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KINETICSSTUDY OF THE ALKALINE HYDROLYSISOF
ETHYL ACETATE IN CSTR USING SIMULTANEOUS
TEMPERATURE SCANNING AND COMPOSITION
MODULATION TECHNIQUE

INTRODUCTION

The kinetics study of reactions is a common taskcfeemical engineers. It is
necessary for: designing chemical reactors, drawifegyences on the mechanism of
the reaction, quantifying the rate of reaction dbemical process, improving reactor
control and design, identifying the optimum reactemnditions and designing better
catalysts. In general, the kinetics studies of dhahreactions have been performed
under steady-state conditions. This is time-conagniiecause a typical experiment
provides data for an experimental condition (iclecentration, reaction temperature,

time, etc).

Kinetics experiments, however, may be performedcbgtinuously varying
one of the operating parameters such as reactamteotration (composition
modulation), reaction temperature (temperaturersogj, or even flow rate (reverse
flow operation). This type of experiment is call@d “unsteady state” or “transient”
kinetics study. This transient technique is ancedfit tool using various types of
automated reaction systems. It is rapid and redimetime and resources associated
with carrying out steady-state experiments. Moegpwesearch has shown that
transient operated chemical reactors are bettemn #taady-state ones (Lian and
Haidong, 1993; Silveston, 1998; Arprey al., 1999; Wojciechowski and Arprey,
2000; Domkeet al., 2001; Suman, 2004).

“Temperature scanning” (TS) is a methodology theés the variation of
temperature to a system of interest such as a chémeactor, an analytical
instrument, etc. In reaction kinetics, this tempam®is the reaction temperature. The

TS technique defines the operating conditions regquito generate interpretable



signals from a reactor operated under conditiofisrdnt from those of an isokinetics
procedures (Wojciechowski, 1997). By collectingaage number of the rate-data
from transient experimentation, TS technique alkma us to model or to predict the
reaction kinetics with high accuracy. On the camntran the isokinetics method, each
steady-state condition investigated provides simgte-data point. Reaction rate is
influenced by both temperature and chemical contiposi Hence, reaction rate
regression requires experimental validation atousrireactant concentrations as well

as temperatures.

The composition modulation (CM) or forced concatitm oscillation is
another powerful technique to investigate the immsbehavior of chemical and
physical system (Urakawa al., 2006). This technique can be defined that aeayst
perturbed by a periodic change of parameter affgdtie chemical and physical state
of the system, i.e. influent concentration, reggltin a periodic pattern of the output
response. During each periodic perturbation cyitle, affected parameters relax to
new quasi-steady state values around which theyllatsc The periodically
alternating response can be detected by sensitiagtecal instruments, in which
some noise will unavoidably occur. Square-wave @#@ton is typically applied for
composition modulation in kinetic study. This typlestimulation is easy to generate
experimentally by switching between two flows offelient concentration levels fed
to the reactor. Apart from investigations of reactkinetics, there have been reports
on improved reaction performance via compositionduatations such increased
reaction rate or selectivity (Lian and Haidong, 398ilveston, 1998; Langet al.,
1999; Suman, 2004).

With the objective of obtaining accurate reactikinetics using minimal
resources, this work explores the estimation ottrea kinetic parameters using a
new technique called “TS-CM CSTR”, where the terap@e scanning is performed
simultaneously with the pulsation of inlet reactamncentration. Each reacting
system generates unique characteristic responsdsrlying by rate-data. The
transient experimental results using the alkalipérdlysis as a model reaction in a
CSTR are analyzed in order to obtain the kinetiapeters as well as to compare



them with those reported in literature (Bamford ahigper, 1972; Robison and
Tester, 1990).



OBJECTIVES

1. To develop a new technique to estimate thetikiparameters for liquid-

phase reactions under transient condition in CSTR.

2. To verify the new technique with the model teac under transient
condition in CSTR.

Scope of theinvestigation

1. To obtain the reaction kinetics for the alkalimydrolysis of ethyl acetate
based on the power law model via the developedtqub, under transient condition
in CSTR.

2. Test and analyse the computational results fiteendeveloped technique
with the experimental results for the alkaline lojgsis of ethyl acetate under
transient condition in CSTR.

| mpact of Results

The newly-developed technique will be an importaot for the estimation of
the kineticparameters and the orders of reaction for the ptamemodels, which will
save time and resources for kinetic researcheradthtion, this technique may be
further applied with Langmuir-Hinshelwood models fi@terogeneous reaction.



LITERATURE REVIEW

1. The overview of kinetics study

Chemical kineticstudy is the study of rates of chemical reactiatsy known
as reaction rate. It includes the investigations hofwv different experimental
conditions can influence the speed of a chemicattien. The main factors that
affecting the reaction rate include: the physicéhates of the reactants, the
concentrations of the reactants, the temperaturehth the reaction occurs, and
whether or not any catalysts are present in theticea The study of reaction kinetics
can help optimize the design and operation of cbahreactors. The dependence of
the reaction rate on the concentrations of vargpexies involved in the reaction has
been described via the algebraic equation or “die taw.” This is one of the
important factors involved in the selection of aaon system that operates, in which
the safest and most efficient manner can be maedaithe key to economic success

or no failure of a chemical plant.
How fast a number of moles of one chemical speaiesbeing consumed to
form another chemical species, or products, camdseribed as the reaction rate

(Fogler, 2005). An example reaction:

aA +bB — cC +dD (1)

Alternatively, equation (1) can be expressed as

A+25 5S¢+ 9p )
a a a

From the stoichiometry of the reaction, the relatbf reaction rates of the

various species involved can be expressed as fellow



Rate of appearance of & Rate of consumption of A) (3)
a

le =£(_rA):_ErA (4)
a a

Similarly for all of species in equation (1), tfetative rates of reaction can be

expressed as:

|
>ﬂ

|
qu
Oﬁ
—_

A_"B_c_b 5
a b c d ®)

For a model reaction that was employed throughbigt study, the alkaline
hydrolysis reaction of ethyl acetate and the reactate are described in equations (6)
and (7):

NaOH + CH,COOC H—» C H OH+CH COO N (6)
r r r r
CH;CO0GH _ INaoH _ _ CHCOO N& __GHOH (7)
-1 -1 1 1

1.1 The Reaction Order and the Rate I(Bagler, 2005)

From the reaction in equation (1), it wasuased that the limiting reactant
is species A that was taken as the basis of tloailegion. Along the path of reaction,
species A is being consumed as a result of the ichéneaction to generate products
(species C and D). The rate of consumption ofrA, can be indicated in equation (8)
as the product oé reaction rate constant, ka and a function of the concentrations
(activities) of the various species involved in theaction. It is noted that the

relationship depends on both temperature and catigpos

-Ia = [Ka][ Ca, Cs,...] )(8



Equation (8) is called the kinetic expressiomaie law. ka is the specific rate
of reaction or the rate constant which refers padicular species in the reaction and
should be subscripted with respect to speciesjaipifor the reaction ratera. For
the alkaline hydrolysis of ethyl acetate (equat®nin which the stoichiometric

coefficient is 1 for all species involved in thecéon:
1NaOH + 1CH COOGC H —» 1¢ H OH +1CH COO N (9)
The rate constants can be written as

k =k

NaOH = kcr—g CO0OG H = kCH3000 Na :k CH Ok (10)
1.2 Power Law Model@~ogler, 2005)

The power law model is one of the most camrgeneral forms of the
dependence of the reaction rate on the concemnigatib the species presentdd)(
Here, the rate law is the product of concentratiointhe individual reacting species,
each of which is raised to a power (be stand factien order of each species). This
dependence is always necessary to be postulated tlieory and confirmed by
experiments at the proposed form. For example atkaline hydrolysis reaction of

ethyl acetate:

~INaoH = kC;l/\laOI-pilj CO0G H (11)

y and f are the orders of reaction, referring to the pewer which the
concentrations are raised in the kinetic rate |Bar this particular example, the
reaction isy order with respect to NaOH agicbrder with respect to ethyl acetate. The

overall order of the reaction, is defined as:

nN=y+p (12)



The units ofra are in terms of concentration per unit time wiille units of

the rate constank, can vary with the order of the reactionas shown below:

Ko (Concentration)™™"

(13)

To illustrate the estimation of the units of théerconstant, we consider a

reaction involving only one reactant:

A — Product (14)

For some order reactions, those are:

- Zero-ordertf = 0):

- Second-ordem(= 2):

—Ta = kACA2

- Third-order ( = 3):

-r, =k,C?

k = mol/dnt.s (15)
k=gt (16)
. k = driymol.s (17)
. k = (drifmol) 2 .s* (18)

Note that the rate laws are a function of the treacchemistry and not the

type of reactor in which the reactions occur. Fostance, kinetics study on



esterification for biodiesel production by using%alaPW/Al,O3;, 10%HSIW/ALO;
and 10%HSO/Al,O; as catalyst to convert high free fatty acid oifl anethanol into
methylester and water (Tadarun and Napawan, 2@3@®eriments were conducted at
60°C, 70°C and 80°C, the mole ratio of crude palint@ methanol was 1:20
(methanol in excess). In order to identify the kiceparameters for the collection of
experimental data, POLYMATH was employed to deteenparameters in the

model, which would be presented by the followings:

Reaction: Free Fatty acid + CH OH(kL_1> MethylesterH,O
Rate equation:

-dC « 5
rate= f = _KCFFA + kzcb ethylestepylj C

m

where K =kCP

methano

k, = forward reaction rate constant

k. = reverse reaction rate constant

Crra = concentration of free fatty acid, (mol/L)
Cwmethano= concentration of methanol, (mol/L)

Cuwethyleste= concentration of methylester, (mol/L)

C,,0 = concentration of water, (mol/L)

o = reaction order with respect to free fatty acid
S = reaction order with respect to methanol

0 = reaction order with respect to methylester

y = reaction order with respect to water

From experimental results, the determinatiokiok,, «, £, 6 andy was made
at the optimum temperature of 80using 10% HPW/AD; as solid catalyst. It was

069951 hackward reaction

found that the forward reaction rate constant was&/L)
rate constant was 94 (L /mdf° s, reaction order of free fatty acid, methanol,

methylester and water were 0.3, 0.0001, 0.00011anespectively.
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1.3 The Reaction Rate Constant (or specific reactte k) (Fogler 2005;
Houston 2001; Walas 1989)

It is well known that the quantity kis not constant and is independent
of the concentrations of the species involved mrmaction. It is strongly dependent
on temperature and also depends on the presencataifst. In addition, for gas-
phase reactions, it dependstotal pressure of the reacting system. For liglhdge
reactions, it can be a function of different partere such as ionic strength and
choice of solvent. However, these factors havie léffects ork compared to reaction
temperature, except for supercritical solvent swash super critical water, etc.
Nontheless, it is generally assumed that the giyamitk depends only on temperature

for most reaction conditions.

The temperature dependence of reaction rate aunstas first proposed by
the Swedish chemist named “Arrhenius,” which is\wnaas the Arrhenius equation,
shown in equation (19). It has been verified by awmas experiments that the
temperature behavior of most reaction rate corsta@n be predicted within

experimental accuracy over fairly large temperatarges.

k = Ar exp (Ea /R ) (29)

where Ar is a temperature-independent constant, often ccale preexponential
factor. It has the units df, usually based on the units of concentration,
depends on the order of reactidfa is called the activation energy, R is the gas
constant (8.314 J/mol.K = 1.987 cal/mol.K) ahds the absolute temperature (K).
For practical purposes (including liquid-phase kiceinvestigation), the Arrhenius

equation is a sufficiently accurate representadiotata (Walas, 1989).

1.4 The Activation EnergyEQ)

The activation energy can be generally esggd as a barrier to energy
transfer (from the kinetic energy to the potenéiaérgy) between reacting molecules
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that must be overcome. It is explained via thetreacoordinates as shown in Figure
1. This represents the potential energy of thetiegenolecules as a function of the
reaction pathway from reactants to an intermediatel to the final products. The

schematic of this reaction is (Fogler, 2005):

A+BCoAB-C->AB+C

A-B-C
EA-B-C

Eg Energy barrier

\A+BC
«—(Ejp + Ege)

*\HRX B+C

Potential Energy

(Eag + Eyc)

reactants products
Reaction coordinate

Figure 1 Progress along reaction path.

Source: Fogler (2005)

Figure 1 shows the progress of the potential gnefgthe three-molecule
system (i.e., A, B, C). The reaction progress ingdrom reactant species A and BC
to products AB and C. At first, molecules of A aB@ are far apart. The energy of
the system is the energy of chemical bonding BC.viktp along the reaction
coordinate X-axis) to the right, A and BC approach each otlmerthe BC bond starts
to break away. The energy of the reacting paireases reaching the top of the
energy barrier. At the top of the barrier, or a¢ tinansition state, there exists an
intermediate A-B-C. After that, during the transfation, A and B are getting close
and the AB bond starts to form. Finally, the AB @dnove away from each other
and the energy of the reacting pair decreases liee v@presenting the AB bond
energy. At the end of the reaction, the productsafB C are formed, and the energy
of system is the energy of bond AB and C. Therefiirean be mentioned that the
activation energyka is approximated by the barrier height)E
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For the conventional method, the estimation of dbsvation energy can be
obtained from the relationship between the reactiate constant and reaction
temperature. When the experimental data are plaitddk against 1T, the slope of
the resulting straight line is=a/R. Figure 2 presents a slight temperature dep&yden
of reaction rate constant for the unimolecular degosition of acetonedicarboxylic
acid in aqueous solution (Walas, 1989). The ratastamt for this reaction is

described as shown in equation (20).
k =7(1G°) g®54°0T set (20)

The calculation ofEa need not be graphicaWhenever if the reaction
temperature and the reaction rate constant are rkriéavand Ar can be obtained via

equation (20).

1 1 1

L L 1 1
30 31 32 33 34 35 36 37
1000/T,°K

Figure 2 Temperature dependence of reaction rate constalecomposition of

acetonedicarboxylic acid in aquesalution.

Source: Walas (1989)

The kinetic measurements are usually performedr abe moderate-
temperature ranges that the activation energy appé&a be independent of
temperature. However, in a few instances an etiet@mperature has been detected.



13

For example, a careful reexamination of the origdea and more recent data on the
hydrolysis of sucrose in hydrochloric solution ralsl the effect of temperature on

the activation energy, as shown in Table 1.

Table 1 The effect of temperature in the hydrolysis of sserby hydrochloric acid

T, C 20 35 50
Ea, cal/g mol 25,430 24,470 22,950

Note: In this data the Arrhenius equation was assumed.

Source:Walas (1989)

In addition, it was found that the total pressofethe system can have an

influence on the activation energy. For example,rdaction2NO, —» N, + 20, the

activation energy significantly increases with e&sing total pressure as shown in
Table 2.

Table 2 The effect of pressure in the decomposition ofogien dioxide

P, atm 0.03 0.79 36.3
Ea, cal/g mol 54,500 58,700 65,000

Source:Walas (1989)

Catalysts can also change the activation energghbgging the mechanism of
reaction. This contribution, however, does not ®an this particular aspect. The
activation energy of some reactions is shown inl@& It is noted thaka is

generally positive (Pilling and Seakins, 1995).
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Table 3 Activation energy of some reactions

Reaction Activation Energy
(kcal/g mol)

1% Order gaseous decompositions:
Nitrogen tetraoxide 13.9
Ethyl peroxide 31.5
Dimethylethyl acetic acid 60.0
2" Order gaseous reactions between stable molecules:
NO+Q,— NQ +Q 2.5
2NOCl— 2NO + CJ 24.0
2HI > H, +1, 44.0
2" Order gaseous reactions involving atoms or réstica
H+ HBr— H, +Br 1.2
CH,; +i-C,H,,— ... product 7.6
CH, + C,H; — ... product 10.4
3 Order gaseous reactions:
2NO +Q — 2NQ 0 (or negative)
H+H+H->H, +H 0
2NO + Cl, - 2NOC| ~4

Source: Walas (1989)

1.5 The preexponential factokr]

The Ar parameter is sometime calleithe frequency factor or the

preexponential factor (Walas, 1989). It is proportional to the numbernadlecular

collisions per unit time, aga describes the fraction of collisions that have ugio
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energy to result in a chemical transformation. Eeaon of the preexponential factor

(Ar) is provided for first-order and for second-ordaseous reactions in Table 4.

Table 4 The preexponential factofx) of some ' and 29 order gaseous reactions

Reaction (Valid Temperature range)

1 Order gaseous reactions: Ar, (sh
CH,CHO— CH, + HCC (500-2,000 K) 3.8x10°
N,O—> N, +0 (1,000-3,600 K) 6.1 x 14*
C,H,—>C,H, +H (250-2,500 K) 2.8 x10°
H,S— HS +H (1,965-19,700 K) 6.0 x 14*

2" order gaseous reactions: Ar, (cm® / mol .s)
CH, +H,—> CH, +H (300-2,500 K) 6.7x 167
H+ H,O0— OH+H (250-3,000 K) 9.7 x 10°
O+ CH — OH+CH (298-2,575 K) 1.0 x 16*
OH+0—- Q +H (220-500 K) 1.4 x 1083

Source:Houston (2001)

Most reactions investigated obay the simple Arienform. A few
exceptions, however, do exist. For example, expamtal data of the

OH + CO— H + CQ reaction over the temperature range from 300 to02KO
suggested tha(T) = (3.25x 16° cm® mol™ sec')(T “exp(+250M). It was found that

the preexponential factor is not independent ofperature and the activation energy
is negative. Thus, some reactions may require aenoamplicated relationship
betweenk andT than the simple Arrhenius form (Houston, 2001)widwer, in this

work, the simple Arrhenius model is assumed.
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2. The Temperature Scanning (TS)echnique

The Temperature Scanning (TS) technology was fulsiveloped by
Wojciechowski (1997) at Queen’s university, KingstoHe proposed that this
methodology can improve the reaction kinetics ssidiy obtaining the same reaction
rate information more rapidly than the conventiostéady-state technique. TS
methodology is one category of transient operatioat applies dynamic thermal
methods to various types of reactor i.e. continlyesrred tank reactor (CSTR),
plug-flow reactor (PFR), etc. TS reactors can berajgd simply by introducing the
temperature-ramping rate to the reaction systemartalso produce rate-data which
cover a wide range of moving-boundary conditionfieSe rate-data are easily
collated in a series of standard sets of isothersmllts, at a speed much faster than
any conventional method. TS technique is highly ptalsle for sophisticated
automation for high-through research such as auwdnalata acquisition and

statistical data analysis.

For conventional method of kinetics investigati@utput temperature and
concentration isothermal obtained from a seriesstefady-state experiments are
correlated with the rate of reaction. Results fremeh steady-state experiments will
then be interpreted for reaction kinetics. TS mdihan the other hand, correlates
histories of output concentration and rate-dat& wetaction temperature. Therefore, a
large collection of rate-data (via online measunetsliecan be acquired from each
experiment. The reaction kinetic parameters arergehed via regression analysis,
which requires experimental reaction rate-dataaatous reactant compositions and
temperatures. In this work, the composition modoitatvas applied simultaneously
with TS technique to help decrease the number pémxents required for reaction

kinetics investigation.

Arpreyet al. (1999) studied reaction kinetics using TS for steaforming of
methanol over Cu/ZnO/AD; catalyst in plug-flow reactor (PFR). They implertesh
an experimental program on the kinetics of thistiea on one catalyst at a fixed
pressure and feed composition in the period of fawurs of fully automated reactor
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operation. In order to compare the results obthinging the TS method to those
obtained using the conventional isothermal methpthb Hydrogen Research Group
at RMC group, their work confirmed the rate meaduwsatisfying to the rate model
developed by RMC group. Their rate expression eerifrom a Langmair-
Hinshelwood mechanism involving the forward anderse processes of the three

reactions involved as followed:

CH, OH+H,0¢> CO, +3H (21)
CO+H,0 CQ +H (22)
CH,OH«> CO+2H, (23)

The methanol conversions were monitored by a nsasstrometer in this
automated reactor operation. This TS-PFR produckdge set of data much faster
than the isothermal methods of reactor operatiodate. Figures 3 and 4 show the
overall methanol conversion and reactor exit te@mfoee versus time, respectively. In
Figure 3, the ethanol conversions at different @alaf space—time that are defined on
the right hand side of the figure in the unit of.sEhey were calculated as the volume
of catalyst (litter) divided by the volumetric florate (litter. §%) of feed gas. Figure 4
shows the distinct separation in the reactor exitgerature between each runs, which
is caused by the level of conversion varied with flow rate, or another word due to
diversities of the endothermicity of the reactiorméferent conversion.
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Figure 3 Raw conversion (X) as a function of clock time é&yperimental data using

TS for steam-reforming of methanol over Cu/ZnQ@l catalyst in PFR.

Source: Wojciechowski (1999).
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Figure 4 Reactor exit temperature (T-e) as a function ofkltime (t), experimental
data using TS for steam-reforming of methanol &efZnO/ALO3
catalyst in PFR.

Source: Wojciechowski (1999).
Wojciechowski and Arprey (2000) also implementbe TS technique for

carbon monoxide oxidation over platinum supportathlyst. Two mechanistic rate

models used in this work are:

1) the Langmuir-Hinshelwood dual site moleculds@ption model
(MAM)
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2) the Langmuir-Hinshelwood dual site moleculesdciative model
(DAM)

From TS-PFR experiments, the authors confirmettheoxidation of carbon
monoxide over platinum supported on alumina is@ess in which rate expression
could be derived from a Langmuir—Hinshelwood dutd-snechanism as previously
proposed in literature. It was suggested that diased oxygen and molecular carbon
monoxide adsorb on the same type of site and ettasaadsorbed species in the rate-
limiting step as the rate of this process is vesflwescribed by the fundamentally
derived rate expression for the DAM. The parametdérthe DAM rate expression
indicate that atomic oxygen covers most of theam@fat temperatures below 520 K.
As temperature increases, the total surface cogedsgreases slowly while the
proportion of the surface covered by oxygen de@®aapidly. However, the authors
referred that the MAM model presumed a reactiorcarbon monoxide molecules
with adsorbed molecular oxygen, and could fit ekpental rates well for individual

feed ratios but not over the range of feed ratsesdun their study.

Domkeet al. (2001) investigated the kinetics of ethylbenzepmlysis using
a TS-PFR at various pressures, flow rates and steanh ratios. Raw data were
collected at the end of PFR undergoing temperaamping. The major product from
this thermal cracking was styrene. It was obsethatl its selectivity was raised with
increasing temperature. Several forms of the ptessdie expression were analyzed.
The rate expression best representing the colledforate-data was an irreversible

reaction with an Arrhenius rate constant as shoglovix

ri,calc = ki I:)IQB = Ari exp( Ea1 /RT) PEB (24)
where the preexponential factdyr(), activation energyHa), and order of reactiom)
were determined by minimizing the sum of residudlee fitted rate expressions

yielded the calculated conversions satisfying tséhreported in literature.
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3. The TS reactors operating proceduréRice and Wojciechowski, 1997)

TS reactor operation involves ramping of the feednperature while
collecting composition and temperature data abtitput of the reactor. This ramping
rate must be set such that the time between suceemsalyses is shorter than the
time required for a kinetically increment of temgieire to be induced in the reactor.
In the case of pilot plant, TS has already beei usenuch simplified form in some
long-duration experiments, its space time is kephstant and its isothermal
conditions are maintained for a certain periodiofet before introducing transient
conditions. These results provided multiple isattedrconversion data which can be

used to calculate multiple rates at various coneassand temperatures.

4. The definition equations for the TS-continuougl-stirred tank reactor (CSTR)

CSTR is one type reactor commonly used in indusbriacessing due to the
well-mixed property. It means that every variablee.( temperature and
concentration) has no gradient everywhere insidgeactor and at the exit stream. In
this work, we would consider only the mass balaiocean ideal reactor model. This
means that different molecules will have the sa@sedence time and history.

Consider a CSTR for which the temperature of macan be ramped by
controlling the amount of heat input to the reactororder to get an expression for
the reaction rate, we will need the net rate ofiamdation of reactant A according to

the reaction in equation (1), that is

Accumulation = input — Output + Gearation (25)
dN
R Fa [rav 126

VR

Since a liquid-phase reaction is considered, @) ¢an be rewritten in terms
of concentration as there is no volume chaiigg £ Caovao andFa = Cavao) (Fogler,
2005).



21

dCc, 1
S 2Cu-CoHn i kGG @)
where the residence timez= "3 =\%/\, ; s? (28)
(VA0+VBO) R ’

Other chemical species involved in the reactibeytcan be described in the

same manner (Fogler, 2005):

Reactant B:
ds:f =%(CBO—CB)+rB . ry=—k,C/C/ (29)
Product C:
dcclic :%(O_CC)+rC:rC_;1CC ; rC:kACQCé) (30)
Product D:
o do-crn-nte, -G -

Note that reaction rates in the mass balancesqumat®ns (27-31) are
interchangeable according to the stoichiometry,atqn (5) and can be directly

substituted by the specific rate of A.

For this TS-CM CSTR, in which the reaction tempemtcan be varied by
controlling the amount of heat input to the reactioe energy balance is not taken into
account in the mathematical modeling because warassnstantaneous mixing. The

reaction temperature is only required for the Anibhe equation. The reactor
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temperatureTr) was maintained at the desired temperature dwieady stateT,)

and at a controlled ramping rat® @uring transient operatiom ¥ t,). The governing

equation for the reactor temperature is given as:

T =Te+u(t-t,) (32)

whereu is the ramping rate of temperatu?€(s) introduced at=t.

5. The composition modulation (CM) technique

The composition modulation is a powerful techniqiee investigate the
transient behavior of chemical and physical syst&fhen a system is perturbed by a
periodic change of parameter affecting a chemiodl physical state of the system,
for example concentration, pH, or temperature résponse will also be periodic. The
periodically alternating response can sensitivadydetected and the signal-to-noise
ratio can be significantly enhanced by a phaseisemgietection (Urakawat al.,
2006). Two kinds of composition modulation are gy used in the kinetic studies;
sinusoidal and square-wave stimulations. Sinuseidale is simpler to treat
theoretically for the quantitative analysis of tlesponse including the overtone. The
latter, square-wave, is often easier to genergterarentally, in particular in the case
of concentration stimulation, which is generatedsktching between two flows of
different concentrations. However, the analysishef responses to a square-wave is
more cumbersome when it comes to quantitative arsalyfhe response of the
affected parameters obtained will exhibit frequedependent amplitude and a phase
delay with the stimulation. During each periodicrtpebation cycle, the affected
parameters relax to new quasi-steady state valuwesae which they oscillate. This
research contribution is the demonstration of a mensient technique for kinetic
responses to square-wave modulation in CSTR botmpatationally and

experimentally.

In order to reasonably model the well-mixed tamkl also to consider the

square wave stimulation of the feed radg,(t) , introduced att = t,, in units of
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mole/s and the first order differential equatioa ased to mathematically describe the

concentration change of NaOH in the tank, resulitinigllowing equation:
S (1) = CamiVin +(CR # (V°/1%)) (33)

Defining the inlet concentration of NaOH into théing tank:

8A

%) >

CAmO (t) =

The unsteady-state mixing tank model with a coristeolume (without

chemical reaction):

dC
Vm TAm =Vn (CAmO - CAm) (35)

According to equation (34), the inlet concentrat{®awo) is varied with time
due to the infusion rate described by equation.(3Bus, Cav is perturbed with
forced concentration modulation. The system thdloie a certain trajectory while

undergoing relaxation to a new steady state.

Suman (2004) reported that, for oxo reaction camgrolifins and synthesis
gas into aldehydes and alcohols carrying out in @®TRs in series, higher
productivity (up to 11.6%) compared to that of dieatate operation was obtained by
forcing input composition and/or flow rate flucticats. These forcing fluctuations
were made in the form of systematic sinusoidaludiginces to process. As a result,
the unsymmetrical fluctuations in the process outpere observed. It was found that
the overall heat transfer coefficient has a sigaiiit effect on this chemical oscillator
system. Especially, when the variations in proagepsts are coupled with chemical
oscillatory system, the effect of input compositiorodulation is prominent and

complex.
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Lian and Haidong (1993) investigated the transibehavior of benzene
oxidation over MO, catalysts in an isothermal fixed-bed reactor unfieced
concentration modulation. Two types of concentratperturbations were applied;
regular and irregular forms as shown in Figure % Telation of the irregular square

wave in Figure 5 can be expressed as follow:

t]_Al = tz A2 (36)
where C,o = AR 100y (37)
(t,+1,)

Hence up-step; and down-stept, periods and amplitudes of oscillation
operation (A; and A;) can be determined througBgo (the time-averaged feed
concentration of benzene). Selectivity and yieldnafleic anhydride for experiments
with different patterns of concentration perturbati(Gsp, constant) were compared
with the steady-state values. It was found thatittegyular square-waves of benzene
concentration enhanced the production yield of mmadmhydride from the steady-

state operation more than the regular square-waves.

—
.

A1

PR SO TR DT DY o
B —

£l f2

A2

A1=12 ti=t2 A1£d 2 t1#t2
(a) (b)

Figure 5 Two different types of square wave concentratiomuhation: a)yregular

square wave and b) irregular square wave

Source:Lian and Haidong (1993)
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6. Kinetics of alkaline hydrolysis of ethyl aceta

In order to test and analyze the application of trewly developed transient
technique in CSTR, the alkaline hydrolysis of ethgktate was chosen as a model
reaction for the investigation of reaction kinetizsed on the power law model. This
reaction is simply assumed without side reactiomd without reverse reaction, as
shown in equation (6). As the reaction proceedslrdnyl ions are consumed and
acetate ions are produced.

The relationship of reaction rate of the variopsaes involved in the reaction
is obtained from the ratio of stoichiometric coeiffnts, as shown in equation (7).
Thus, the rates of disappearance and generatiae\argten as:

~Thicooc, i, = Mnaon= g hon™ rCH3COO Ne (38)

The reaction can be considered as an equi-matat,drder with respect to
both sodium hydroxide and ethyl acetate, i.e. sgooraer (overall), within basic
solution at pH ranging from 11-14 and the reactemperature in the range of 25-
80°C (Robison and Tester, 1990). From the power-lavdehin equation (11), the

specific reaction rate of NaOH (Species A) is wentthat:
—Ty =Ky C/lx Cé 139

The steady state conditions of this reaction syswepend on reactor
temperature, concentration of reagents, flow ratk the volume of the reactor. This
particularly-simple chemical reaction has been usegsearch work to demonstrate
the deviation of a chemical reactor from an ideSITR. The alkaline hydrolysis of
ethyl acetate can be monitored by following thengeain the conductance of reaction
mixture with time because the hydroxyl ions haveresmy much higher specific
conductance than acetate ions. By means of cabbréine, the conductivity is the
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functions of concentration and temperature, thus data collected in the form of

electrolyte conductivity would be transformed ilNaOH concentration.

In most cases of published kinetics data for alkahydrolysis, the second
order rate constant agree well for experimentsoperéd in strongly basic solutions
(NaOH) at pH values ranging from 11 to 14 and terajpees from 25-8TC. If the
concentration of hydroxyl ions is kept constantjroexcess, the order of reaction is
pseudo-first in ester concentration. Table 5 listsne Arrhenius parameters for
various conditions of ethyl acetate hydrolysis teas. In Table 5, the first two
published kinetic data (Bamford and Tipper, 1972ravobtained from experiments
carried out with 1 M NaOH at 2&. Later literature data reported by Robison and
Tester (1990), the non-buffer experiments with etoetate were performed in the
temperature range of 25 to €D and pH of 11, and the buffer experiments were
studied at room-temperature pH of 5.6 and temperatéirom 110-19%C. In this

work, it was assumed tha[OH‘]zlof(M*sz"’”), without the effect of water

dissociation reaction.

Table 5 Published alkaline hydrolysis kinetic data

Preexponential | Activation Energy,
Conditions factor,Ar (L/mol-s) Ea (kJ/mol)
70 % acetone solvent* 1.26 10 42.30
Water* 2.45 x 16 47.30
Non-buffer experiment** 4.00 x 10 48.90
Buffer experiment** 1.01 x 10 38.40

Source:* Bamford and Tipper (1972); ** Robison and TestE990)



MATERIALSAND METHOD

Materials

1. Equipments

. Computer and Software (MatLab Program)

. Mixing tank (330 cr)

. Continuous Stirred Tank Reactor: CSTR (336)cm

. Magnetic stirrer hotplates

. Magnetic stirring bars

. pH meter (pH 211; HANNA Instrument)

. Conductivity measuring cell (Cond 330i/ SET,ra@ton 325; WTW)
. Temperature sensors

. Syringe (5 and 25 cin

10. Tube (L/S 14 and 25, Tyg8&hemical; MasterfleX)

11. Solution reservoirs

© 0 N O o B~ W DN P

12. Peristaltic pumps (easy-L&al; Masterflex®)
13. Syringe pump

14. Analytical Balance (within 0.0001 g)

15. Micropipette (100-1,000 pL)

16. Pipette (10 cri)

17. Volumetric flasks (2,000 cin

2. Reactants
1. Ethyl acetate (QREL, Grade AR, 99.5%)

2. NaOH solution (0.02, 0.8, and 3 M)
3. Deionized (ID) water

27
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Methods

1. Algorithm of the developed TS-CM technique

The transient technique developed in this work ive® TS and CM
simultaneously imposed to a CSTR initially opergtat steady state. This is called
“TS-CM CSTR". To verify the possibility to applyithtechnique for the estimation of
reaction kinetic parameters, the procedure is desttias followed:

1) Design the system though TS and CM approachelsiding mixing tank,
reactor and analytical instruments. And choose dahceaction which can base on
power law and Arrhenius equation in CSTR for theestigation of reaction kinetics.

2) Setup and perform the transient experimentsaxfel reaction.

3) Develop the computational procedures usingwso# (MatLab7) to
estimate kinetic parameters for the model reactibrwill construct the relation
between rate of reaction versus reactant concemirand reaction rate constant
versus temperature reactor (The correlation of éailis equation) by varying the
kinetic parameters (i.e., the reaction order, thdivation energy, and the

preexponential factor).

Estimation of reaction kinetic parameters emplogeseries of time-evolved
output NaOH concentration generated via the dynamiiulation of the
aforementioned mathematical model. Each simulaitormssociated with different
values of reaction parameters i.e., reaction ordactivation energy, and
preexponential factor. The ranges of parameter® We2, 0-2, 2.40x104.05x10
L/mol-s, and 49,000-47,000 J/mol fgrp, Ar andEa, with the step size of 0.2, 0.2,
5x1C, and 100, respectively. For each set of reactinatic parameters, the sum of
squared errors was calculated from the comparisetwden the calculated
concentration of NaOH versus time and the experiatetata. The sum of squared

errors is defined as:
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SSE = (Caex — Cacal)?

The set of parameters yielding the minimum SSE tageaction kinetic parameters
for the system.

5) Discuss and conclude whether the error andehetion kinetic parameters

attained of the computationally developed techniguecceptable.

2. TheCalibration of Conductivity measuring cell

Perform the calibration of conductivity measurirgyl @s follow:

- Prepare NaOH solution at various concentrati@®801, 0.002, 0.003, ...,
and 0.012 M)

- Find-tune conductivity on the basis of the cactdance of NaOH solution for

the temperature range of 30-50°C

- Measure conductivity of different solutions

3. TS.CM CSTR configurations and oper ations

The system for TS-CM CSTR includes a mixing tankgactor, and analytical
instruments. Single-pulse and multi-pulse experisefor the determination of
reaction kinetics parameters of alkaline hydrolygdisthyl acetate were performed by
injecting a controlled dose of concentrated NaOtd en CSTR operating at steady-
state with two separate input streams of an NaQttien and an ethyl acetate one.
The schematic diagram of the experimental setugh@wvn in Figure 6. A mixing
tank, a 330 crhglass vessel, was fitted with a thermometer amebasuring pH probe
(pH 211 by HANNA Instrument). For an experimen)2DM of NaOH solution was
fed from the solution reservoir into the mixing kaplaced on a hotplate magnetic
stirrer at the volumetric flow rate of 74 &min using a peristaltic pumps (easy-
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Load® Il by MasterfleX). 0.012 M of ethyl acetate solution was fed atwblimetric
flow rate of 67.5 crimin into another mixing tank, a CSTR, fitted with
thermometer and a conductivity measuring cell (C88di/ SET & TatraCon 325 by
WTW). The vessel was placed on a hotplate magmsétier and stirred vigorously.
The outflow of NaOH solution from the mixing tankasvtransferred into a CSTR
while it was maintained at the desired tempera(86e2°C) (see Figure 6). At this
point, the sensing instrument, i.e. pH meter anadootance measuring sensor, and
temperature sensor, were started to collect dataer\\the system reached steady
state, 5 crhof 0.8 M NaOH solution was injected into the mixitank while the
temperature of CSTR was started to ramp from 31t8°€5°C with the ramping rate
of approximately 0.02°C/sec. The operation tern@davhen the new steady state of
the mixing tank and the CSTR were established.

For the multi-pulse experiment, three loops of asqtwave modulation of
NaOH concentration were introduced to the systegetteer with the temperature
ramping. The operation of multi-pulse experimenswanilar to that of single-pulse
experiment. The concentrations of bulk NaOH andlatbetate solutions were 0.02
M and 0.015 M, respectively. The inlet flow of migi tank was 70 cimin, and the
inlet flow rate of ethyl acetate solutions fed inte CSTR was 73 cimin. The
CSTR was maintained at 29.5°C. A syringe pump wagrammed to feed 1 ¢hof 3
M NaOH every 19 minutes at the volumetric flow rafe60 cni/h (20 minutes of
cycle time). The reactor temperature was rampe@lapg the duration of the first
pulse followed by a ramp down and up again durimg $econd and third pulse,
respectively. After the 3 pulse, the perturbation of both reaction tempeeaand
inlet NaOH concentration terminated. The patterntehperature fluctuation is

discussed later.
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Figure 6 Experiment set-up: 1) pH meter, 2) pH measurindp@r8) Thermometer
sensor, 4) Conductivity measuring cell, 5) Conduigtimeasuring probe,
6) Magnetic stirrer hotplates, 7) Mixing tank, 8p TR, 9) Peristaltic Pump,

10) Solution reservoir, 11) Sample reservoir, 1@jri§ie pump
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RESULTSAND DISCUSSIONS

To demonstrate and validate the new transient tgubnfor studies on
reaction kinetics, a system comprising a mixindktanCSTR, continuous and pulsing
feed system, a heater for temperature ramping addta acquisition system was
arranged. Experimental results are divided into seotions, which are the response
of single NaOH-pulse injection and multiple NaOHs®mu injections experiments;
both were accompanied with a ramp of reaction teatpee. To obtain the kinetic
parameters of the presumed power-law model, thécexRBunge-Kutta fourth-order
algorithm was used as the ordinary differential aggun solver for simulating
transient response of the arranged system. Theim@dal data was compared with
the computer simulation in the form of time-evolvaatput concentration in order to
verify the applicability of the TS-CM CSTR.

1. Theresponse of single-pulseinjection into mixing tank accompanied to a

ramp of reactor temperature
1.1 The time-evolved concentration from the nmxiank

The mixing behavior was first analyzed fréine concentration pulsing
experiment. The data collected in the form of ptugavere transformed into NaOH

*(14* PHs c)

concentration ©a) using the correlation ofOH ] =10 . The inlet signal of

concentration modulation is represented in the Ilsmight-hand-side picture
embedded in Figure 7. The variation of the outpatON concentration response,
caused by injecting a pulse of 0.8 M NaOH (0.004es)oatty = 90 s and® = 3 s,
demonstrated a pattern of exponential decay afteiasp increase upon injection.
After 1,000 s, the added NaOH was completely fldsbat by the flow and the
system returned to its initial steady state. Thastggzn of exponential decay agrees
with a dynamical simulation of a NaOH-pulse injectgt = 90 s into a mixing tank,
as correlated with equations (28-30), which is ¢atlive of a well-mixed condition

without dead volume. The error in terms of the namdf NaOH molecules (injected
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versus integration from output response) is aboli6%. Because of the similar
configurations of the CSTR and the mixing tanksiassumed that the reactor is also
well-mixed. This pulse response was used in thetkarexperiment as a source of

inlet concentration perturbation of the CSTR.
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Figure7 Variation of NaOH concentration with time fronNaOH-pulse experiment

accompanied by ramping reactor temperature.

1.2 The variation of the temperature in TS-CM CSAiih time

During an experiment, the reaction tempgeatvas ramped up from the
initial steady-state value (31.2°C) to the finainperature at 45°C by means of a
hotplate. The temperature response is shown inr&i@uThe duration of this transient
period was predetermined by the pulse experimeaguf€ 7), such that there would
be a combined effect of transient concentration serdperature throughout the
experiment. This temperature history together whth pulsing of NaOH will be used

as forcing functions in the computer simulationdetermination of reaction kinetics.
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Figure 8 Variation of the temperature in TS-CM CSTR witméi from a NaOH-

pulse experiment accompanied by ramping reactopéeature.

1.3 CSTR concentration profile

The electrolyte conductivity data were tfansied into NaOH
concentration©a). Figure 9 shows the evolution of the output NaGithcentration
from the CSTR with time. The solid line represethis NaOH concentration obtained
experimentally. The concentration rapidly increafedn 0.0081 to 0.0113 M right
after the pulse injection followed by an expondntiacline approaching a new
steady-state value. The overall trend is simildfiture 7, except that the front part of
the curve is not as sharp due to the chemical imadiotice that the final NaOH
concentration is less than the initial steady-statkie because of the temperature
difference of 14°C between the two states (higkactant consumption rate at higher
temperature). Because the entire transient NaOkterdration profile is directly
related to the reaction kinetics, a unique soluiioterms of reaction order, frequency
factor, and activation energy can be found viaesgjon. This characteristic of output
response from a TS-CM CSTR results from the combieffects of reaction

temperature and the reactant concentration onioeacite.
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Figure9 Simulation ofCnaor(t) compared with experimental results from a NaOH-

pulse experiment accompanied by ramping reactopéeature.

After performing a transient experiment and collegtthe output variable
(NaOH concentration) responsge,f, Ar andEa can be estimated via the technique
previously described. By applying the explicit Rargutta 4™-order algorithm for
ordinary differential equations, the dynamic modeleloped earlier was used to
simulate the transient NaOH concentration respansgigure 9, the dotted line
represents the computed result of a unique setaation kinetic parameters providing
the minimum sum of squared errors (SSE = 5.938%4x1® is apparent that both
simulation and experimental results agree well.eNbat SSE accumulates from the
steady state prior to the injection to the finadasly state. The values of kinetic
parameters obtained from the analysisearel, # = 1, Ar = 4.0x10 L/mol-s, ancEa
= 48.5 kJ/mol; comparable to those reported by Bamhfand Tipper (1972) and
Robison and Tester (1990) as shown in Table 6.
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2. Theresponse of multi-pulseinjectionsinto mixing tank accompanied to

temper ature ramping.
2.1 The time-evolved concentration from the myxiank

For multi-pulse experiment, the inlet cortcation of NaOH was forced
via feeding of a controlled dose of NaOH into theing tank. The feed pattern was
predetermined from the previous step response cswed that the outlet NaOH
concentration level from the mixing tank prior @cé pulse had returned to its initial
steady-state value as shown in Figure 10. The pen®d for eliminating the effect of
an NaOH pulse was about 1,200 s. Again, a typicgloeential decay pattern
corresponding to each pulse indicated well-mixeddd@mns. This stream of NaOH
with varying concentration entered the CSTR whé@ ieaction temperature was
forced to change as shown in Figure 12; therefooth reactant concentration and
temperature were changed simultaneously. In pri@cthe output response is unique
for a particular cyclical pattern of perturbatiofihe inlet signal of concentration
modulation is represented in the small right-haidg-picture embedded in Figure 10,
in which on-off operation was used as a sourcerregular square-wave cycling.
There were three pulses of 3 M NaOH (0.003 molegéah pulse) af, = 120 s and
t° = 1 min. The non-pulsing period was predetermirfiesin the previous step
response curve such that the effect of each pule eliminated before another

injection.

Notice that the second and third pulses were inoted after the NaOH
concentration in the mixing tank had approacheddstestate. The steady state value
of NaOH concentration after the third pulse waghgly lower than its initial steady
state, potentially caused by changes in electraglesitvity due to temperature
difference. For our case, the correction factor ttuehanges in temperature is very
close to 0.01 pH/0°C away from the actual pH value. Figure 11 shows th
concentration profile of NaOH in the mixing tankcaading to the corrected pH

values.
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For this reason, the pulse response of mixing tawaklel from simulation
would be alternatively used as a source of inletceatration perturbation of the

CSTR in the analysis.
2.2 The variation of the temperature in TS-CM CSqik time

The temperature fluctuation during a mpiilse experiment in TS-CM
CSTR is shown in Figure 12. Prior to feed introdurtt the reactor was operated at
steady state. At = 60 s, the reaction temperature was ramped up fiee initial
steady-state value (30°C) to 44.2°Ctat 1330 s; the time when théd%ulse of
NaOH was introduced to the mixing tank. After thite reactor temperature was
ramped down reaching 31.9°C tat 2530 s. Upon the last feed step, the reactor
temperature was ramped up again to 44.5°C. In éligeriment, the period of
temperature ramp was associated with the NaOH otrat®n pulsing (Figure 10).
Note that other temperature patterns can be apgllad temperature profile, together
with the output NaOH concentration from the mixitank, was used as input

perturbation in a dynamic simulation of TS-CM CSafdiscussed earlier.

2.3 CSTR concentration profile

The conductivity signal was transformed iN@OH output concentration
(Ca) as mentioned above and is represented by a 8obkdin Figure 13. This
concentration profile resulted from a compoundifiga of variations of reaction
temperature and reactant concentration as preyiaigdlained. Three peaks were
caused by three separate NaOH infusions. The miik is slightly smaller than the
other two because of higher reaction temperatughén reactant consumption rate).
By following the same procedure for determiningctemn kinetics parameters as
applied with the single-pulse experiment, it yieldbe minimum SSE of 7.3354x10
corresponding ta = 1, 8 = 1, Ar = 2.90x10 L/mol-s, andEa = 47.10 kJ/mol. The
parameter values are close to that obtained frensitigle-pulse experiment and those
reported in literature. The dotted-line in Figurd g¢hows that the computed and

experimental results are in very good agreement.
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Figure 12 Variation of the temperature in TS-CM CSTR withé from multiple

NaOH-pulses accompanied by controlled variatioreattor temperature.
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Figure 13 Simulation ofCyaor(t) compared with experimental results from multiple
NaOH-pulses accompanied by controlled variatioreattor temperature.
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Table 6 summarizes the kinetic parameters obtafr@d single-pulse and
multi-pulse experiments including reaction ordepeexponential factor, and
activation energy. The orders of reaction obtaifiech the single-pulse experiment
and the multi-pulse experiment are the same anéqual to the literature data. The
activation energy and preexponential factor from single-pulse experiment and the
multi-pulse experiment were comparable to that meyoin literatures. It is noted that
the applicability of the power-law model and itsgraeters is limited to certain extent
and is associated with the operating conditionexgeriments where the kinetic
parameters were obtained from. Another multi-peisperiment was performed with
the concentration level of the ethyl acetate straa®.024 M, which was larger than
that of the NaOH stream, simulating a conditioexdess ethyl acetate. Following the
experimental procedure and analysis method of TSt&nique, it was found that
the orders of reaction were different compared Hat tobtained from previous
experiments. The time-evolved concentration fromn ithixing tank, the temperature
variation and concentration profile of TS-CM CST&sus time are shown in Figures
14, 15 and 16, respectively. Careful inspectionFajure 16 suggested that the
experimental steady state prior to perturbations guate different from the simulated
one. It is probable that the form of rate exprassised in the analysis was invalid in
this range of concentration of ethyl acetate. Theey be a significant extent of
backward reaction as a result of excess reactam¢cuoles. In this case, the rate
expression best representing the experimental ol@y be determined via model
discrimination (mechanistic model, power-law modadst). However, this is beyond

the scope of the current study.
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Table6 Comparison of kinetics parameters of alkalinerblygis simulation under

TS-MC condition and literature values.

Ar Ea
Resource a S (L/mol-s) (kJ/mol)
Bamford and Tipper (1972 1 1 2.45%10 47.30
Robison and Tester (1990) 1 1 4.00x10 48.90
The single-pulse experiment 1 1 4.00x10 48.50
The multi-pulse experiment 1 1 2.90%10 47.10
Ethyl acetate in excess 2 0 3.20%10 47.00
0035
0033 -
0031 |
. 0029 -
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g 0027 A
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0023 -
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0019 . . . . . . .
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Figure 14 The time-evolved concentration from the mixingkdor the case of ethyl

acetate in excess.
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Figure 15 The temperature variation with time of TS-CM CSfbiRthe case of ethyl

acetate in excess.
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Figure 16 The concentration profile of TS-CM CSTR versusdtifor the case of

ethyl acetate in excess.
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CONCLUSION AND RECOMMENDATION

Conclusion

In the past, old-fashioned studies on reaction kinetics require alot of time and
resources by systematically varying reactant concentration and reaction temperature
in aseries of steady-state experiments. An aternative approach for kinetics studies by
performing transient experiments, which requires less time and resources, is presented
in this work. This alternative approach including the temperature scanning (TS) and
composition modulation (CM) techniques is established by periodical forcing both of
them simultaneously to a CSTR initially operating at steady state. The proposed
technique can be used to predict the kinetics parameters for liquid-phase reactions via
the transient experiment and computer simulation by using the presumed reaction
kinetics model i.e. power law model and the Arrhenius equation. To verify the
devel oped technique with the model reaction in TS-CM CSTR, the akaline hydrolysis
of ethyl acetate was chosen as the model reaction for demonstration of the new
technique in this work. The parameters obtained from the minimum SSE based on the
time-evolution of output concentration are similar to those obtained from steady-state
experiments. Therefore, this technique can be an important tool for studies on reaction
kinetics.

Recommendation

1. Due to the limitation of the power-law model, there may be errors if the
model is used for concentration and temperature that are beyond the scope of
experimentation. The kinetic parameters should be re-evaluated for those applications.

2. Further studies on transient kinetics (TS-CM CSTR) may be conducted for
systems with heterogeneous catalyst. The mechanistic model can aso be applied
instead of the power-law model.

3. Optimization may be applied for the determination of reaction parametersin

order to decrease the number of trials simulating dynamic response of the system.
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Appendix A

The calibration line of Conductance of NaOH solution
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Appendix Figure A1 The calibration line of conductance of NaOH solution at

various concentration.




Appendix B

The simulation results at various kinetic parameters
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From two experiments, i.e. the response of single-pulse and multi-pulse
experiments, all of the ssmulated results from all parts are illustrated in Figures B1
and B2. The black line represents the experimental result, the red lines represent the
simulation results, and the green line represents the last simulation result or the
simulated result of current kinetics parameter set. Array of reaction parameters are
divided into four parts: (i) y = 0-1 and g = 0-1; (ii) y =1-2.2 and f = 0-1, (iii) y = 1-2.2
and #=0-1; and (iv) y=1-2.2and f = 1-2.2.
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Appendix Figure B1 The simulated results of Cnaon cOmparing with the

experimental result from single-pulse experiment: (i) y = 0-1
and g =0-1; (ii) y = 1-2.2 and g = 0-1; (iii) y = 1-2.2 and § = O-
1;and (iv) y=1-22and f=1-2.2.
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Appendix Figure B1 (Continued) The simulated results of Cyaon cOmparing with
the experimental result from single-pulse experiment: (i) y =
0-1land g =0-1; (ii) y=1-2.2 and g = 0-1; (iii) y = 1-2.2 and
L =0-1;and (iv) y=1-2.2and f=1-22.



i, oKD

ootd T 13 T T T 13 T T

ooi2

oo1

omsa

C, Mol

ome

om+

omz

| I | | | I | |

sm i0m 15m 2mm 20 Tm xEm om [l
tme &

(if)
Appendix Figure B2 The simulated results of Cnaon cOmparing with the
experimental result from multi-pulse experiment: (i) y = 0-1
and = 0-1; (i) y = 1-2.2 and # = 0-1; (iii) y = 1-2.2 and § = 0-
1,and (iv) y=1-2.2and p=1-2.2.
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Appendix Figure B2 (Continued) The simulated results of Cnzon comparing with the
experimental result from multi-pulse experiment: (i) y = 0-1
and £ = 0-1; (ii) y = 1-2.2 and 8 = 0-1; (iii) y = 1-2.2 and 8 = O-
1,and (iv) y=1-2.2and p=1-2.2.



Appendix C
Photograph of experimental apparatus
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Appendix Figure C1 The conductivity measuring cell
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Appendix Figure C2 The pH meter
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Appendix Figure C3 Peristalic pumps

59



Appendix Figure C4 Hotplate magnetic stirrer
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Appendix Figure C5 Syringe pump
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Appendix Figure C6 The mixing tank part of experimental set up (at left hand side
of experimental set up)
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Appendix Figure C7 Thereactor part of experimental set up (at right hand side of
experimental set up)
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