CHAPTER 1V
EXPERIMENTS

Two phases of experimentation were performed: (1}
Jjustification experlhanfs, and (2) kinetlc experiments.
The kinetic experiments constlituted the major part of
experImental work conducted In This research. Numerous
inltial experiments were performed +to jus*lfy the
operating conditions for the kiﬁeflc experiments, Both
phases of experiments were carried our-In the same fixed=-
bed microreactor system. AddI¥ionral work Included
catalyst preparation and characterlizatlon, product
analysls, and computer computatlions for thermodynamic
equilibrium determination and nonlinear regression flts

t0 klnetlc ﬁodels.

The schematic flow dlagram of the reacting system is
sketched In Flgure 4.1, Cylinder gases from Air Products
and Chemicals, equlpped with 400 psig VFrlro single
stage regulators, were used fo simulate the synthesis gas
for the feed. The manlfold prov!ded hydrogen (99.995%),
carbon monoxide (98.0%), ethylene (93.0%), carbon dioxide

(99.8%) and methane {93.0%) as constituent gases. Hellum
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Regulator
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To gas chromatograph
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(59.998%) was alsc used as a purge gas. The gases were
metered by Individual Aalborg rotameters (FM032-41) or
Brooks mass flow controllers (Model 5E50) and fed Into a
common feed |Ine through a 3=-way Whitey brass bzl!l valve.
A Nupro C serles check valve was placed In each
Individual gas line before it jolned the common feed line
to prevent back mixing of feed Into tThe pure gases in
case of 2 sudden pressure drop in one cyllnder or & surge
of pressure in +the reactor. A high pressure fllter
(Linde SG6098) was ([nstalled on the feed IlIne prior to
entering +the reactor +o0 remove possible Impurities,
especially mecisture and olls in the feed gas. A by-pass
line was plped for +he purpose of callbration and
maintenance, A photograph of the system 1Is shown In

Figure 4.2.

The microreactor Itself was made of 8 0.25 by 0.035
inches 304W stainless steel tublng, 4 Inches in length.
A Swagelok stainless stee]l wunion elbow connected the
reactor and feed [ Ine. An  extenslon tubling of the same
type, about € inches long, was attached to the top of the
reacfor by 2 Swagelck bulkhead wunion. The other end of
the extension tube was connected to 2 Swagelok unlicn tee.
One end of the unlon tee was hooked up with a 1/4 to 1/16
in. Swagelok reducer through which a thermocouple was
placed. The other end Jolned +he product Iline. The

extension +tube was used to support and suspend the
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Microreactor System - Photograph.

Figure 4.2.



reactor in 2 fluldlized sand bath heater. Apn Alipha 5 type
thermocouple, 1/16 by 12 Inchses, passes through the
extenslion tube to the middle of the catalyst bed of the
microreactor. The whole microreactor assembly 1Is shown
in Flgures 4.5 and 4.4. Heating and maintalning the
Isorthermal conditlon of the reactor was accomplished by a
Teche Tecam fliuidlized bath {Model SBS-4) with an

automatic temperature controller (TC4D) [213].

The outlet slde of +the reactor wzs provided wlth a

compact fIn-ilne Nupro milcrofilter (4F=7 mlcrons) to

remove zny pbsslble catalyst particles carried over in
the product streanm, 2 Whitey 3-way ball wvalve (S5=-83 x
T4) 4o access another flulidlzed-hed minireactor system,
and a Nupro adjustable In~line rellef valve (4CA series)
with a Fike rupture disc (497 pslia at 70 °F) attached to
the end. The product stream passed through the inner
tube of & condenser. The condenser was: fabricated by
fitting a one-foot pltece of 2=Inch 0.D. Sch. 40 stzlniess
steel plpe around a plece of 1/4-Inch stsinless steel
+ubing. The pipe was threaded with 1/2-Tnch NPT threads
on both ends and cappedA with hexagonal screw caps. The
caps were drilled In the center to allow the Insertion of
1/4-inch center tublng. The cooled vapor and condensed
ITqulds then passed Into an fce or acetone/dry ice coocled
+rap where |lfiquid products were separated from the vapor

and collected at the bottom of +the +rap +through a
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Figure 4.4,

Fixed-bed Microreactor Assembl y - Photograph.
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Swagelck valve. The gaseous product flowed tThrough an
outlet rotameter, then a GCA/Preclision wet testmeter, and
finally to the vent. Detalfls of constructlon of The

condenser and trap are given In Flgures 4.5 and 4.6.
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" Figure 4.5. Condenser.
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11#2- Qperating Proceduce.

Weighed fresh catalyst was poured +through a small
tunnel into +he reactor with the botitom end assembled and
‘stuffed with pyrex wool. The reactor was connected to
the extenslon +tube by tlghtening +the Swagelok nut oanto
the bulkhead unlon. The assembly was ;hen attached to
the by-pass llne and pressurized with hellum to check for
leaks. Pressure control was malntained by a Westlinghouse
/Veritrak Moedel S55CC PID compact controller located In
the central c¢ontrol room, The control Ilocop also
‘consIsted of a Verltrak gauge pressure transmitter (Model
75PG1), a Foxboro 69TA~2R current-to-alr transducer and
an alr-to-close Research/ Badger meter control - vaIQe
(Model 78s) [88,235,236]. Aftar passing the leak test,
+he pressure was relleved, the reactor assembly removed
from the by=-pass lline, Iﬁmersed Inte +The partlally
fluidized sand bath and connected wlth Soth feed and
product [lines. fho entire system was then pressufized
and reaechecked for leaks. After correcting any more

leaks, the system was ready for an experimental run.

Prior to starting any éxﬁer!men{al run, It was also
necessary fo; hook up tThe temperature reéorder
(Yokogawa/H;brid Recorder ER250 Model 4088) £248], an on-
{ine analytical gas chromatograph (Carle Model 111) Caga]

along with a diglftal Integrator (SP 4270) [204], chillled
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water from a Application Engineering chiller (Model
WC=5=D) filowing through the shell side of the condenser,
and with fce or acetone/dry Ice Tn place. The system was
gradually pressurized and swept by hel fum. When +the
system reached normal operational pressure, l.e., 140
psig, the heaters of the fluldized sand bath were then
turned on with proper flow rate of alr to maintain stable
fluidization of sand [213]. The temperature controller
was Initially set at the tTemperature of catalys?t
reduction, l.e., 675°K for cobalt/alumina catalyst [219]-
As +he catelyst bed registered steady reduction
Temperafure; hefium was quickly replaced by a proper
amount of hydrogen (about 2.70 grams of H2 per hour per
gram of catalyst). The reduction contlnued for at least
four hours untli no more visible water could be
collected. The temperature controller was then reset at
desired reaction temperature and +the reactor was allowed

t+o cool cown.

When the reactor reached and held t+he pre-set
temperature steadily (usually after an hour of coo[lﬁg),
+he feed component gases were admttted and adjusted untli
steady flows of desired composition were obtalned.
Meanwhile the reactor Tem;erafure was carefully watched
so as +to avold any possible overshootling. Gaseous
product sampiing could start as early as 20 minutes after

the reaction commenced and contlnued at 20-minute
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Intervals. During the run, " 1lqulid products were
pericdically removed from the trap, coliected In small
sample vials and sealed, and stored In a refrigerator for
later anajyses. Most experiments were usually operated
for seven to eight hours after @ steady state had been
reached, before switching te the next condition. At the
end of each run, +the reactant feed gas was replaced with
hel ium, tThe heater was shut off &nd the reactor pressure
was relieved. After +the reactor had been thoroughly
flushed, the system was shut down Dby closing all the
“valves and” +urning off the Instruments, chilled water,
air supply, and finally hellum gas. A photograph of the

control panel 1s shown !r Filgure 4.7.
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J¥-3. Laboratory Safety.

Safety deligence 1Is a fundamental requirement iIn the
project laboratory. A generai guldeline for laboratory
safety requirements has been filed In the laboratory

manual [9].

The most possible serlous hazard In the laboratory Is
fire. Almost all the chemlcals used Tn the experiments,
such as hydrogen, carbon monoxlde, methane and ethylene
Tn the gas.streams, liqulid product and solvents, are
highly flammable. Therefore, cautlon must be exercised
when deallng with them, e.g., securely ground appropriate
equipment, elimInate spark sources, no smoking In the

laboratory etc.

Carbon monoxide gas Is a deadly poison. Good
ventllation of +he laboratory !s an absolute necesslty.
Cobait catalyst Is a very fine cluster powder. G8reathing
or surface contact can cause lllness to +the lungs or
eyes, Thus, approprlate protection equlpment (mask,

safety glasses) is requlired when working with them.

Another type of possible hazard Is explosions due to
overpressurlng. Caution should be exercised fo avold
possible bulld-up of excessive pressure. Rupture disks

should be Installed +o protect the equlpment and
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inspected periodically.

insulated to aveld burns.

Steam

{ines

should be properly
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lvy-4. Experimental Deslign.

A key To the success of an experlimental program Is tfo
utilize a sound experimental design. The procedure of
the experimentai design In this research can be outiired

as below.

The flrst step 1Is to clearly establish +the objective
of the experliment. 1In this kinetic study, the goal Is to

obtaln a sufficlent amount of legltimate experimental

data which wilf fIt the kinetic models (rate aequaticas!?
derived from various reactlon mechanisms proposed
previously. Following +the conventlon gliven In the

previous chapter (of theory), tThe rate equa%ton Is
deflined as the variation of measured number of gram-moles
of +the sum of three actlive reactant specles (l.e.,
hydrogen, carbon monoxide and ethylene) converted per
unit gram of the 00304/AI203 catalyst per unit hour, wlfh
reactlion temperature and +he partial! pressures of specles
In measurable amounts In the product streams at steady

state conditlons.

However, component mass flow rates In the feed and the
operating condlitions (amocunt and slze of catalyst,
temperature and total pressuref are the truly manlpulable
varlables in the experiments. The experlimental deslgn Is
further simplified by fixIng the catalyst conditions and

cperating pressure. The number of +the manlpulating
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varlables 1s reduced to four: tThe mass flow rates of
three active reactants (Hz, CO and C2H4) and operating
temperature. The mass fiows of methane and carbon

dioxide are relatively fixed.

Prior to the executlon of any experiment, the reaction
system along with auxillary equlpment, and the analytical
gas chromatograph (GC) must be set up and checked for the
proper operation and accuracy. The rotameters are
calibrated on process gases using a wet testmeter. The
¢cal ibration of <+he gas chromatogreph is 2ls0 performed
using standard gases, and the component welght response
factors for the thermal conductivity detector (TCD) of GC

are determined.

In the next step, a base point Is chosen as a
reference, which corresponded +o the mid scales of the
rotameters. Experiments are then carrled out at this
base polnt for a couple of +times to verify the stabillty
of +the cperatlion and the consistency of experimentsal
data. Equipment and procedures are modified to correct

any problems 1f necessary.

After successful runs of the base point have been
accompiished, +the levels of the manipulating varlabtles
will be varied so as to cover the entlre ranges allowed
by the experimental equipment, The differential

operation requlrement, namely, t+he sum of the +three
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actlive reactant conversions must

will be Imposed for atl klnetlc

utilize a sTmple component mass

interpreter tThe experimental

experiments are alsc subject to
operating conditions determined

experimentation. - For tThe

justificatlien phase,

operation wiil be relaxed to

the requirement

about 10% Instead,

be less or equal to 5%,

expertmén?s in order o
conservation equation to
data. The kinetic
satisfylng the Justlified
by the inltial phase of

experiments In the

of dilfferentlial

so that

wider range of operating conditions can be observed.
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Transport phenomena can seriously Interfere with the
reactlon and complicate +the analysls for the reaction
system, 1f cautlon Is not taken to elimlnate or minimize
the effects In kinetic Investligations. Gradlents between
+he fluld and the solid may be minimized by sufficlent
turbuience. With the tubular flow reactor, this requires
a sufficlent high flow veloclty. For a glven catalyst,
the Internz2l gradients (Inside the pores of catalyst
particie) can be eliminated by crushling the catalyst to

reduce I+s dimensions [92,93].

Therefore, experiments for determining proper
operation condltlions for kinetic experiments should
Include studies of temperature, mass veloclty and
particle slize [189,190]. Figure 4.8 Illustrates +the
general guidellne for Justificatlion experiments for a
klnetlc study. All experiments were carrled out in the
same flixed-bed mlcroreacf&r. by the same procedures as
described previously. Catalyst activity was checked
perfodically by a long experimental run at the base polnt
and +the variation of the conversion of reactants wes

cbserved.
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Notations for Figure 4.8

tn

-ﬂ

i-component mass flow rate in feed, fﬂ;%
total pressure, kPa,
mean particle size of catalyst, cm,

reaction temperature, °K,

mass of catalyst, gms.
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1y-6. Klpetlg Experiments.

The kinetlc exper!ments were carried out according to
the general dlrection described (n the previous sectlon
(1v-4) of experimental deslign. The coperating conditions
wera set Inside the éafefy regime determined by the
result of +the kinetle Justlflication experiments. 1.0
gram catalyst of 60-150 mesh was used and total operating
pressure was set at 140 pslg throughout the kinetic
experiments. On!y those experiments executed under the
differential condition, l.e., less than 5% of conversion

of reactants, were retained for further analysis.

g7



1¥=2. Catalyst Preparation and Characterization.

The cobalt/atumina catalyst used in <Thls study was
prepared by a typlcal impregnation method [9]. Standard
cobalt nitrate selution was obtained by physically mixing
600 gms of Hall cobalt nitrate flakes (Co(NO3),-6H,0)
with 250 ml of delionlzed water, A standard cobalt
nltrate solution (5400 ml) was Thean poured oﬁfo 20,455
gms of ALCOA F-1 activated alumlna. After +horough
mixing, the catalyst was left o dry in the oven
overnlght at 75 °C. The ca?al&sf was +then calclned In
the Solld State Laboratory tube furnace the next day ‘for
four hours at 450 °C with 4 cu.ft. per hour of dry afr
(Figure 4.9). ApproxIimately 45 Ib of catalyst was
recovered and ground. The catalyst was then screened and
separated according to mesh slze. The weight percentage
of cobalt In +he flnal form of tThe catalyst was

calculated to be 11.62 wtg.

A Philips X=ray dlffractometer, Type 42267/0 (shown In
Figure 4.10), from the Chemistry Depariment, was employed
to Identlfy the compound In the catalyst and to measure
the mean crystallite size [2422. Some operatlicnal
parameters are Ilsted In Table 1.5 of Appendix I. ] The
éafalys? was packed in an alumlinum s;mple holder of 1 cm
by 2 e¢m by 1 mm and covered wlth transparent +tape to

avold spiliage In the rotary scanning. The diffractlion
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Figure 4.9. . Furnace Chamber.
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Figure 4.10. Philips X-Ray Diffractometer (Type 42267/0).



pattern of the catalyst was transformed Into d-spacings
and compared with tabuliated valiues filed by +the Jolnt
Committee on Powder Diffraction Standards (JCPDRS) of the

American Society for Testing and Materials (ASTM).

The same Instrument was also wused to measure the
broadening of the peak of (311) plane of the catalyst at
85=36.83°. With ALCOA F-1 actlivated alumina (80-200 mesh)
as the internal standard (same 311 -face-cenfered cubic
index at 38.2°), +the mean particle size of the cataiyst

can be estimated according to +the Scherrer equation

(66,1311,

t = (4-1)

Here t Is +the volume-averaged crystallite dtémefer, Als
+he X-ray wavelength, B 1s the broadening of diffraction
peak measured at half of [ts maxIimum Intenslity (1In
radians) and € Is the Bragg's angle corresponding to the

peak.

A Phillps X-ray fluorescence spectrometer (Model
PW1410-60K) shown In Figure 4.11 and tlocated In the
Chemistry Department, was employed to measure +the bulk

concentration of actlive specles (cobalt) 1In the catalyst
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[243]. Operation parameters of this equlpment are given
In Table 1.6 of AppendIx 1. Standard of 0.2 grams were
prepared by mixing proper amounts of Baker cobalt oxlde
and MCB activated atumina. The standards were further
blended with 0.4 gm of Brinkmann avicel microcrystalline
cellulose and packed into discs In a stalnless steel mold
under 3,000 Ib force by a hydraullc jacket. Scannling a
standard locates three Bragg's ;ngles (2¢ ) of the most
sensitive plane and +two backgrounds (one before and ¢ne
after). Measured intensitles of radiation from LIF (200)
crystal were fed 1Into an on-line FPDP minlcomputer <o
calculate the correct relative intensitles from which a
calibration curve was estab!lshed and catalysts of
unknown composltions thus were compared. Cal lbration
curves for cobalt scanning are shown in Figures F.1 and
F.2 in Apﬁende F. Sample experimental resul+t+s are shown

In Table F.2.

A conventlional volumetrlc adsorptlon apparatus wlith
two manlfolds was fabricated and Installed In the project
laboratory (see Fligures 4.12 and 4.13), and was used to
measure the amount of hydreogen uptaken by cobait in a
fresh catalyst sample at room temperature [145]1. Welghed
catalyst was first loaded 1Into the mid section of the
sample cell shown 1In Fligure 4.14. The sample cell was
then connected +o a catalyst pretreatment wunit (Figures

4.15 and 4.16) where reduction of catalyst was conducted.
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Figure 4,13, Adsorption Apparatys - Photograph.
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Figure 4.14. Catalyst Sample Cell.
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The reduction wes started by manvalty adjusting the
heating rate about 10 °C/min with ultra-pure hydrogen
(99.999%) from Alr Products at 0.012 cublic foot per
minute (28.6 °C and 1 atm)} untll 400 °C and then held at
this temperature overnight. At the end of the reductlon
period (aBouT 20 hours), the tube furnace (Linberg 55035)
was turned off and both inlet and outljet vacuum valves
(Kontes 8265107 of the sample <cell were sealed. The
sample cell was then carefully removed from the catalyst
pretreatment unlt and attached to the adsorption manifold

+hrough a CajJen ultratorr unlon (SS-6-UT-6).

A 1/2 Inch by 4 feet heating tape was wrapped around
the sample cell outside the catalyst bed and adjusted by
a varlable Fowerstat transformer to 390 *~C. The
outgassing of +the catalyst was contlinued for am hour.
The transformer was +hen turned off and +the sample cell
was !sclated and cooled down. The adsorption manlifold
was filled uTTh.a sufficient amount of ultra-pure hel fum
(99.998%) and +the pressure was recorded by a MKS 170M
series Instrument conslisting of a 3I-channe! selector
{34C), @& digital readout (27E) and an electronics unlt
(6C) wlith a Baratron temperature-centrolled dlfferenttal
sensor (310CH-1000) Ci59]. The measured quantlity of
helium was +then expanded Into the sample cell to
determine the dead volume of the sample cell. After

evacuation, +the sample cell was agaln [sclated from the
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manlfola and the proper amount of pure hydrogen was
admitted Into the manlifold. The hydrogen was later

expanded through the vacuum valve Into the sample cell.

The uptake of hydrogen by the active ceobalt In the
fresh catalyst 2at room temperature Is actuvally obtained
by the usual adsorptlon isotherm procedure, namely,

repeatedly evacuating +the manifold and sample cell,

Isolating +the sample cell, admitting an d&dppropriate
quantity of hydrogen into +the manlfold, recording the
pressure, expanding the hy?rogen Iinto the sample cell,
waiting untlt equilibrium (usually 45 minutes) ang
recording +the final pressure [B6,145,162]. Another
technique which admits hydrogen at rather high
temperature and then allows It to cool ¢ room

temperature can lead <o the maxImum uptake of hydrogen

Ci1s1].

From +the amount of adsorbate adsorbed by +the
adsorbent, the number of accessiblie surface atoms, NS, of

the adsorbent can be calculated by [162]:

NAvonXS

N = ——————— {4.2)

vmo'l
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provided the stelchlometric

number of surface metal atoms

factor, {the average

Xs

covered by each molecule of

adsorbate), Is known. Vm is the measured volume of
chemiserbed monclayer, VY 41 Iis$ the molar volume of the
adsorbate, and NAVO Is +he Avogardro number. To

calculate the surface

necessary to know +the site
number of metal atoms per
follows:

area of active metal,

crystal

As ’ it is

density, (the

l'ls average

surface area), as

(4.3)
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1y-8. Product Analysis.
1v-8.1. Gas Product.

Although the products of the modl fled Fischer-Tropsch
raactions are complex, most components (>C4 ) c¢an be
condensed and separated {rom the gaseous product, A
Carle analytical gas chromatograph (Model 111}, shown In
the middle of Flgure 4.17, equlpped with a hydrogen
transfer system and automatic programming base allowed
for analysls of gaseous product In elther a single run,
repetitive runs, or short or long runs wlth automatic
sequencling. Coupled wlth a Spectra-Physics integrator
(SP-4270), plotting and calculation of a sample analysls
can be completed within a 15-mln Interval for a shert run
or 45-min for a long run. Some operational condr+lons of

the Carle GC are given In Table 1.3 In AppendIx 1.
ly-8.2. Lliquid Products.

Water-insoluble organlcr products were analyzed by a
Hew |l et++-Packard S710A gas chromatograph equippaed with a
flame fonizatlion detector (FID). The GC 1is shown In
FIgufe 4.18. The CS+ hydrocarbons were separated by 2
1/8 Inch by 6 feet 3% Dexsl! 300 on 100/120 Supelico hlgh
temperature column. All samples were dltuted to 10 mg/cc
with carbon disulfide before injectlion Inte the column,

FI1D response factors for Cgy  hydrocarbons were
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essentlially +he same and taken +o0 be 1.0, hence the
normal ized peak areas would be directly proportlional to
the weight compositlion of +he sample [249]. Some
operatlonal setilngs for this GC are glven 1in Table .2

of Appendlx 1 [113],

Water=-soluble lIiquic product analyslis was performed on
another Hewletit-Packard 5730A gas chromatograph (Figure
4.19) equipped with a +thermal conductivity detector
(TCD)Y. A 1/8 inch by 6 feet Poropak Q column was used to
separate the water and alcohols and a 5A molecular sleve
column was alsc Installed In parallel as a reference
column. Table |.3 1in Appendlx | lists major operation

parameters [113].
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ly-9. Computer Computation.

The sequence of steps In +the data reduction process
utlifzed 1n the experimental work of this research can be
summarlzed as follows.

1. Determine +the component welght response factors
for the TCD of the GC.

2. Obtain the peak areas of the GC chromatogram for
aach specfes, by the digltal Integrator.

3., Measure the amount of steady flow of gas product
by wet testmeter.

4. Measure average amounts of 1lquid praoducts
coltected In between two sampllings and determine the
speciflic densitles.

75. Feed all the above Information about preoduct
streams plus known amounts of feed components by
corresponding rotameters, Info the computer to
perform <the calculatlon of +the materlial balance.
Compeonent rates, mote fractions In product, and
percentage converslions are alse determined by +the

calculations.

As usual, these response factors are obtalmed through
t+he standard c¢allbratlon procedure [45,87,146,227,249].

by:



f,o=( )} ) (3.4)

where f_i is the TCD weight response factor for companent

T, wi and HCO are welights of component | and carbon

2

dioxide (referencel}, and A002~and A; are the peak areas

measured from the gas chromatograms.

The University |BM computer system (370) was employed
.40 perform most data reduction and analysis. Fortran
programs GC, THERMODY, and MODEL6E were developed wlth
the fncorporation of routines available from various
sources [125,187]. Program GC was used to calculate the
material balance. Program THERMODY computed the
equllibrium conversions based on the method of steepest
descent 1o minimize +the total Gibbs free energy of a
mixture subject to the conservation constralnts of atomic
elements [133. Flgure 4.20 shows The logic of this
program. Kinetlc models from theoretical derivations
were fitted by Program MODEL6B wusing +tThe Marquardt
nonl Inear regresslion method [151]. All +three computer
software programs are |Ilsted In Figures K.1 through K.3

of AppendIx K.
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Figure 4.20. Logic Algorithm for Program THERMODY.
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Notations for Figure 4.20.

a..
g1

: number of gm-atoms of atomic element f in a mole of component

molecule £,

total number of gm-atoms of atomic element j in the reacting
mixture,

total number of components in the reacting system,

standard molar Gibbs free energy of formation of component £,
molar Gibbs free energy of formation of component £ at
temperature T,

kth

iteration,
total number of atomic elements present in the reacting
mixture,

molies of component £ in feed,

moles of component £ in product after kth iteration,
total number of moles in the reacting mixture after hFh
iteration,

(k+T1)
_[ET_n -1

n r

Lagrange multiplier of atomic element j,
direction number in £ direction,

distance of travel.
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