
%Experimental data at point a, t=125s
Xexp_FFA_a=0.45;
Xexp_FA_a=0.11;
Xexp_ET_a=0.06;
Xexp_C17_a=0.15;
Xexp_C18_a=0.18;
Xexp_FAL_a=0.04;
%Experimental data at point b, t=155s
Xexp_FFA_b=0.40;
Xexp_FA_b=0.109;
Xexp_ET_b=0.07;
Xexp_C17_b=0.16;
Xexp_C18_b=0.20;
Xexp_FAL_b=0.03;
%Experimental data at point c, t=180s
Xexp_FFA_c=0.23;
Xexp_FA_c=0.12;
Xexp_ET_c=0.05;
Xexp_C17_c=0.18;
Xexp_C18_c=0.41;
Xexp_FAL_c=0.02;
%objective function
f_125 = (1*(X_FFA_a-Xexp_FFA_a)^2)+(1*(X_FA_a-Xexp_FA_a)^2)+(1*(X_ET_aXexp_ET_a)^2)+(1*(X_C17_a-Xexp_C17_a)^2)+(1*(X_C18_aXexp_C18_a)^2)+(1*(X_FAL_a-Xexp_FAL_a)^2);
f_155 = (1*(X_FFA_b-Xexp_FFA_b)^2)+(1*(X_FA_b-Xexp_FA_b)^2)+(1*(X_ET_bXexp_ET_b)^2)+(1*(X_C17_b-Xexp_C17_b)^2)+(1*(X_C18_bXexp_C18_b)^2)+(1*(X_FAL_b-Xexp_FAL_b)^2);
f_180 = (1*(X_FFA_c-Xexp_FFA_c)^2)+(1*(X_FA_c-Xexp_FA_c)^2)+(1*(X_ET_cXexp_ET_c)^2)+(1*(X_C17_c-Xexp_C17_c)^2)+(1*(X_C18_cXexp_C18_c)^2)+(1*(X_FAL_c-Xexp_FAL_c)^2);
f = f_125+f_155+f_180;
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Driver Matlab Program:
clear all;
% Initial value
global k0
k0=[1e-05,6e-05,1e-10,1e-05,1e-06,1e-05,1e-07,3e-14];
options=optimset('Display','iter','PlotFcns',@optimplotfval,'TolX',1e6,'TolFun',1e-6);
[k,fval,exitflag,output]=fminsearch('BHD325',k0,options);
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APENDIX B: Calibration Plots for Selected Standards
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APENDIX C: Hydrogen Critical Flow

Q flow (cm3 / min)  0.01749 
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APENDIX D: Catalyst Loading Mass

5wt% Catalyst Loading

10wt% Catalyst Loading

20wt% Catalyst Loading

(kg)

(kg)

(kg)

0.000134

0.0002

0.0004
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APENDIX E: Carbon Balance
Operating Conditions : T=275oC, P=500psig, H2/Oil mole ratio 136, liquid residence
time=155seconds and 5wt% catalyst loading
Input
Oleic acid flow(ml/min)
1.8
Oleic acid molar flow(ml/min)
1.60267E-05
C molar flow(mol/min)
0.00028848
Molar flow(mol/min)
Output
C C(mol/min)
Oleic acid molar flow(ml/min)
0.00000717 18 0.000129082
Oleyl Alcohol
0.0000020 18 3.61195E-05
Oleyl Aldehyde molar flow(ml/min)
0.0000001770 18 3.18686E-06
Oleyl Oleate molar flow(ml/min)
0.0000017 36
6.2519E-05
C17 Hydrocarbon molar flow (ml/min)
0.0000020 17 0.000034731
C18 Hydrocarbon molar flow (ml/min)
0.0000010 18 1.87207E-05
Total
0.00001417
0.00028436
Carbon Balance %
98.57

