CHAPTER V

RESULTS AND DISCUSSIONS

¥=1. Ihermodynamlc Study.

Chemica! thermodynamlics 1s always the prerequlsite for
a study of any chemlcal reactlion. This 1s because that
i+ not only can supply valﬁable Informatlion about
energe+1c properties of the reacting system, but also can
provide data of equlllbrium condlitions as standard
reference for evaluating the actual performance of the
reaction system. The primary goal ot the thermodynamic
study In this research was +to obtaln the equlllbrium
enthal py change of the reaction to be utlillzed In the

evaluation of the Intraparticie temperature gradient.

Equilibrium molar rates ofvchemlcal spacles present in
the reacting system at speciflic reaction condltions were
first determined by a scheme developed by Balzhiser et
al. [13]. in this method, an alternative |Inear system
of aligebraic equations derived from +the problem +to
minimlize the +total Gibbs free energy for the reacting
system, Is solved. Detalls of the methodalogy are glven
in Appendix L. Multiplying the difference, in mofar

rate, of each Indivlidual specles between feed and
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equil ibrlum product by its corresponding heat of formation
at a specified temperature yields the enthalpy change for
this particular species. The sum of all individual
enthalpy changes gives the net equlilfibrium enthalpy
change of the reactlion. A computer software program
THERMODY was coded Yo actually execute all the
computations and Is |lfsted In Figure K.1 in Appendix K.
Thermodynamic data for Individual chemlcal species were
obtained from +the thermodynamic +tables compiled by AP!
EZO?]. The Initlal guesses of equilibrium molar rates
and feed molar rates for all simulations were taken from

steady state experiments,

Equilibrium enthalpy changes of nine simulations (I
through 1X) of different sets of chemlical species were
cbtained and are summarlzed in Table 5.1 along with the
Gibbs free energy change and equllibrlum constant. Input
data and resulting equilibrium molar rates of all species
are listed in Tabies L.1 t+hrough L.9 of Appendix L. Al
the changes of equilibrium enthalpy and Glbbs free energy
were negative which agreed with +the calculations of
conventlonal Fischer-Tropsch synthesls, although most of
them were less exothermic. The modlfled Fischer-Tropsch
reaction Iis more thermodynamically favorable than Iifs

conventlional competlitor.

Additional equilibrium data, percentage converslons of
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the five active components, namely hydrogen, carbon
monoxide, ethylene, carbon dioxide and methane, were also
calculated and are listed In Table 5.2 +to serve as an
upper limi¥ bound that the reaction could proceed at the
specifled <condlitions. Hydrogen Is almost completely
consumed. The conversion of carbon monexide is hindered
by etﬁylene Incorporation. At higher temperatures, e.g..,
above 550 °K, carbon monoxide is generated rather than
consumed. Carbon dioxide, on the contrary, Is.consumed
instead of produced. Methane [s always generated Iin
large amounts. In general, the presence of oleflns In
t+he product lowers the Gibbs free energy change, thus

stabillzing the product.

I+ was also interesting to see how the varlation of
reaction temperature could aftfect +the equilibrlum of a
given reactlon system. Thus, di fferent types of
simulations (X and X|) were performed for the same set of
70 components but utillizing different input compositions.
The component molar flow rates of hydrogen, carbon
monoxlde, ethylene, carbon dioxide and methane in the
feed of slimulation study X were 28.27, 17.54, 23.99, 9.32
and 4.99 gm-moles/hr respectively. For simulation study
X1, +*he rates of hydrogen and methane were changed to
33.98 and 4.05 gm-meles/hr. The other three components
were not varled. The Tnitial and flinal equilibrium molar

rates of all components of both simulations are given In
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Tables L.10 and L.11 of Appendix L.

Equilibrium conversions obtalined by *The studies X and
Xl e2re summarized Tn Tables 5.3 and 5.4. I+ can be seen
+hat the equilibrium percentage conversions of all three
active reactants, l.e., hydrogen, carbon monoxide and
ethylene, generaily decline as The reaction temperature
increases, which Is in accordance with the principie of
LeChatel Ter and Braun. Ethylene [Is almost completely
consumed below 600 °K.  Above 700 °K, carbon monoxide Is
again generated instead of consumed. This implles that
totally dIifferent types of reactions may occur. The
simulation falled t¢ converge. for meost temperatures below
400 °K; however, maximum conversions, l.e., 100%, for
all three active reactants were unexpectedly obtained at

the temperature of 250 °K by the simulation.

Usually 2 decrease I[n number of moles :is involved in
the synthesls reactlons. Therefore, +the equillbrium
conversion should Increase with 1Increasing operating
pressure. At moderate +o . high pressures, large
conversion may be obtained even with positive change of
Glbbs free energy. A varlety of molecules of dlfferent
types, carbon numbers and carbon chain structures can be
produced by +the synthesis reaction up +o 500 °K,
particuleriy at elevated pressures, and the distribution

of molecules depends on the selectivity of +The catalyst
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used. The most negative free energy change is associated
with methane formation which means +that methane can be
+he predominant product if it Is Included as a product

species.

For a glven catalyst, the product distribution will be
shifted by changing +the +temperature 1In the direction
Indicated by the Gibbs free energy change. The product
spectrum 1s also a complex function of feed composition.
The reaction thermodynamics and the thermodynamics of
interfacial phenomena have not been well studied for the
Fischer-Tropsch and related syntheses. The latter can be
useful in providing additlional clues +o the possible

surface intermediates in the reaction path [64].
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This part of experimental work was not directiy
related to the kinetlc medeliling. The objective was two-
fold: one was to specify the catalyst used, and The cther
was +to develop a more proper means of deflining the
activity of the catalyst In terms of the number of active
sites of the catalyst. The first goal was achieved
+hrough the experiments of XRD (lncluding both powder
diffraction and 1ine broadeﬁ!ng) and XRF. The latter
should be the essence of precise rate representation for
heterogenecus catalytic reactlion and was accompi [shed by

chemlsorption experiments.

A typical X-ray diffraction pattern of +the catalyst
sample before reductlon obtalned by the diffractometer is
shown In Figure E.1(a} of Appendix E. A reference
catalyst of Baker cobalt oxide and MCB actlvated alumina
was also anatyzed by the XRD and is presented In Figure
E.1(b). Comparing the Intensity ratio with +the JCPDS?
standard pattern of #9-418 (see Figure E.2 fn Appendix
E), the ldentliflcatlon of Co30, structure was obvlous.
After reducticon or reaction, <the pattern became so
detoured +that +he structure of Co30; was no Jonger
identiflable. ALCOA F=1 actlvated alumina was not
identifled simply due to tack of an appropriate standard

pattern.
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The bulk concentration of cobalt in the catalyst was
determined by the X-ray florescence spectrometer. The
results are shown in Table F.2 of Appendix F. All
catalysts were fram the same batch, but screened
according to dlfferent mesh sizes. For catalyst samples
elther larger than 60 mesh or smaller than 200 mesh, The
bulk content of cobalt were slightly higher than 1In
between these Two sizes. This can be attributed to the
fact that +the larger alumina particles have more pores
into which cobalt molecules can diffuse. The adherence
of cobalt to the alumina in Impregnated catalyst normally
is not very strong, and vigorous shaking of the catalyst
can either allow more cobalt particles to deeply
penetrate +the pores of the support, or separate fthe
cobalt particles from the support. Also, the cobalt
particlies are much smaller +han alumina and they are In

+he form of clusters.

The 311 peak width at 8 = 36.83° of the X-ray
diffraction pattern of the cobalt catalyst was compared
wit+h the 311 peak width of ALCOA F-1 activated alumina
at 38.2° (see Figures-E.3(a) and E.3(b) in Appendix E).
The dlifference was used to calculate mean crystallite
size o0f +the catalyst of 198.49 R. The detalls of
calculation are gfven In Appendix E. The surface area
was estimated to be 181.36 mzfg for elther cublc or

spherical crystalllite [128]. The value of surface area
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obtained seems to be too hich accordlng to Zowlitlak anda
Bartholomew [250] and possibly attributable to Instrument

or standard [imitations.

Selective hydrogen adsorption measured 5.29x1019

active sites per gram of catzalyst and about 3.62 mzfg of
cobalt surface area of fresh catalyst after reduction.
Sample calculations of initial number of active sites and
+he cobalt surface area are given In Appendix D. The
computation was done based on tTwo assumptions: the
stoichiometric coefficient was 1.0 “hydrogen =atom per
surface atom of cobalt, and the site denslity was 14.6
active slites per square nanometer, Both values  were
taken from the I|iterature [181]. A typtcal setup of the
chemisorption experiment (s shown fn Table D.1 of
Appendix D. Complete reduction of cobalt/alumina
catalyst Is diffifcult, but 30-40f of reductlon can be

easlly achieved In two hours [50].

The stability of the catalyst activity was checked by
extended [ong runs under steady state concitions at the
chosen base polnt specified In Table 5.5. A typlcal
result for reactant conversioen versus on-stream time for
such an experfment Is shown 1{in Figure 5.1. In general,
with well=control!ed operating conditions, steady state
could be reached In 2-3 hours for 2 fresh catalyst.and

+he catalyst seemed +o have a rather long |life, say at

132
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Table 5.5. Experimental Conditions - Base Point.

Catalyst: cobalt oxide (in the form of C0304) supported by

ALCOA F-1 activated alumina (60 - 150 mesh).
Mean catalyst crystallite size: 198.49 R by XRD 1ine broadening.
Bulk cobalt content: 9.3 wt.% by XRF.
Number of initial active sites of the fresh catalyst after

g

reduction: 5.29x101 cobalt atoms per gram of catalyst

by volumetric chemisorption.

Specific surface area: 3.62 m2/gm of catalyst by volumetric
chemisorption.
Operating temperature: 494.3 °K.
Operating pressure: 140 psigq.
Component molar flow rates in feed, gm-mol/hr:
hydrogen - 0.5355,
carbon monoxide - 0.6664,
ethylene - 0.2676,
carbon dioxide - 0.6946,

methane - 0.3871.
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least about a week, Deactivation of the catalyst under
+he dlfferentlal mode of operation appears not to be
significant for the run tTimes utillzed In +the

experiments.

Catalyst preparation 1Is responsiblie for the activity
concdition of the céfalys+, but catalyst characterlization
provides a means to specify the catalyst. I+ 1Is the
ultimate goal of catalysls research that the
characteristics of a catalyst can be be correléfed to the
performance of its function In the catalyzed reaction
and, hence, a deslirable catalyst can be designed and
manufactured for any catalytic reactlon. At present,
catalysis research has been progressing with +the rapld
advances In surface sclence, yet the goal of a prilori

design of catalysts 1s s+ti]| far from belng realized,
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¥y-3. Justificatlion for Kinetic Experiments.

The goal of this phase of the experimental work was to
determine a reaction reglme where fthe physlical transport
steps are not the dominating factors and fo\ minimlize
thelr effects so that the Intrinsic rate of the surface
reaction can be observed. The safety reaction regime is
Interpreted In terms of the approprlate operating
conditions for the legitimate klinetlic experiments, The
justliflcatlon was accompllished via both experiments and
thecretlcal calculations. The latter relles heavily on
t+he avallabillty and accuracy of various “transport

parameters, whlle the expérimental method can be very

relfabie and efficlent.

Following the strategy In Figure 4.8, the net reactlcn
rate over a heterogeneous porous catalyst were verled by
+he ¢change of +the operating temperature. The
experimental conditlons for the temperature effect study
are summarized In Table 5.6. The Intrinslic rate can only
be observed when the operating temperature approaches tThe
lower bound where +ths reaction proceeds on the catalyst
surface so slowly that it governs'The process. At higher
+emperatures, the reactlion procebds $aster than the mass
transfer steps. Then, elther finternal diffuslion eor
external dlffusfon may dom!nate +the net rate of the

process, and conseguently, the observed rate no longer
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represents the true reaction rate [238].

This phenomencn has been emphasized by Satterflield and
Cortez [190] and 1s also observed In +he justificatlion
experiments (see Figure 5.2). 1+ 1s obvious that there
is a turning point fn the temperature range between 530
and 550 °K, above which +the net rate becomes less
dependent on temperature. Further evidence can be seen
by temperature studles 2 and 3 (Figure 5.3). Apparently,
external diffuslon could control the overall rate above
540 °K. One way to reduce the resistance To the external
mass +transfer Is +to run +the experiment helau tThis

temperature.

Hulburt and Srini Vasan suggested that It Is necessary
+o change mess veloclty and bed volume I[n proportion to
maintaln c¢onstant resldence tlime, for the test of the
presence of an external ¢lffuslon gradient in a packed
bed [120]. The experimental conditions for dlffuslion
effect study are given in Table 5.7. Not+ice that, In
Table 5.7, +the component mass flow rates In the feed for
diffusion studies 5 +through 9 represeﬁ? the base
conditlions. Figure 5.4 suggests that external diffufion
resistance may be minimlzed for the experiments uslngL he
catalysts of 60-150 mesh sizes at the reacﬁton
temperature of 494.3 °K 1f the mass veloclty of the ried

exceeds 400 gms/cm=hr. Ustng two dlfferént bed depiths
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of catalyst and three catalyst sizes, +the variatlon of
reactant conversion with respect to the change of mass
velocity makes |t possible +o test for both film~ and
pore-diffuslion gradients [73]. The results of this type
of testing are plofféd In Figures 5.5 and 5.6. 'i\ls
seen that the conversions of +three ¢ifferent par+fc|e
size experiments coinclde when W/IF - Is less than 0.55 gm
of catalyst/gm.mol=hr at low reac;ion temperature. This
means that the external! diffusion effect can Ee minimized
when the reaction is operated with WIgﬁ smal ler than this
value at low temperature for +the sizes of catalyst
particles chosen, When the catalyst particle Is crushed
to reduce the size to smaller than 60 mesh, neither the
external nor the Internal mass +transfer will be +the

controlling factor.

The results of a carefully performed temperature study
are plotted In an Arrhenlus-type diagram (Figure 5.7).

I+ becomes <clear that minimum effects of both external

and TInternal diffusfons can be secured under the
fol lowing cperating conditlons: (1) reactlon
_temperature Is less than 498 °K, (2 wetght hourly

space veloclity (WHSY) 1s greater than 41.4 gm/hr of feed
per gram of <¢atalys+t, g4 (33 the catalyst particle
slze is smaller than 60 mesh for this modified Fischer-
Tropsch reaction +to bé examined kinetically. The

corresponding net activation energy v1as also estimated to
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Figure 5.6.
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be 93.86 kJ/mol.

Theoretical criteria for negliglible diffusion and
temperature gradients Inside a pore of the catalyst were
also estimated in Appendix B and both were satisfled.
The Implementation of the theoretical criteria to justify
the kinetlc experiments, however, must proceed with
caution and should always be used only as a supplement to

the experimentel justification.
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y-4. Klnetic Experiments and Models.

Followlng the experimental design outlined In sectlons
I¥-4 and IV-6, the kinetlc experiments were executed wlth
four manipulating variables: operating temperature and
+hree active reactant mass flow rates In the feed. The
variations were set to cdver t+he entlre ranges allowed by
the equlpment. The flow rates of methane and carbon
dioxlde were adjusted accordingly to ensure that the WHSY
is greater than the criterion of 41.4 gm/gm cat=hr
determined by the justificatlion phase of experimentation.
Catalysts of 6§0-~150 mesh (1.00 gram) from same batch were
used. Total operating pressure was fixed at 140 psig.
The feed conditions of all successful klnetlic experliments

are tlsted In Table 5.8.

For any type of reactor operated in a dlfferentlal mode
(generally less than 104 reactant conversion}, tThe rate
of reaction fn terms of component 1, %;, can be obtalined
directly from t+he experimental data of fractional
converslons, AX; ’ via the equatlon bel ow

E46,47,63,69,91,92,145]=

r, = (5.1)
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Table 5.8. Component Flow Rates in fFeed Used in Kinetic Experiments.

Components, millipounds per hour.

Run H, €o co, CH, CH,
1 3.36 16.0 13.7 5.6 17.6
2 3.54 8.0 41.4 0.0 26.4
4 3.54 28.0 41.4 18.0 26.4
5 .72 64.0 55.2 26.0 | 35.2
6 2.36 32.0 27.6 12.0 17.6
8 4.72 64.0 55.2 24.0 35.2
9 2.38 41.2 67.4 13.7 16.6

10 1.19 20.6 67.4 13.7 8.3

12 1.79 20.6 67.4 13.7 33.1

14 1.79 82.3 67.4 13.7 33.1

15 | 4.76 20.6 67.4 13.7 49.7

17 1.79 20.6 67.4 13.7 8.3

18 1.79 61.7 67.4 13.7 8.3

19 1.79 82.3 67.4 13.7 8.3

20 4.76 20.6 67.4 13.7 33.1

21 4.76 61.7 67.4 13.7 33.1

24 1.19 61.7 67.4 | 13.7 49.7

30 1.79 20.6 67.4 13.7 29.7

31 1.79 61.7 67.4 13.7 49.7

33 2.98 51.4 67.4 13.7 29.0

34 2.98 9.7 67.4 13.7 29.0

35 2.98 93.2 67.4 13.7 29.0

39 2.98 51.4 67.4 13.7 56.8

40 2.98 51.4 67.4 13.7 20.7



where
F$ Is the molar flow rate of component | In The
feed, In gm=-moies/hr, and
W s the mass of the catzlyst In grams.

Large Péclef number = 334,56 and aspect ratio = 370.4

estimated in Appendix M indicates <that the plug flow
behavlior prevalls In the microreactor under the operating

conditions of kinetic experiments.

The conversion data was ob*alned through the usual
procedure for +he quantltatlve analysis of a gas
chromatograph [45,87,146,227,249]. The TCD welght
response factors for active components In the gaseous
product were obtalined by calibration using known amounts
of standards and are presented 1In Appendix G. Computer
program GC (Ilsted in the Appendix K) was used to perform
the data analysis and reduction. Undér the differentlal
condition, almest all the kiﬁeflc experiments ylelded
negllgible higher hydrocarbons which greatly simplified
the regression fIt +to Include only reactants and simple
products. The kinetlc data of Eeac?!on rate versus
reaction temperature and partial pressures of active
components, derlived from qualified kinetic experiments,

are summarized In Table 5.9.

The computer scoftware prograa MODELSEB (llsted In

AppendIx K) was coded with +the Incorpeoratlioen of a
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Results of Kinetic Experiments.

Table 5.9,

Component Partial Pressure, kPa
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nonl inear regression routine, NLIN, ocf SAS Institute
avallable through the University computing library C187],
and was empleyed to do the date fits for +he nine
d1fferent kinetlic mode!s proposed [n The theory chapter.
Results of the fits by nonlinear regression are
summarized in Tables 5.10 and 5.1%1. For those models
that converged, +the corresponding plots of predicted
reaction rates versus experimenfélly observed ones were
obtzined and are presented in Figures 5.8 +hrough 5.21.
Model rejection was done by considering both the physical

nature of the ﬁaramefers and statlstical goodness of fit.

Without adding tThe non-negative constralnts of
equillbrium constants for poth adsorption aad reaction,
almost all models (denoted by A), except the power | aw,
predicted a2t least one nega+lv9 value for the equilibrium

adsorption constant (see Table 5.10).

However, wlth +the non-negative constraints added,

models (denoted by B) 1, 2 and 3 simply dld not converge

properly. Model 8 converged, but the fitness was poor..

Models 4 and 4* estimated rather large values of the
equlilibrium adsorption constants for both ethylene and
carbon monoxlde, which are physlcally legitimate, but it
does not define the controlling steps In the reaction
mechanism speclifically. In model 4%, +he equlllibrium

constant for the controliing step was not ftreated as an
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Figure 5.8. Predicted Reaction Rate vs. Observed Reaction Rate
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for Kinetic Model 1A.
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unknown parameter, Instead, it was assigned a vaiue which

wzs obtained from the thermodynamlc simulation.

Models 5 and 6 were the only two left without physical
bias., Recall that both models were proposed on the basis
of a surface reaction between the ethylene molecule and
2n adsorbed species being rate~determining. The
difference between tThese two Is +that model 6 specifled
adsorbed hydrogen atom to be the companion reactant while

model 5 only described the surface reactlion In general.

It is also noted that model S, a semi-empirical pcwer
law, |Is as good as +theoretical models 5 and 6 as far as
goodness of fit Is concerned. Aécording to Figure 5.7,
the apparent activatlion energy, for a surface reaction
controllling raeglime of this modifled :Flscher-Tropsch
reaction should be 93.86 kJ/mol. However, none of values
predicted by the nonlinear regression came close to this
rumber. ~ in fact, all the values are s!Ightly less than
halt of what they should be. This means +that the
internal mass dif%uslon may play an inherent rcle In this
synthesis. It Ts logical +to Imagine +that if alt the
surface reactions, except the one befueen ethylene
molecule and adsorbed hydrogen atom,” occur so fast that
slow dlffusion of ethylene molecules through the pores of
catalyst aufoma*lcaily governs the reaction of ethylene

and hydrogen, then thils In turn, controls the net rate.
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y=-5. Product Qistribhution.

Due to a variety of syntheslis reactions and a vast
array of hydrocarbon products that are thermodynamically
possible, +he carbon number distribution of total
hydrocarbons for +thls reaction system Is a comp | ex
function of catalyst and operating conditions. Products
from +the modlfied Fischer-Tropsch syntheslis have Deen
shown not *to be 1In <thermodynamic equilibrium between
reactant and product specles, hence valuable mechanistic
information regarding the chaln growth and termination

can be retrieved from the selectivity data.

The maln purpose of *hls:parf af the experimental work
was to verlfy the vallidity of the assumptlion of stepwlse
‘addition of an intermediate, namely, methylene, +to the
growing chain proposed In the development of reaction
mechanism In the tTheory chapter (Ili). Thls was done by
checklng the I[Inearity of the plo? of the logar!ithm of
molar concentration versus the carbon number [23]. In
order to be able to examine the produé* spectrum, the
experimental conditions were relaxed from +the rigid
requlirements for fﬁe klnef!c experiments so that hlgher
conversions could be cbtalned. The feed conditlions for
t+he product distributlion (PD) studles are given In Table
5.12.



f)

t)

i

Table 5.12. Feed Conditions Used in Product Distribution Studies.
Molar Ratio Molar Rate (gm-mol/hr)
Study
co My H co CH
= . 4 . 2 4
H, iy
A 1.0218 0.6295 0.1282 0.0691 0.0650
B 0.9759 0.5360 0.7965 0.4267 0.5090
c 0.9474 0.5148 0.1350 0.1391 0.0650
D 0.3427 0.3765 0.7560 0.1412 0.1584
E 0.3427 0.1882 0.7560C 0.1412 0.1584
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The effects of reactlon temperature and molar ratios of
CO to H, and CoHy to Hy on +he Schulz-Flory probablllty
constant a , deflined as +the ratlo of rate of chaln
propagatlion (growth) to that of chaln termination
tdesorption), were studled. The values of a, «' and a"
(denoffng stralght chaln paraffins, Z2=monomethy!
paraffins, and 1-olefins respectively), are summarlized in
Tables 5.13 +tThrough 35.16 and correspoending preoduct
distributions are plotted In Figures C.1 through C.36 In

Appendix C.

i1+ Is observed +that the chain growth of normal and
monomethyl paraffins In the small carbon number range
{say less than czo) seems not +0 be heavlly dependent on
reaction temperature. However, for a ltarger carbon
range, tower reactlion temperatures slow down +he chaln
growth. On +he other hand, +he rates of fermlnaf}on
(desorption) are Increased. Certain branched paraffins
appear to grow faster than corresponding straight chalns.
Increas!ing temperature, however, does speed up the growth

of l-olefins.

As reported for conventional Fischer=Tropsch syn+hesls
8], water appears to be +the principal component In the
aqueous phase product. Norma| paraffins (up *to C35),
monomethyl paraffins and l-oleflns are the primary

synthesls products. Most carbon-number distributions for
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the total hydrocarbons on a welght basis had a mInimum at

C7 and a local maximum at C Alpha-olefins were not

10°
often observed In the product and the amount was usually
qulite small. Most of the carbon dioxide Is belleved to
be generated in the seccndary water-gas shlft reactlon

Cel. -

The Incorporation of a-olefins In the synthsis gas In
the reaction does not drastically change the product
spectrum of classfical FlIscher-Tropsch syntheslis, but a
shift In <the product dIstribution toward longer chalins
does occur. Almost 2l the Schulz-Flory distribution

curves obtalned are stralght {Ines, although some of them

are broken into several sections. Thils agrees with the

assumptlion that step additlon of carbon atoms occurs one
at a time. Possible reasons for the devlaticon from the
Schulz~Flory dlIstribution are wax deposltlon on +the
catalyst, operation in translent condlItlons, artlifacts In
sampl ing and ef facts of secondary reactions

£71,126,166,167,169,170].
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¥y=-6. Experimental Error.

An example of The experimental error analysis for the
basa polint runs has been detafled In Appendix N. The
uncertainty of the reaction rate, In terms of Indlividual
reac%anf specles, was 9.78% for ethylene, 16.54% for
nydrogen, and 27.07% for carbon moaoxlde. The carbeon
monoxide rate was the worst one among the three actlve
reactants due to severe fluctuations of the rotameter
float (over 10% on the ser point),. The uncertalnty of
the reaction rate can be signiflicantly smoothened out to
11.87% by summling fhe.*hree Individual reactant rates
together according +o the analysls,

in naddif!on 10 +the human error In operating the
experiments, the Instrumental uncertainty of the GC
analysls was &lso examined. Typlcal GC peak areas of
hydrogen, carbon monoxfdé, ethylene, carbon dloxide and
methane _taken from approximately 20 experiments of
identical conditions (where m?ss flow rates of H,, CO, C;
My, €O,, and CH, were 2.98, 51.44, 28.97, 67.39 and 13.69
miilipounds/hr respectively) wore plotted In a special
type of probablllty graph papers as shown In Flgures N.1
through N.5 respectively In Appendix N. 1+ can be seen
That most data peolints do fall Inte a single straight

ilne. Thls means that the dis+ribution of random errors

!n the GC analysls 1In terms of measured peak areas Is
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normal.

For the same set of GC analyses, calculated TCD welght
response factors of each components, however, do not
qulite form a stralght {Ine (see Figures N.6 through N.9
of Appendix N). In summary, tTwo major sources of
experimental errors are observed. They are: (1) +he
unstable flows of the feed gases, and (2) the Impurlties
in the feed gases. The first was malnly caused by the
Imperfection of +the rotameter manufacture. The latter
led 1o the uncertalnties in calculating the component

response factors for the quantitative GC analyslis.

Experimental uncertainty always exists regardiess of
how much care s practiced by the experimenters.
Nevertheless, with good common sense and proper
precaution, systematically loglcal Investigation of
exparimental data can locate +he major source(s) of
experimental error and hence enable The:bxperlnenfaits+
to minimize the errors In Improving the accuracy of hls

experiments,
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