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ABSTRACT
Tikhonov regularization, which is a new technique for converting tioveentration data into concentration-
reaction rate data, was applied to the kinetic analysis of n-hexane aromatirafatinum/Alumina Catalyst.The
technigue was used for the conversion of the experimental concentiatédata to rate-concentration data. Due to
the ill-posed nature of the problem of obtaining of reaction rates ésgrarimental data, conventional methods will
lead to noise amplification of the experimental data. Hence, Tikhonov regularizationgtechs preferably
employed because it is entirely independent of reaction rate models als® imanages to minimize noise
amplification, thus, leading to more reliable results. The kinetic parametameaib by the application of the
Nelder-Mead simplex optimization technique to formulated mechanistic modelsis@dsto discriminate among
rival kinetic models based upon physicochemical criteria and thermodynamic tgsts tbe rate of conversion of
adsorbed hexene-1 to adsorbed methylcyclopentane when hydragisoibed as a bi-molecular specie as the rate
determining ste.

Keywords: Tikhonov regularization technique; Nelder-Mead simplex methdekane reforming; Mechanistic
kinetic models; Kinetic and equilibrium parameters.

1. INTRODUCTION

In the investigation of the kinetics of chemically reacting systems, often necessary to convert experimental
time-concentration data into concentration-reaction rate data in order to determikmetie parameters of
podulated reaction rate modeA variety of procedures has been developed to perform thisRaskatherreactions

it may be possible to deduce the rate constants by examining the stofi@ of the time-concentration data.
Another approach is to modify or simplifythe kinetic model if tbém be physically justified. A more general
technique is to treat the rate equations as ordinary differential equatiase &tuations are integratedto give the
concentration of the reactants and products as a function of time withtéheanstants appearing asknown
parameters. These parameters are then adjusted tominimize the deviation of thted:déimpuconcentrationprofile
from its experimentally observedcounterpart.

Integration of simple rate equations can be performedanalytically leadingnpe sexpressions for the time-
concentration profiles. However, for many rate equations analytical solutiowtcbe foundandthey have to be
integratednumerically. Determination of the rate constants to minimize thatidevfrom experimental data
becomes correspondingly more complicatedhe extent that they cannot be determined to a reasonable degree of
accuracy.Therefore,if inappropriate methods are used, the conversion procedure beannieposed problemin
the sense thatthe noise in the original data will be amplified leading to unrediables.

Hadamard [9] defined a linear problem to be well posed if itsatisfies thewiofothree requirements: (a)
existence,(b) uniqueness, and (c) stability. A problem is saidilteposed if one or more of these requirements are
not satisfiedveow et al. [3thowed that Tikhonov regularization is a reliable procedure for progetig time-
concentration data of reaction kinetics. This procedure has been suctessfeping noise amplification under
control and meets the important requirement that it does not require theptisauaf a model to describe the
original experimental data.This procedure was first used by Yeow ayldr1[4] for obtaining velocity profiles
from various experimentally measured velocity data. Yeowet. al. [3] carrtddrther application of the procedure
to reactions ranging from first order reactions to chain reactimadving a number of intermediate steps with rate
equation of the rate determining process. Omowunmi and Susu [5thesd@dkhonov regularization technique in
converting the concentration-time data for n-eicosane pyrolysis datargadoy Susu and Kunugi [6] to generate
the kinetic parameters for this homogeneous autocatalytic chain reactioditiore@®mowunmi and Susu [7] also
used the same technique in determining the kinetic parameters fafoheing of n-heptane, n-heptene and 3-
methylhexane on Pt/Alumina catalyst.
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The aim of this paper is to more exhaustively apply Tikhonov regulatizttithe conversion of the concentration-
time data of the complex reaction of the aromatization ofxadte on Platinum/Alumina catalyst to concentration-
rate data at temperatures 440°C, 460°C, 480°C, 500°C using the wellaftednaxperimental data from the work
ofAgbajelola and Aberugba [8]. Rate equations of the Langmuir-Hinseltypadwill be generated and the values
for the respective kinetic parameters would be generated by fitting atke equations into the resulting
concentration-reaction rate profile. Thus, the performance of this revegure can be demonstrated by showing
that these parameters conform to the expected trend in the kinetic investigatéorstudy.

2. THE GOVERNING EQUATION
The relationship between the reaction rate r(t) and the time-concentratiibe @) can be written as:
dc(t)

) =——

This can be rewritten as:
t

c(t) = flr(t')dt' +C, (2)

where, is the initial concentration. This equation can be regarded as a Volterra integéredor the unknown
reaction rater(t) and initial concentratiorC, if this quantity is not measured directly or if the experimental
measurement is considered to be unreliable. This is an integral equatiofirst tiad. The mathematical nature of
this equation shows that the problem of obtaining r(t) is an ill-pgseblem in the sense that if inappropriate
methods are to inaccurate results [2]

Instead of solving Equation (2) directly foft), this equation, through integration by parts, can be transforred in

Cot) = ft [t ¢ p(e)] e + ¢o(3)
t =0
, f(tHadt' +r0> - f t f(t)dt + Cy(5)
0 t =0

t =

=tr(t) — ft t f(t)dt + Cy (4) = t<
t =0

= Jt (t—t)f(t)dt + Co+ try(6)
=0

wheref (t) = dr(t)/dt andr, = r(0) is the initial rate.
Equation(6) can be regarded as a Volterra integral equation of the first kind to be saltkd tmknown function
f(t)and the constant§;and ry. SuperscriptC is used to distinguish the computed concentration given by this
equation from its experimentally measured counterpart which will be debpteaperscripM. The computational
procedure developed here will obtdgandr, as part of the solution to the integral equation. However, if the initial
concentration is exactly known, e.g. when the initial mole fraction is zemaity, thenCytakes on this exact value
and is not treated as an unknown. Similarly if there are physical ressnggest that the initial reaction rate is
identically zero them, is assigned this value and not treated as an unknown.
Oncef(t), Coandryare known,r(t) andC(t) can be obtained by direct numerical integration. Since numerical
integration does not suffer from noise amplification, tGe) thus obtained can be expected to be relatively free
from the influence of experimental noise.
Equation 6) is the starting point of the present investigation. Inputs to thistiequare the experimentally measured
time-concentration data pointét;, C;*), (t2, &™), (t3, €™, .. .o, (twp, Cw ™). Npis the number of points in the
set and is usually a relatively small number, typically arole- 50. The data points may or may not be regularly
spaced out in time. From the way Equat{én was obtained it is clear that this equation is independent of the order
of the reaction and its nature.

3. DISCRETIZING THE VOLTERRA INTEGRAL EQUATION

In discretized form Equatio(®) becomes:
tj =t;

Cl'c = CO + tiTO + Z a’ij (tl - t])f}At,

tj
i=12,..,Np, j=12,..,Ne(7)wherefy, f2, f3, ..., fu, are the discretizefi(t). The independent variable
0 <t <t,,isdivided intoN, uniformly spaced discretization points with step gize= t,,,, /(Nx —
DAt.t,., = ty,is the largest; in the data sety;; is the coefficient arising from the numerical scheme used to

approximate the integral in EQ. For Simpson’s 1/3 rule, used throughout the present investigagn= 2/3 for
odd; (excepta;; = 1/3) and4/3 for evenj. Depending on whether thieof theith experimentaldata point
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coincides with a discretization point, the lagt associated with this point may have to be adjusted, by interpolation,
to allow for fractional step size.

The deviation of:¢ from CM is given by

t’jzti

8 =CM—| Co+timy + Z a;(t;—t;)f,At | (8)
t j=0
L’,j =t;
8 = CM —Cicy — Biry + Z a;(ti—t;)fAt | (9)

t j=0

or, in matrix notation,5 =CM - Cco- Bry -Af. (10)
C andB areNp x 1 column vectors and is aNp x Nx matrix of coefficients of the unknown column vector.
f = [fy, 2, f3,...FNk ]T. (11)
whileC, B andA are given by
C=1 (12)
Bi=t (1 3)

Ay = a;(t; —t; )At fort; > t; = Ofort; <t;(14)
In Equation(14) ¢;,i =1, 2, 3, ...., Np are the times at which theconcentration is measured'ﬁr]'d: 1,2,3, ...,
Nk are then uniformly discretized tinfe< t < t,,,,, . Nk generally exceedsthe number of data pamtsthusA is
not a squarematrix and Equati¢#) cannot be inverted to give a unigfi&), C,andr,. Instead, these unknowns are
selected to minimize the sum of squares;of.e. to minimize

z 5.2 =876 = (CM — Ccy — Br — Af)T x (CM — Ccy — Bry — Af)(15)

4. TIKHONOV REGULARIZATION
To obtain smooth solutions to ill-posed problems, the standarafdkhregularization method is most often used.
lll-posed problems are frequently encountered in science and enginelne term itself has its origins in the early
20th century. It was introduced by Hadamard [9] who
investigated problems in mathematical physics. According to his bdligiesed problems did not model real
world problems, but later it appeared how wrong he was. Hadanjaddf[@ed a linear problem to be well posedif
it satisfies the following three requirements: (a) existence, (b) umigpse and (c) stability. A problem is said to be
ill-posedif one or more of these requirements are not satisfied. Acalassample of an ill-posed problem is a
linear integral equation of the first kind ii¥ (7) with a smooth kernel. A solution to this equation, if it exists, does
not continuously depend on the right-hand side and may notigaeurWhen a discretization of the problem is
performed, we obtain a matrix equationdm,
ku=f (16)

wherek is anm x n matrix with a large condition numben, > n. A linear least squares solution of the systam)
is a solution to the problem

min{|[ku — fII? + a®[lull*}y (17)
where the Euclidean vector norm iffi€ used. We say that the algebraic probléa®) and(17) are discrete ill-
posed problems.
The numerical methods for solving discrete ill-posed problems in funsgiaces and for solving discrete ill-posed
problems have been presented in many papers. These methods arenbésedoscalled regularization methods.
The main objective of regularization is to incorporate more information aheutiesired solution in order to
stabilize the problem and find a useful and stable solution. The most ecoram®d well-known form of
regularization is that of Tikhonov [16]. It consists in replacing leasésss problen{17) by that with a suitably
chosen Tikhonov functional. The most basic version of this methodecpresented as

min{|lku — fII? + a?[lull*} (18)
wheren €R is called the regularization parameter. The Tikhonov regularization is a nietivbéch the regularized
sdution is sought as a minimizer of a weighted combination of the residual aod a side constraint. The
regularization parameter controls the weight given to the minimization of theasid&aint.
Minimizing 678 in Equation (15) will not in general result in a smooth f(t) becatisiee noise in the experimental
data.To ensure smoothness, additional conditions have to be imposte. jpmesent investigation, the additional
condition is the minimization of the sum of squares of the secondatiee off/dt’? at the internal discretization
points. In terms of the column vector f, this condition takes onottme 6f minimizing
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Ni—1
> @)’ = BOTBN = 767pe (19)
j=2
wherep is the tri-diagonal matrix of coefficients arising from the finiteatiéhce approximation aff/dt’2
1 -2 1 1
1 -2 1
1 -2 1 1
B=1. . . . . . . m(ZO)
1 -2 1
1 -2 1

In Tikhonov regularization [2instead of minimizing™s andfTBT Bf separately, a linear combination of these two
guantitiesR = 678 + AfTBT Bf is minimized A is an adjustable weighting/regularization factor that controls the extent
to which the noise in the kinetic data is being filtered out. It balances thedwive ments ofit):

a. fitting the experimental data

b. remaining as smooth as possible.

A largeA will give a smoothf(t) but at the expense of the goodness of fit of the kinetic data and vice versa.

Minimizing R becomes:

R )
T 0 j=1.2,..,Ng(21)
R _ 22)
aC, 0 (
R
o = 0 (23)
These give rise to a set of linear algebraic equationg, & and ro (assuming that both initial conditions are
unknown). It can be shown [1@at thef, C, androthat satisfy Equation2() to (23) are given by
£ =(A"A +2Ag7g) ATCH (24)
For conveniencé€is used to denote the column vedar f, fs,....fNk , Co; ro]T incorporatingCo andry into f. A'is the
composite matrix(A,C,B) derived from Equation§21)to (23) to reflect the inclusion o€y andro in f. Similarly
B'is the composite matrigB, 0, 0) where0 is a(Nx—2)x1column vector o0 to allow for the fact tha€, andr
playno part in the smoothness condition in Equatio®). The f'given by Equation(24) can now be substituted
intoEquation(6) to give C(t). It can also be substituted in the definingequatioft)/dt = f(t) and integrated to
give the reactionrate(t).
As f(t) is known at a large number ofclosely spaced discretization pointstéggation forr(t)and c(t) can be
carried out using any of the standard numericalintegration proce@imnes. integration is a smoothingprocess, the
resultingr(t) and c(t) can be expected to bewell-behaved smooth functions. This hasobserved inall the
examples investigated.

5. REGULARIZATION PARAMETER IDENTIFICATION

A suitable choice of the regularization paramétenas to be provided by the user in order to apply Tikhonov
regularization [2].The regularization parameter controls the weight given to the minimizatibe sfde constraint.
Thus, the quality of the regularized solution is controlled by thelaggation parameter. An optimal regularization
parameter should fairly balance the perturbation error and the regularizatioim ¢neoregularized solution.

There are several possible strategies that depend on additional informationgefethi@ analysed problem and its
solution, e.g., the discrepancy principle and the generalized cross-validatimuniik discrepancy principle is an
a-posteriori strategy for choosingas a function of an error level (the input error level must be knowrg. Th
generalized cross validation method is based on a-prioriknowledge ofcturrof the input error, which means
that the errors in fcan be considered to be uncorrelated zero-mean readaioles with a common variance, i.e.,
white noise.

Another practical method for choosimgvhen data are noisy is the L-curve criterion [11,12]. The methbedsed

on the plot of the norm of the regularized solution versus the obthe corresponding residual. The practical use
of such a plot was first introduced by Lawson and Hanson [I8}. idea of the L-curve criterion is to choase
regularization related to the characteristishiaped “corner” of the graph.

The most appropriate value bfdepends on factors such as the noise level in the experimental datanties o
data pointNp, and discretization point$k, and the numerical schemes used to approximate the integral in Equation
(6) and the second derivative in Equatid®)( It is neither a property of the reaction under investigation nor a

4
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constant determined by the concentration measurement technique or émsteunployed [2]. 11\ is set toosmall the
determinant of the matribA’TA" + AB'TR'in EquationR4) may become close to zero and the inverse of the
matrixbecomes ill conditioned. This is a manifestation of theill-posed enafuthe problem of obtaining reaction
rates from time-concentration data.

6. APPLICATION TO N-HEXANE AROMATIZATION ON PLATINUM/ALUMINA CATALYST AT

DIFFERENT TEMPERATURES

Agbajelola and Aberuagba [8] investigated the kinetics of hydrogen icftuen n-hexanearomatization over

platinum/alumina catalyst. Applying quasi-steady state approximation for thebadsgpecies since conditionson

the catalyst surface are stationary, the mechanistic rate equations will be oltaitredréaction, assuming eight

possible rate controlling steps .The experimental data(Appendix A)to be asatis¢rimination among rival

kinetics models forn-hexane aromatization were gathered in a pulsed migtizatdiular reactorwith plug flow

total pressure of 391.8kpa and a temperature range dI2C-

Based on the behavior of these parameters over the temperature range, the mbdels digcriminated to

determine the model that best fits the data. The kinetic rate and equilibristarttsrfor all theeight kinetic model

will be obtained using the optimization routine of Nelder-Mead modified sivagorithm by minimizing the sum

of squares of all errors between experimentaland predicted rates. The selectinusé@@rwes: (1) the increase

and decrease with temperature of the kinetic rate and equilibrium consespsctively, (2) statistical and

thermodynamicscrutiny.

From the experimental data from this work, concentrations and reactsnwiiitbe computed

independent of the rate model by applying equations (6) a@described in Section 3

6.1 The step wise analysis of the conversion of concentration-time dataré@action rate-concentration data

The experimental data from the work of Agbajelola and Aberuagba [8presented in the form of x, the mole

fraction of exit products, (n-hexane, cracked fraction, methylcycloperianzene) and their concentration against

the residence time (Appendix A). The data was for the reaction oaguatitemperaturesT; = 440°C, T, =

460°C, T; = 480°C, T, = 500°C

The step wise analysis of the conversion of the data from concemitiati® data to reaction rate-concentration

data,is as follows:

tmax = 3.75, Np=5, take Ny = 20

Step one: Divide the independent variable, tittg where 0 < t <tmaiS divided uniformly
spaced discretization points with step size\t '= tmax / (Nk-1).

Step two: Generatea; from Simpson’s 1/3 rule, where oy = 2/3 for odd j (except an = 1/3)
and4/3 for every even

Step three: Compute(t; -tj") in Equation {4)

Step four: Compute At’ in Equation (14)

Step five: Compute A using Equation1(4)

Step six: Compute matrix A, where A is a 5 x 20 matrix of coefficients of unknown column
vector

Step sevenCompute matridxC, whereC is a 5 x 1 matrix of ones

1
c=|1
1
1
Step eight: Compute matrixB using Equation (13), whei_zei_s a 5x1 matrix ofjts.
1]
t2
B=|t3

t4
tS




IJRRAS 18 (3) ® March 2014 Oresegun et alKinetic Analysis of Aromatization of N-Hexane

Step nine: ComputeA using Equation1(4)
Aij Where i=1,j=1 -+ ~+ - Aij Where i=1,j=20

Ai]' where i=5,j=1 L Aij where i=5,j=20
Step ten Compute composite matriX where
A'=A4, C, B whichisa5x 22 matrix
Step eleven: Compute the transposé of
Computep using Equation (20), whegis a tri-diagonal matrix 20 x 20 square matrix
Step twelve:Compute matriXd where matrix0 is al8 x 1 column vector of)
Step thirteen: Computep’ where B’ is a composite matrix (3, 0, 0).
Step fourteen: Computef’ using Equation (24) for each value@!
Step fifteen: Compute Ce¢(t) using Equation (6 which is solved by Simpson’s numerical
method of integration

Step sixteen:Calculater(t) using equatiom(t) = J f(t)dt using Simpson’s numerical method
Steps one to sixteen is carried out by MATLAB software package pwting different mole fractions of each of
the exit streams at the respective temperatures.
Simulated results for the conversion of concentration time data to reactiatatatare presented in the following
forms:

(a) Graph of rate versus concentration at each temperature for n-hexaaexit ttream

(b) Graph of back calculated concentration against measured concentration faosgmnent in the exit

stream at different temperatures.

6.1.1 Aromatization d n-hexane on Platinum/Alumina catalyst at temperature 440°C
Figure 1a shows a linear relationship between the reaction rate and catmmeotr n-hexane at temperature 440°C.
The best model which fits the description of the catalytic reformingté&xane over Platinum/Alumina Catalyst,
after discriminating it among many other models is given as:

Ks¢K1¢KaeK 106 [N] Ksr[H2]3[B]

_ [H2] KoK7KgrKofK1o(®

s L4 KN (1 4 KK | [CP1 L [Ha2[5] [H] Lq) g B ) (25)

+ Ky¢[N] ( + [Hz] ) + Kar + KgrKorK1of" (K6fK7fK10f2 + [ + ) + [ + Kiof

The parameters in this model are obtained by the Nelder-Mead Simplexdnoétimultivariable optimization. The
best fit Equation45) is shown in Figure 1a as a smooth curve in which the rate of nedcticeases smoothly to
3.63589ml/mg.min as the concentration of n-hexanexit stream changes from 0.379 to 0.372gmbdifma non-
linear fashion. The time-concentration profile back calculated from thefibeate equation is shown as a
continuous curve in Figure 1b. Good correlation is seen between Ithdated concentration and the measured
concentration of n-hexane.

3.64 -

3.63 +

3.62 +

3.61 +

Rate(ml/mgmin)

3.6 f f !
0.368 0.372 0.376 0.38

Concentration(gmol/m3)

Figure 1la: Graph of measured concentration of n-Hexane in exit stream versus et
440°C
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Figure 1b: Experimental concentration, calculated concentration versus time for n-hexane at 440°C

6.1.2 Aromatization of n-hexane on Platinum/Alumina catalyst at temperate 460°C

Figure 2a shows a linear relationship between the reactieramat Concentation of n-Hexane in exit stream at
temperature 460°C.

The best fit Equation (25) is shown in Figure 2a as a smootlke auwhich the rate of reaction decreases smoothly
to -0.62657ml/mg.min as the concentration of n-hexanexit stream changes from 0.416 to 0.743gmol/m3 in a
non-linear fashion. The time-concentration profile back calculated frembdist-fit rate equation is shown as a

continuous curve in Figure 2b. Good correlation is seen between Ithdated concentration and the measured
concentration of n-hexane.

0 + } } } i
(L 0.2 0.4 0.6 0.8
£
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Concentration(gmol/m?3)

Figure 2a: Measured concentration of n-Hexane in exit stream versus rate 460°C
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Figure 2b: Experimental concentration, calculated concentration versus time for 2-hexane at 460°C
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6.1.3 Aromatization of n-hexane on Platinum/Alumina catalyst at temperaturd80°C

Figure 3a shows a linear relationship between the reaction rate and tcatmerof n-hexane in exit stream at
temperature 480°C. The best fit Equation (25) is shown in Figure 3arasath line in which the rate of reaction
increases smoothly to 2.91272ml/mgmin as the concentration ofaméén exit stream changes from 0.2610 to
0gmol/m3 in a linear fashion. The time-concentration profile back leddclifrom the best-fit rate equation is shown
as a continuous curve in Figure 3b. Good correlation is seen betveeealchlated concentration and the measured
concentration of n-hexane.

296 —
c
£ 2.88 +
[T
£
>
E
£ 28 +
[
I 272 } } i
-0.1 0 0.1 0.2 0.3
Concentration(gmol/m?3)

Figure 3a: Measured concentration of n-hexane in exit stream versus rate at 480°C
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Figure 3b: Experimental concentration, calculated concentration versus time for n-hexane at 480°C

6.1L4Aromatization of n-hexane on Platinum/Alumina catalyst at temperature 500°C

Figure 4a shows a linear relationship between the reaction rate andtcatioe of n-hexane in exit stream at
temperature 500°C. The concentration of n-hexane in the exit streagmés/@ which implies all the n-hexane
coming into the reaction is completely converted. The best fit Equatiornis(86pwn in Figure 4a as a smooth line
in which the rate of reaction is constantly at Oml/mg.min. The tareentration profile back calculated from the
best-fit rate equation is shown as a continuous line in Figure 4b. Gooelation is seen between the calculated
concentration and the measured concentration of n-hexane.
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Figure 4a: Measured concentration of n-hexane in exit stream versus rate &0°C
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Figure 4b: Experimental concentration, calculated concentration versus timefor n-hexane at 6%C

7. Kinetics of the Aromatization of n-hexane on Platinum/Alumina Catalyst
The reforming of n-Hexane on Pl is proposed to undergo the following steps

1. N+ S<SNS K, =Ky = Klf/Kl (26)
r
2, NS < CPS ky=kye =2 (27)
2r
4, NS + 2SSN™S + 2HS Ky = K{ = Ky /Ky (29)
5. N_S:MSKS = KN_ = KSf/KST (30)
6. MS +255M™S + 2HSK, = Ky =-2L  (31)
6r
7. M~S S L SK, = Ky- = K7f/K7 (32)
— - K8f
8. L™S +4S < BS + 4HS Ks=Ki- ="/ (33)
T
P K9f
9. BSSB+S Ko=Kpy=""/p (34
9r
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o1 —r wa/
10. HSSSHy +S Ko =Ky = Ky, (39

The site balance is

1=S+NS+CPS+N S+MS+MS+L"S+BS+HS (36)
The construction of model 1 is based on the assumption that adsarptieHexane is the rate determining step
while other elementary reactions are in quasi-equilibrium.

r = Ki¢[NS] — Ky, [N][S] 37)
K1¢[CP]
li;—K3 - Klr[N]
r = 5 5 1 (38)
[cP] (1 K4K10°[CP] KsKeK10” |, KsKeK7Kio [B] , [Hp]2
I icks K2K3 (Kz + 1) KoK3([Hz] (1 +Ks + [H2] [H2] ) K9~ Kig

The construction of model 2 is based on the assumption that conversidsoolbed n-Hexane to Hexel is rate
determining. The rate expression is:

1 = Ky [N~S][HS]* — K4, [NS][S] (39)
4
Kslleglj(i]l(;i]log — Keky [N]
T4 = 1.3 (40)
[cP] | [H2]?[B] [H2] [H,] 1 [B] | [Ha]2
1+K [N] + K3 KgKok1o* (K5K6K7K102 KeK7K102 + K7 + 1) + Ko + K10

Model 3 is based on the assumption that the conversion of adsorbeé-hésedsorbed Methylcyclopenmtéas rate
determining

15 = Ksf[MS] — Ks,.[N~S] (41)
Ks¢[B] _ KsrK1K4K10%[N]
3
s AW S TN B e (4
4K10 2 2 2
1+ Ki[N] (1 * [Hz] ) + K3 + KgKoK1o* (K6K7K10 K7 + 1) + “Kio

Model 4 is based on the assumption that the conversion of adsorbed n@dpﬁn;ane to adsorbed
methylcyclopentene

re = ks [M~SI[HS]? — Ko, [MS][S]? (43)
kef[Ha1®[B]  KerK1KqKsKqo?[N]
rg = K7KgKoK10° [Ho] - (44)
K1K4K102IN] [CP] | [Hz)2[B] [ [H,] [B] |, [Hy]'/2
L+K [N] + [Hz] A+Ks)+57 K3 + KgKoK1o* (K6K7K10 + 1) Kg + K10 ]

Model 5 is based on the assumption that the conversion of adsorbed nwtipdotene to adsorbed cyclohexene is
rate determining.

r; = ky¢[L7S] — k7, [M~S] (45)
k7e[Ha]2[B] _ K7rK1KsKgK10*[N]
4 2
r, = KgK9K1g [HZ][ : — —— ]1/2 (46)
K1K4K10 K5Kg i H,]4[B i H»
1+ KNI+ [Hz] (1 +Ks + ]) + K3 = KgKoKio* = Ko + K10

Model 6 is based on the assumption that the conversion of adsorbed cyobotreadnorbed benzene is rate
determining.

1y = Kas[BSI[HS]* — Kq, [L™S][ST* (47)
ker[B] _ KorKiKqKsKeK7K10*[N]
7 2
rg = - KoK10 [1'212] . 5 (48)
K1K4Ki07[N] KsKeKi0” | Ks5KeK7K10 [er] |, [B] | [Hp]25
| L+ Ky [N + S50 (1_+ I )_+ it
Model 7 is based on the assumption that the conversion of adsorbed berrmeetee is rate determining.
9 = kos[B][S] — Ko, [BS] (49)
Kof[B] — K9rK1K4K6K7i<8K108[N]
— [Ha]
o= 14K [N] + K1K4K10[N] (1 +Ke + KsKeK10® | KsKeK7Kio® K5K6K7K8K106) cr] [Hp]'/2 0
! [H] 5 [H] [H] [H]* Ks ' Ko
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Model 8 is based on the assumption that the conversion of adsorbed étytivddydrogen is rate determining.

1
110 = kiof[H2]2[S] — kyo, [HS] (51
1
I Kior[HpJ2
Kyor[Hp ]2 — =
— 10f
o0 = K1KarK10g2[N] KsrKerK1oe?  KseKerK7eK1or?  KseKerK7¢KgiK1of® [cP] [H]1/2(52)
1f84fB810f S5fhef™10f S5fhefB7fR10f SfR6fR7fRBfRT0f 2
1+Kum]+——ﬁa——(1+KM+ Hy] [H2] [Hz]* ) Kot T Kior

8. PARAMETER ESTIMATION AND OPTIMIZATION TECHNIQUE
Estimating the kinetic parameters of a rate model is a very imposgja@tteof any kinetic investigation. This can be
accomplished by least-square fitting of the rate equation into the caat@@mtreaction rate curve. The polyhedron
method of Nelder and Mead is used to achieve this using FORTRAMasefpackage.
The general objective in optimization is to choose a set of values oflear{alb parameters) subject to the various
constraints that produce the desired optimum response for the choseiveljewtion [5]. For he polyhedron
method of Nelder and Mead used in this investigation, the objective furistithie sum of squares of residuals
between experimental and predicted rates of reaction.

n

S = Z (T.l_calc _ riobS)Z (53)

i=L
The smaller the value of S, the better the model and the more reliable Wlks wélthe kinetic parameters thus
obtained. This method incorporates portions of the polyhedron metitbdthe additional advantage of not
restricting intermediate iteration to the feasible regibhnis method alters the shape of the simplex to suit local
topology. The tolerance criterion is reduced within the region of amapiitill it reaches a preset small value.
The results for the kinetic parameters estimated for each of the models isqutesetables 1-8

Table 1: kinetic parameters and objective functions for model |

TEMPERATURE (°C)
440 460 480 500
Kyt 2.075E+04 3.228E+01 7.493E+00 5.000E+01
Ky 1.521E+05 3.551E+00 1.443E+00 5.072E+00
Ki(Kf Kyy) 1.364E01 9.090E+00 5.193E+00 9.858E+00
Ky 6.605E+04 2.941E+01 2.3480E+01 2.551E+01
Kz 7.151E+04 1.089E+01 7.882E+00 1.107E+01
K4 8.380E+04 8.724E+00 9.001E+00 7.214E+00
Ks 2.239E+03 2.549E+00 2.689E+00 2.560E+00
Ks 1.493E+05 5.743E+00 4 598E+00 4.865E+00
K5 -4.574E+05 4.313E+00 4.489E+00 5.172E+00
Ko 6.856E+04 7.321E+00 6.412E+00 3.270E+00
Kig 3.561E+04 1.017E+01 9.841E+00 1.021E+01
Obijective function -0.4574443E+06 6.945:-05 4.2782E05 1.4039E05
Table2: kinetic parameters and objective functions for model Il
TEMPERATURE (°C)
440 460 480 500
Kas 2.125E+02 7.661E+00 4.374E+01 4.022E+01
Kar 7.776E+01 7.607E+00 7.407E+00 7.000E+00

11
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K4 2.732E+00 1.007E+00 5.906E+00 5.746E+00
Ky 3.268E+01 1.350E+00 2.589E+00 1.447E+00
Ks 3.684E+01 2.325E+00 6.120E+00 5.789E+00
Ks 3.991E+01 4.632E+00 9.641E+00 7.231E+00
Ke -9.234E01 1.477E+01 2.198E+01 1.344E+01
K5 3.183E+02 1.866E+01 2.476E+01 2.065E+01
Kg 5.554E+01 2.068E+01 3.391E+01 2.355E+01
Kg 1.360E+02 2.486E+01 3.778E+01 2.777E+01
Ko 8.508E+01 2.794E+01 4.161E+01 3.130E+01
Obijective Function 5.554091E+01 5.670E01 3.410E01 8.920E01
Table 3: Kinetic parameters and objective functions for model 111
TEMPERATURE (°C)
440 460 480 500
Kss 6.444E+02 8.209E+02 9.508E+02 9.600E+02
Ks, 3.487E+03 5.305E+03 7.124E+03 9.068E+02
Ks 1.848E01 1.515E01 1.334E01 1.05€+00
Ky 1.512E+03 0.005E+00 3.500E02 3.900E+00
Ks -7.131E+02 2.222E+02 1.721E+02 2.045E+01
K4 1.654E+03 2.632E+02 2.537E+02 3.500E+00
Ke 1.908E+03 3.816E+02 3.774E+02 2.777E+01
K5 4.851E+01 1.338E+02 1.089E+02 3.130E+01
Kg 3.668E+03 1.333E+02 1.127E+02 3.891E+00
Kg -1.022E+04 2.016E-03 2.092E-03 8.890E-01
Ko 1.681E+03 4.199E-02 7.320E-02 3.760E-04
Objective function -1.0221E+04 2.8310E-09 2.899E-09 1.447E+00

Table 4: Kinetic parameters and objective functions for model IV

TEMPERATURE (°C)
440 460 480 500
Kot 2.125E+02 1.440E-01 2.200E-01 2.870 EO1
Ker 7.776E+02 6.170E-01 0.542 EO1 7.210E01
Ke 2.732E+00 2.333E01 4.,059E+00 3.980E01
Ky 3.268E+01 2.780E-01 0.169 EO1 1.610 EO1
Ks 3.684E+01 6.700E-01 0.239 EO1 6.340 EO1
Ky 3.991E+01 2.610E-01 0.106 EO1 2.180 EO1
Ks -9.234E01 7.300E-01 0.184 EO1 2940 EO1
K7 3.183E+02 1.280E-01 0.041 EO2 6.390 EO1
Kg 5.554E+01 3.920E-01 0.111 EO1 1990 E01
Kg 1.360E+02 8.010E-01 0.135 EO1 7550 EO1
Ko 8.508E+01 2.300E-01 0.445 E01 4000 E01
Objective function 5.554091E+01 4921E-02 4544E-04 4544E-04
Table 5: Kinetic parameters and objective functions for model V
TEMPERATURE (°C)
440 460 480 500
K 2.075E+04 4.355 E+01 4.218 E+01 1.028E+02
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Kz 1.521E+05 2.521 E+00 1.041 E+00 7.092E+01
K- 1.364E01 1.727E+01 4.052E+01 1.449E+00
Ky 6.605E+04 7.858E+01 9.552E+01 9.997E+01
Ks 7.151E+04 4.729E+01 2.894E+01 2.088E+01
K4 8.380E+04 4.889E+01 5.279E+01 6.017E+01
Ks 2.239E+03 2.728E+01 1.500E02 0.089E02
Ke 1.493E+05 4.025E+01 5.548E+01 1.097E+02
Kg -4.574E+05 4.340E+01 6.678E+01 6.345E+01
Kg 6.856E+04 2.9167E+01 3.636E+01 1.237E+01
Kio -3.561E+04 2.3435E+01 2.735E+01 2.265E+01
Objective function -4.574443E+05 4.270E+02 9.23 EO5 5.410E05
Table6: kinetic parameters and objective functions for model VI
TEMPERATURE (°C)
440 460 480 500
Ky 2.080E+02 1.363E+01 1.3740 E+01 1.3740 E+01
Ks 5.008E01 4.755E+00 4,990 E+00 4.990 E+00
Ky 1.180E+02 2.810E+00 2.754E+00 2.754E+00
Ky 1.243E01 1.270E+00 1.757 E+00 1.757 E+00
Ks 8.537E01 8.584E+01 8.5700 E+01 8.5700 E+01
K4 5.000E03 6.760E+01 6.7480 E+01 6.7480 E+01
Ks 1.705E+00 5.6810 E+01 5.6810 E+01 5.6810 E+01
Ke 2.406E+02 5.366E+01 5343 E+01 5.343E+01
K7 3.000E+02 8.500 E+01 8.570 E+01 8.570E+01
Kg 1.000E+02 5.710E+01 5.681 E+01 5.681E+01
Kio 1.000E+02 1.584E+01 1.533E+01 1.533E+01
Objective function 1.000E+01 2.600E-03 2.646 EO1 401E-02
Table7: kinetic parameters and objective functions for model VII
TEMPERATURE (°C)
440 460 480 500
Kor 2.075E+04 6.943E+00 7.611 E+01 7.290 E+01
Kor 1.521E+05 3.661 E+00 3.543 E+01 3.524 E+01
Kg 1.364E01 1.896E+00 2.150E01 2.069E+00
Ky 6.605E+04 1.450E+00 1.580E+01 1.443 E+00
Ks 7.151E+04 1.276E+01 1.141E+01 1.149E+01
K4 8.380E+04 1.413E+01 1481E+01 1.755E+01
Ks 2.239E+03 1.977E+01 16.980E+01 2.354E+01
Ks 1.493E+05 2.126E+01 2.176 E+01 2.865 E+01
K, -4.574E+05 2.860E+01 26.905 E+01 3.145E+01
Kg 6.856E+04 3.086E+01 30.782 E+01 3.477 E+01
Kio -3.561E+04 3.607 E+00 3.707 E+00 1.600 E+00
Objective function -4.574443E+05 5470 EQ1 3.710 EOQ1 8420 EQ1
Table8: kinetic parameters and objective functions for model VIl
TEMPERATURE (°C)
440 460 480 500
Kot 7.375 E+00 7.691 E+00 7.543 E+01 6.624 E+01
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Kior 1.560 E+00 2.907 E+00 3.707 E+01 3.610 E+01
Ki 1.701E+00 1.550E+00 1.590E+00 1.493E+00
Ks 1.481E+01 1.112 E+01 1.491E+01 1.157 E+01
K4 1.731 E+01 1.572 E+01 1.858 E+01 1.604 E+01
Ks 2.024 E+01 1.825 E+01 2.177 E+01 1.825E+01
Ks 2.347 E+01 2.063 E+01 2.391 E+01 2.375E+01
K7 2.644 E+01 2.488 E+01 2.878 E+01 2.687 E+01
Ks 2.999 E+01 2.794 E+01 3.261 E+01 29.390 E+01
Objective function 3.520E-01 5470E-01 3.710E-01 8.620E-01

9. DISCUSSION
Tikhonov regularization computation has been applied to the experimental tiwvergsion ofn-hexane
aromatization on Pt/AD; at a temperature rangd 440-500°c in hydrogen carrier. Eq24) was used to perform all
the data conversion. The data as generated by2By. (
are in the form of a discrete set of reaction rate data points at uniforohlgi@sely spaced time intervals. These
discrete data points, without assuming any rate model, were used to lat&teahe time-concentration profiles.
The back-calculated profiles, for all the examples considered, are in gamimamt with the original experimental
data. As the back calculations were performed using commercial softwapeiuent of that developed for the
Tikhonov computation, they provide a quick check against possilbdesentroduced during the derivation and
solution of Eq. 24).
The outcome of th@ikhonov regularization computation can now be put in theform of afselbsely spaced
concentration versus reactionrate points.As can be seen from figures 3a&2athe best fit Eq. (42) is shown as a
smooth curve in which the rate of reaction changes as the concentfatidrexane in exit stream changes in a non-
linear fashion.
The smooth curves wergsed to determine the parameters inthe models. Irrespective of the natueeredction,
thekey step involved is the fitting of the rate expression ofthe mmdéhe well-behaved concentration-rate
curve.This was accomplished by the flexible tolerance search method. @asieel behavior of these parameters,
the rate models were screened in order to determine the model that fits the dathebpatameter estimates were
in no means unique, but were expected to follow a general trend.
The discrimination amongst the rival models using the generated results.@risyb&8sed on the following factors:
(a) The agreement of estimated rate constants with the expected trend of incredsingpnstants as
temperature increases.
(b) The agreement of estimated equilibrium constants with the expected triegndietrease with temperature
increase.
(c) The respective values of the objective function at each temperature, over tedemhmerature range.
(d) Thermodynamic scrutiny. This involves assessing the kinetic modalasa the Boudart-Mears-Vannice
guidelines [14,15].
This criterion is given as:
10< — AS,4s<12.2 - 0.014AH,4, (54)

where
—AH AS

InK = — + — (55)
RT R

The result for the estimation of the rate constants and equilibrium conkiam®del3 as presented in Talle
shows an increase in value for the rate constants of the forwautthakward reaction from temperatures 440-500°c
while the equilibrium constants showed a consistent decrease in valas i temperature range.
Furthermore, model 3 was tested for its thermodynamic adequacyHeifsgt).From Figure5 (Model 3) the plot of
InK against 1/T gave values for AH/R as the slope and AS/R as the intercept of the graphs respectively. The slope of
the Vant Hoff plot for Model 1 is 1.6916E+08 and the intercept 5.0EHe slope of the Vant Hoff plot for Model
3 is 1.80335F+02 and the intercept is -1.25
Model 3 is the only model that satisfied the afore mentioned criteria. mbdel is the rate of conversior o
adsorbed hexe=-1 to adsorbed methylcyclopentane when hydrogen is adsorbebi-aisodecular specie. From the
Vant Hoff plot for this model (Fig. )5 the enthalpy of reaction, AH,,, for the aromatization of n-hexane was
computed to be -1499.311J/mol. The activation energy for forwarfaaidvard reaction was obtained from Figure
6 as -1.497E+03J/mol and -3.491E+03J/mol while the Arrhenius ctmsi@n15s& 7s*
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Figure 5: Vant Hoff plot of InK4 against 1/T for Model 3

10. CONCLUSION

In the analyses carried out on n-hexane aromatization, the simiteityeen the experimental data and the
concentration vs. W/F data reproduced by Tikhonov regularization @sidir-4b) can be considered as satisfactory,
in view of the entirely different approach by which they were obtaifldwrefore, Tikhonov regularization
technique is a reliable procedure for converting experimental time-concenttat@nnto concentration-reaction
rate data. It does not require the assumption of a rate model to describeettimenxal data and it also manages to
keep noise amplification under control. Thus, it leads to a more reliable t@ticenreaction rate profile and
allows the kinetic parameters in the rate models to be determined with greatencatso with a higher degree of
certainty. Based on the fact that the rate constants of Model 3 increased consistéimttemperature and
satisfaction of the thermodynamic criterichge assumption that the rate of conversion of adsorbed hexene-1 to
adsorbed methylcyclopentane when hydrogen is adsorbed as a bilarodpecie is the rate determining step while
other reactions are in quasi equilibrium best describes the process of n-hexaakization.

11. NOMENCLATURE

A ND x Nk matrix of coefficient of unknown column vector f

;j A coefficient arising from the numerical integration of equation (2)

B A tri-diagonal matrix of coefficients arising from the finite differeraggroximation of
d/dt?

Ci, Bi The coefficients of CO and rO representing the column matrices C ezgp8ctively
c* Computed Concentration

cM Experimentally measured concentration

C() Concentration at specific time t

Co Initial concentration

9, The deviation of Efrom C*

Np Number of data points

Ny Number of Uniformly-spaced discretization points
r(t) Rate of reaction
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Initial rate of reaction

The objective function

Time

The times at which the concentration is measured
The regularization parameter
Conversion

N-Hexane

Summation

2-hexane

Cracked products

Benzene

Methylcyclopentane

Toluene

N-Hexene

Methylcyclopentene
Cyclohexene

Vacant site on catalyst surface
subscript denoting adsorbed specie on the catalyst
Rate constant of forward reaction
Rate constant of reverse reaction
Equilibrium constant

°C Unit of Temperature in Celsius
AH Enthalpy of reaction

AS Entropy change for the reaction

8 =

—

-
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