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An approach that is commonly used for calculating the retention time of a compound in GC departs
from the thermodynamic properties AH, AS and AC, of phase change (from mobile to stationary). Such
properties can be estimated by using experimental retention time data, which results in a non-linear
regression problem for non-isothermal temperature programs. As shown in this work, the surface of

the objective function (approximation error criterion) on the basis of thermodynamic parameters can
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be divided into three clearly defined regions, and solely in one of them there is a possibility for the
global optimum to be found. The main contribution of this study was the development of an algorithm
that distinguishes the different regions of the error surface and its use in the robust initialization of the
estimation of parameters AH, AS and AG,.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Different approaches have been proposed for predicting reten-
tion time of compounds in a capillary column in gas chromatogra-
phy, and the main one is based on thermodynamic properties (AH,
AS and AGp) of analytes [1-6]. The estimation of these parame-
ters in gas chromatography can be obtained by isothermal runs,
and such estimate presents analytical solutions [7,8]. Another way
to estimate these parameters is through the use of different tem-
perature ramps, which can considerably reduce the number of
experiments [9]. In this case there is no analytical solution, and
the problem must be solved with the aid of numerical methods,
using non-linear optimization techniques in order to estimate the
parameters from a number of temperature programs [10,11]. So
as to solve the non-linear optimization problem, different routines
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can be used, and for each class of problem a specific method may
be preferable. Among some of these routines, those based on dif-
ferential calculus, and those based on computational intelligence
can be mentioned [12-16]. These procedures may present different
performances in terms of convergence speed, and, proportionally,
the number of assessments of the objective function. The methods
based on differential calculus show strong dependence on initial
conditions (initial guess), or the starting point of the algorithm. This
dependence on initial condition means that the optimal solution is
not guaranteed most of the time, which requires several evalua-
tions with different initial conditions from the modeler. Nonethe-
less, such methods may be able to converge quickly, depending
on how the problem in question was proposed, on the type of
objective function, and a good initial guess. Thus, the choice of a
starting point determines how quickly the algorithm converges to
a solution. However, some methods based on artificial intelligence
are more robust in terms of initial conditions, but can be, in some
cases, highly demanding, computationally [17,18]. Similarly to the
calculus-based methods, there is a strong need for checking conver-
gence. In both cases, repeated assessments of the process are com-
mon practice among modelers in the search for the global optimum.
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In this light, one way to increase performance for parameter
estimation is to improve the initialization of the calculations-based
methods. Thus, robustness and convergence to the global optimum
with a small number of objective function evaluations would be
obtained. The robust initialization (proposed in this paper) consists
of finding out which region is closer to the global optimum. In this
case, it is necessary to know the particularities of the surface of
the objective function with respect to the parameters that need
adjustment.

This work demonstrates that the approximation error of the
objective function can be split into different regions, according to
variations of the values of thermodynamic parameters. There are
basically three main regions, and only in one of them is there a
possibility for the global optimum to be found.

As will be shown, an error criterion (for example, the sum of
the square error) can assume very high values, or tend toward
a constant value, depending on the considered area in terms of
thermodynamic parameters. Such areas indicate large and small
parametric sensitivity, respectively.

The main contribution of the work we have put forth is the
mathematical proof that the error criterion can be divided into
three specific regions, only one of which shows a possibility for
the global optimum to be found. Another important contribution
was the development of an algorithm that discriminates between
the different regions of the error criterion surface, as well as the
development of a strategy for initializing parameter estimation,
thus generating a point exactly in the region where the global opti-
mum can be found. This helps establish the possibility for robust
initialization for the estimation of parameters AH, AS and AGC,.
Additionally, the regions found can be used for defining restrictions
related to the problem of parameter estimation. Moreover, both the
mathematical proof and the definition of these regions are valid for
any analyte regardless of the stationary phase.

So as to observe the different regions of the approximation error
criteria, the sum of the square error as objective function was used;
however, it should be noted that other criteria could be used, such
as the maximum error in absolute value, or the sum of the errors
in absolute value.

2. Prediction of time retention in CG model

In GC, the solvation of an analyte placed within the carrier
gas inside a capillary column with a specific stationary phase is
expressed by the relationship between AG(T) and the distribu-
tion coefficient K(T). The dependency the temperature will bear
to AG can be established by the basic thermodynamic relationship
in terms of AH(Ty), AS(Tp) and ACp. The AH(Typ), AS(Tp) and AG,
represent the changes in enthalpy and entropy associated with the
transfer of the solute from the mobile to the stationary phase, at
a given temperature Ty; Ty is an arbitrary reference temperature,
and the one chosen for this work 50°C (typically assumed to be
equal to T used for time t=0), and AG, is the change in its isobaric
heat capacity for the transfer. The thermodynamic relationship is
expressed in K(T) as,

AH(T(t)) = AH(To) + AGy(T(t) — To) (1)

AS(T(t)) = AS(Tp) + AGy(InT(t) — InTp) (2)

AH(T(t)) N AS(T(t))

In K(T(t)) = — RT(O) R

(3)

where R is the gas constant.

The distribution coefficient K is related to retention factor k
according to Eq. (4). In that case, Eq. (3) can be expressed directly
in terms of k as shown in Eq. (5).

k(T(t)) = @ (4)
where f is the phase ratio of the column.
In k(T(t)) = —%(Ht) + % —Ing (5)

If the dead time t); can be described as a function only of time
(but not the position within the column), it is possible to apply
separation of variables to the differential equation describing the
motion of an analyte, resulting in the well-known GC equation [19]:

O i
"mod-!

1= —— (p=1...N, 6

/0 (0 11+ (0] ) (®)

where:Ngy,: number of temperature programs tested;tﬁp) ;- Reten-

tion time predicted by the model in the case g% "the pth
temperature program for the ith compound, where p=1...Ngp
andi=1...Ncomp (Ncomp is the number of compounds).

3. Experimental procedure

Retention time data from a series of alkanes for different tem-
perature programs were collected for this study. Analyzed alkanes
were: Octane Nonane, Decane, Dodecane, Tetradecane and Pen-
tadecane. All temperature programs started with an isotherm at
50°C lasting 3 min, followed by a ramp with a heating rate ran-
ging between 5 and 40 °C/min until reaching 175 °C. The last step,
common to all temperature programs, consisted of an isotherm at
175 °C lasting 5 min. The data collected is shown in Table 1.

The experiments were performed on a Shimadzu GC-2010
Plus gas chromatograph, equipped with a FID-2010 Plus detector,
DB-5 column (Agilent) with length L=30m, internal diame-
ter d;=250 um and film thickness dy=0.25 um. Inlet and outlet
pressures were kept fixed at 2.013 x 10° and 1.013 x 10° [Pa],
respectively, where the carrier gas used was N,.

In order to determine ty;, experiments were performed with
dichloromethane [20] at various temperatures in the range
between 150°C and 275 °C, as described in a previous work [21]. To
the measured ty; values, an equation correlating ty, to the viscosity
of the carrier gas used at each used temperature was adjusted - as
shown in Eq. (7).

tar[s] = 4.80037 x 10°% - w[Pa-s] + 13.9052 (7)

4. Parameter estimation

Estimation of parameters present in Eq. (5) consists in deter-
mining the values of AH and AS (and ACp) that minimize the
error between retention times predicted by the model (Eq. (6)) and
the experimental ones. Such problem corresponds to a non-linear
regression in the non-isothermal case and, thus, must be solved
iteratively, using a method to optimize the performance index set.

Although different performance indices may be used to estimate
parameters such as, for example, the maximum error in absolute
value and the sum of errors in absolute value, among others, the
most common is the application of a quadratic criterion, such as
the sum of the square error (SSE). The minimization of SSE implies
the maximization of the coefficient of determination R2.

Nexp 5

- () (p)
SSE = Z |:trexp,i - trmod,i(AH’ AS’ ACP’ T) (8)
p=1
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Table 1

Experimental retention times for an alkane series with different program temperatures.

t; [min] Program temperature [Ngyp]

1 2 3 4 5 6 7 8

Heating rate [°C/min]

5 10 15 20 25 30 35 40
Octane 5.014 4.821 4.688 4,586 4,505 4.442 4.386 4337
Nonane 7.854 6.925 6.408 6.081 5.846 5.680 5.545 5.435
Decane 11.178 8.990 7.971 7.367 6.967 6.682 6.467 6.311
Dodecane 17.643 12.560 10.502 9.365 8.685 8.232 7.907 7.663
Tetradecane 23.475 15.619 12.786 11.370 10.518 9.952 9.553 9.248
Pentadecane 26.153 17.231 14.211 12.705 11.799 11.195 10.772 10.444

where,tﬁfﬁp ;- measured retention time of the pth temperature pro-

gram, obtained experimentally for the ith compound.

In an analysis, it is expected, or at least desirable, that experi-
mental retention times of components be of the order of minutes,
though depending on the combination of parameters used the
model might be able to predict retention times of the order of days.
Clearly, in this situation, SSE would assume a very high value. As
will be shown in section 4.1.1, if the SSE (In(SSE)) logarithm be con-
sidered, this will result in a tilt-up flat surface in the high retentions
region.

At the other end, certain combinations of parameters can result
in a very low retention, even for the lowest temperature used in
the experiments. In the latter case, the retention time predicted by
the model for any temperature program tends to the value of the
mobile phase (ty;), that is, without retention.

Thus, in parameter estimation, it is desirable to discriminate
the region within the search space with the greatest possibility for
finding the global optimum from those that represent bad combina-
tions. Thus the domain of the objective function has been identified,
and divided into different regions.

4.1. Objective function domain division in different regions

Inorder to graphically display the different regions of the In(SSE),
it was initially considered that it depended only on AH and AS;
nevertheless, the same regions will exist if additional parameter
AG, is used, as shown in Section 5.

From the present study it was determined that due to AH and
AS, the SSE surface can be divided into different regions; it was
the compound dodecane that which was used to illustrate that
the objective function domain is divided into three well-defined
regions — namely:

Region S1: the parameter combinations contained in this region
will predict very high retention even at high temperatures;

Region S2: where the global optimum or the solution to the
problem is contained;

Region S3: combinations of parameters contained in this region
will predict very small retention even at low temperatures.

It can be shown that regions S1 and S3 will have a predictable
and well behaved conduct, regardless of the component to which
they relate.

Fig. 1 shows the surface of the [n(SSE) in the case of dodecane
using the data shown in Table 1. Parameters AHand ASwere varied
in the range of —200 and 0[kJ/mol] and —200 and O [J/(mol-K)],
respectively. It is worth noting that the application of the natural
logarithm to the SSE was done solely to assist with the visualization,
more specifically to mitigate the high values recorded in the S1
region; notwithstanding, such a transformation does not change
the location of the global optimum.

In Fig. 1 the defined regions S1, S2 and S3 can be observed.
Region S1 displays an inclined plane behavior, and S3 tends to be

1200

100 . .

-100

AS[J/(mol.K)] 200 "y 150
AH [k} /mol]

Fig. 1. S1, S2 and S3 regions on In(SSE) surface for dodecane.

a constant. Region S2, which is intermediate and located between
S1 and S3, generally displays a small dimension. An analytical
expression of the behavior of In(SSE) in the case of regions S1 and
S3 can be derived, and it is described in Sections 4.1.1 and 4.1.2,
respectively. Obviously, there are transition zones between regions
S1 and S2, and between regions S2 and S3; however, this does not
change the format of In(SSE) that is in Fig. 1. The same behavior is
observed for other tested compounds of the series of alkanes.

The reason for dividing the estimation problem into regions is
that the retention factor k(T) present in the retention time model
(Eq.(5)) can vary by orders of magnitude depending on the temper-
ature value. Because of the exponential relationship between k(T)
and temperature, the retention factor can assume values far below
or above the unit.

It is important to note that the regions described are not spe-
cific to dodecane and were observed for all the alkanes that were
described in Table 1.In the deductions made to elucidate the behav-
iors of regions S1 and S3, no simplifying hypothesis related to the
chemical nature of the compounds was used. Thus, the division of
the objective function in regions S1, S2 and S3 will occur regardless
of the analyte and of the stationary phase considered - and this is
characteristic of the problem under study.

The presence of regions S1 and S3 makes optimization more
difficult, and turns parameter estimation into a non-linear problem,
for S1and S3 are regions with high and low sensitivity, respectively,
with respect to parameters AH and AS.

In the case of region S1, the exponential behavior, which is
monotonic, may indicate the optimization method, which is an
easily solvable problem. In general, in such a situation a calculus-
based method tends to increase the displacement step. As a result,
a point initialized in region S1 can evolve quickly and jump directly
to region S3, ignoring the existence of region S2. In the following
Sections 4.1.1 and 4.1.2 mathematical expressions that represent
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the regions S1 and S3 in terms of the parameters retention time
model will be derived.

Considering region S3, if a method based on derivatives is
used for estimating parameters, it will be difficult for convergence
to happen, because the SSE displays constant behavior, therefore
there is no information as to which direction is going to reduce
the SSE.

4.1.1. Region S1

In the case of region S1 retention times predicted by the
model will be significantly larger than the experimental values.
Thus, the value of SSE in Eq. (8) may be approximated as shown
in Eq. (9):

Nexp 2 Nexp 2
_ (p) (p) ~ (p)
ssE= [trexp,i —? (AH,AS, T)} ~3 [trmdyi(AH, AS, T)
p=1 p=1

9)

So as to obtain an expression for the SSE and In(SSE), at first
the following must be defined: Ty it is assumed that all tempera-
ture programs used will finalize at a single temperature. Given that
programs show increasing monotonic behavior over time, said tem-
perature will be the highest one applied;tr,,,, : the longest time it
takes to reach maximum temperature (Tiqx:) amongst all tempera-
ture p-programs (at estimation). Mathematically, tr,,,, was defined
according to Eq. (10). As an example, considering that the tempera-
ture programs used offer different heating rates, tr,,,, would be the
time the program with the lowest heating rate takes to reach Tgx.
g = p:?.]f‘ﬁixp(t(fl:ax) (10)

Subsequently, the model given by Eq. (6) must be evaluated,
and split into two integration intervals. The first interval considers
the integration range between zero and tr,,,,, and the second one
between tr,,,, and retention time (see Eq. (11)):

¢P)
T,

() g [ ot
U7, w@ TR, O T k(]

(p=1...Ngxp)

(11)

The value of tr,,, is, usually, of the order of minutes. At region
S1itis assumed that the values of tir’; ld,i are higher than tr,,,,.

In Eq. (11), the unit value was written conveniently as (x=L)/L
to remind that the terms of the right side represent normalized dis-
tances, that is, the length run by the analyte divided by the column
length. Usually it is desirable to determine the time that an analyte
takes to exit the column, thus the unit value is shown directly.

Treating the integrals present on the right side of Eq. (11) as
normalized distances, the parameters of the model in region S1 are
such that the retention time can be very large (of the order of days).
Thus, the length run by an analyte between zero and ty,,,, repre-
sents a small value when compared to the length of the column L
and, therefore, the first integral contribution may be neglected in
Eq. (11), which results in Eq. (12):

«P)
1= [ de (i=1...NC) (12)
Y GEEE (5] .
Tmax
Assuming that T is constant and equal to Tpyqx for times longer
than tr,,,,, Eq. (12) presents an analytical solution for tﬁ"i) according
to Eq. (13).

£ = 0 + t(Tiax) - [1+ ki(Tmax)] (P = 1. .Nexp) (13)

Again, seeing as retention time is too high, the unit in relation to
the value of k(Tmax) can be neglected, as can the tr,,,, contribution
from Eq. (13), which results in Eq. (14):

t) = ty(Tmax) - k(Tmax)  (p=1... Newp) (14)

By replacing Eq. (14) in Eq. (9) and applying the natural loga-
rithm to the latter, an expression for In(SSE) for the region S1 is
obtained:

Nexp
In(SSE) = In {Z[tm(rm) K(Tmax)2 } = In{Nexp - [t (Trmax) - K( T )T}
i=1

In(SSE) = l”{Nexp] + 2In{tp(Timax )} + 2In(k(Timax )

In(SSE) = In{Nexp} + 2In{tm(Timax )} + 2 (—lnﬁ— Rﬁi + %) (15)
2 2
In(SSE) = In{Nexp} + 2In{tm(Tinax )} — 2InS — AH+ = AS
RTnax R
~—

al

In(SSE)=a; —a; - AH +as - AS

a2 a3

The result shown in Eq. (15) is that the In(SSE) behaves in the S1
region according to an inclined plane due to variables AH and AS,
or that SSE depends exponentially on parameters AH and AS.

It is worth stressing that the assumption that all temperature
programs will finish at T=Tpqx was only made for the purposes of
obtaining a simplified analytical result: SSE depends exponentially
on parameters AH and AS from the S1 region. However, if this
assumption is not made, this would not change the fact that the
error criterion presents high sensitivity in relation to variations of
parameters AH and AS on region S1.

The application of the natural logarithm in Eq. (8) does not
modify the original problem of parameter estimation, seeing as
this function presents a monotonic behavior with respect to its
argument. This transformation was applies solely to facilitate
understanding of the behavior of region S1.

4.1.2. Region S3

In this region the combinations of parameters AH and AS will
result in retention times very close to the ty of the mobile phase.
Because t); does not depend on these parameters, this implies that
the surface of SSE and that of its logarithm will tend to a constant
value in region S3, as shown in Eq. (16):

Nexp Nexp

2 2
SSE = Z[tifx)p’i - tﬁild’i(AH, AS, T ~ Z[tﬁfx)p’,. — )] (6)
i=1 i=1

It is worth noting that any temperature programming will
present the same retention time for parameters located in region
S3, as can be seen in Eq. (16). Thus, flat behavior in the log scale will
occur not only for SSE, but also for other functions goal such as, for
example, the sum of absolute error, or errors greater in absolute
value among all the temperature programs.

Region S2 represents a transition zone between S1 and S3, and
it is the region where the global optimum is.

4.2. Algorithm for discriminating different regions of parameter
estimation (AH, AS)

From what was set forth in 4.1, it would be desirable, for param-
eters estimation, to determine the region within the search space
where there is a higher possibility for the global optimum location,
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Fig. 2. Fs function for a fixed AS —70]/(mol-K).

in this case, region S2. For this study, said goal was achieved from
the definition of the Fs function, according to Eq. (17):

Nexp
Fs(AH, AS) = ngn(tﬁfx)p’i - tﬁ)i)udvi) (17)
p=1

Where sign function, written as sgn(x) is defined as Eq. (18):

-1 ifx<0
sgn(x)=< 0 ifx=0 (18)
1 ifx>0

Numerically, the Fs function is equal to Eq. (19):

Fs(AH, AS) = Np(tﬁf:p’i > tﬁf;d’i) - Np(tﬁf:pj < tﬁf}adi) (19)
where Np indicates the number of points that satisfy each inequal-
ity.

The Fs function will assume a maximum value equal to Nexp
when all retention times predicted by the model are below the
experimental data. The minimum possible value assumed by Fs
(same as —Nexp) will occur when the retention times predicted by
the model are above those of the experimental data. The first case
occurs if the retention factor is below what it should be; and the
last if the retention factor is too high.

The Fs function is discontinuous and takes integers values only,
as it represents the difference between the number of points, pre-
dicted by the model, which are below and above the experimental
data.

Shown in Fig. 2 are the values assumed by the Fs function,
considering AS=-70]/(mol-K) and AH varying between —200 and
0kJ/mol, in the case of the dodecane, and utilizing temperature
programs described in Table 1. The values of p;; and p,3 corre-
spond to transition points between regions S1 and S2, and S2 and
S3 respectively, so as the example assumes the following values:

P12: (AH=-48.4484k]/mol; AS=-70](mol-K); Fs=-8)

P23: (AH=-48.0480k]/mol; AS=-70](mol-K); Fs=8)

In Fig. 2 the Fs function presents a monotonically crescent
behavior, as the value of AH increases and assumes values between
—Ngyp and NEyp. The transition zone with values higher than —Ngy,
and lower than Ny, serves as a good approximation for the location
of S2.

The same behavior displayed in Fig. 2 occurs for other ASvalues;
the only change is the location of the transition region between

—NEgxp and NEyp. Thus, regions S1, S2 and S3 can be discriminated in
terms of the values as given by:

Region S1: Fs = — Ngyp

Region S2: —Ng,, <Fs <Ny

Region S3: Fs = Ngy,

Foragiven AS, the limit between regions S1 and S2 can be deter-
mined as the highest value of AH for which (Fs=— Ngy), that is,
point p;, can be calculated as being the highest inferior limit.

The limit between regions S2 and S3 can be determined as the
lowest value of AH, for which (Fs=Ngp), thus point py3 can be
calculated as the lowest superior limit.

Itis worth noting that p; ,(AS) and p, 3( AS) are located in Fs dis-
continuities. A useful device for determining p » is to add a constant
to Fs in a way that the modified Fs function shows contrary signs
to the left and right of p; . Thus, p; > can be determined, for each
AS, by a root finding method, such as Bisection [22]. A similar pro-
cedure can be applied when determining p, 3, except the modified
Fs function must be obtained be decreasing Fs from a constant.

The modified Fs functions F; ; and F, 3 are defined in Eqgs. (20)
and (21), for determining p1 > and py 3 respectively. The (Ngxp-0.5)
constant is not arbitrary and provokes sign change between regions
S1 and S2 (in the case of F; ») and regions S2 and S3 (in the case of
F3).

F1,2 :FS+(NEXp -0.5) (20)
F2,3 =Fs — (NExp — 0.5) (21)

As an example, in the case of F, 3, the maximum possible value
will be equal to 0.5 (to the right of p;3), for the highest assumed
value by Fs is equal to Ngy,. As Fs varies discontinuously (in whole
values), the same will happen with F, 3, wherein to the left of p, 3
negative values for F, 3 will be observed.

By allowing AS to vary in the range of interest (in this case
between —200 and 0]/molK), functions F; ;(AS) and F, 3(AS) will
be obtained, from which the limits between regions S1, S2 and S3
will be determined.

The Bisection method must be initialized as an interval in which
the research function displays contrary signs at the extremities. At
each iteration of the method the interval is reduced by a factor
of two, and after 10 evaluations the search interval is decreased
by 210 (approximately 1000 times) from the original. Thus, a good
approximation for pj ( AS) can be obtained with a small number of
evaluations of the integrand. The same procedure must be repeated
for determining p; 3(AS).

InFig. 3 the results of applying the algorithm described for deter-
mining region S2 for the case of dodecane are shown. As can be
observed, region S2 is small compared to S1 and S3.

Once more, it is important to stress that the regions described in
Fig. 3 are not specific to the dodecane, when they were observed for
all alkanes. Additionally, such regions should occur for any compo-
nent, irrespective of its chemical nature. An alternative proof of the
existence of suchregions (S1, S2, and S3), for any analyte regardless
of the stationary phase, can be found in Appendix A.

It should be highlighted that, usually, the Bisection method is
applied for determining a root contained in an interval; however,
for this study, that method was used for determining points p1
and p,3 which compose an interval of small dimensions whose
extremities display contrary signs in relation to the type of Fs func-
tion considered. This way, by applying Bisection, points for which
the research function assumes value zero are not sought, which is
the usual application for the method. In the case of p;, and p,3,
value zero may not even be contained in the set image of these
functions.

Beyond determining the boundaries between regions S1, S2 and
S3, the Fs function for determining a starting point (initial guess)
for parameter estimations can be used. In this case, it suffices to
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Fig. 3. Estimate of S2 region for dodecane.

arbitrate a AS value in the range of interest and apply the Bisection
method to the original Fs to find the value of the respective AH
contained in S2.

The determination of a good initial guess can be improved
by evaluating, simultaneously to the application of the bisection
method, the value of the SSE criterion and keeping the minimum
value solution found. This does not mean a significant increase in
computational time, the most demanding step is the resolution
of the model for predicting t; and not the calculation of Fs and
SSE.

Additionally, the initialization described above can be repeated
a few times for different initial condition and keep the best solution
obtained (in terms of the smallest value of the error criterion) in all
replications. The latter procedure will be called, throughout this
work (a two-part series), specialized initialization.

As defined, the specialized initialization has two parameters:
the number of times the search method will be applied for different
initial conditions, and the corresponding stopping criterion, that is,
the maximum number of evaluations of the model permitted.

5. Application of the region discrimination algorithm to
three parameters (AH, AS, AG,)

The methodology for parameter estimation was displayed in
Section 4 considering only two parameters (AH and AS) to facili-
tate visualization. However, it is common to consider AH and AS
dependency to temperature according to Eqs. (1)-(5). In this case
there is an additional parameter to be estimated: AGCp.

In the case of the problem with three parameters, the existence
of regions remains unchanged. Regions S1, S2 and S3 described
above continue to exist. In fact, parameter AC, is of secondary
importance when compared to AH and AS, and it is disregarded
in many works available from the literature [8,19,23].

The main change, should parameter AC, be introduced, is that
the Fs function set as Fs(AH, AS) will be set as Fs(AH, AS, ACp).Asa
result, the modified Fs functions should also be updated to include
the value of AC,.

Fig. 4 displays the results of the application of the methodology
for determining region S2 in the case of three parameters. In the
same manner as it occurred for two parameters, it can be observed
that S2 is small in relation to S1 and S3.

Fig. 4 was designed by initially defining a mesh of points in
terms of AS and AC,, wherein the Bisection method was applied
for finding the values of AH that made F; ; and F, 3 change sign.

200
150 |
£ 100 |
3
O 50
0.l
0
-50 0
-100 -50
-150 -100
200 -
AS [J/(mol.K)] 150 AH [kd/mol]

Fig. 4. Estimate of S2 region for dodecane (three parameters).

In the next article of this series the effect of the special-
ized (robust) initialization for parameter estimation in GC will be
shown; a comparison with the purely random initialization will be
run as well.

6. Conclusions

As shown in this study, in the case of the problem for parameter
estimation for prediction of retention time in GC, the surface of
the approximation error criterion obtained due to thermodynamic
parameters (AH, AS, ACp)canbe splitinto well-defined regions: (a)
Where combination of parameters will resultin high retention even
for high temperatures; (b) The global optimum or solution to the
problemis contained in this region; (c) Combinations of parameters
contained in this region will result in very low retention even for
low temperatures.

In the deductions made to elucidate the behavior of the
described regions, no simplifying hypothesis related to the chem-
ical nature of the compounds was used. Thus, the division of the
surface of the objective function in regions will occur indepen-
dently of the component considered, which is characteristic of the
problem under study.

The presence of three main regions occurs whether parameter
estimations are done with two or three parameters (AH and AS)
and (AH, AS, AG), respectively.

The same behavior in terms of regions can be observed for dif-
ferent performance criteria (norms) based on the sum of the square
error, the maximum percentage error and the maximum absolute
error.

An algorithm was developed to discriminate the different
regions of the error criterion. Its main utility is the robust initial-
ization for parameter estimation.
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Appendix A. Alternative proof of the existence of three
regions in parameter estimation

An alternative proof of the existence of three regions — already
presented, and denominated S1, S2 and S3 - will be further demon-
strated in this appendix. The main objective of this extension is to
prove that the error surface regions exist, regardless of the analyte
and stationary phase. In the deductions proposed - be it the one
found in Section 4 or this one - no simplifying hypothesis of the
model was assumed; that is, it was not assumed that the analyte is
of any specific kind (e.g.: structural form or carbon chain length).
Another important point is that this proof is valid for any station-
ary phase. This is because the interaction between the analyte and
the stationary phase appears precisely in parameters (AH, AS and
AGp), estimated from the retention factor equation.

To demonstrate evidence in a simplified form, only parameters
(AH and AS) were taken into account. Thus, in order to facilitate
visualization of the separation between regions S1, S2 and S3, ACp
was not considered for this alternative proof.

Mathematical and physical proof come from the retention factor
model k(T), where a high value of k corresponds to high retention,
and a low value of k corresponds to low retention.

Given that the expression for the retention factor due to temper-
ature, thermodynamic parameters and volume ratio of the phases
is given by Eq. (A-1),

AH AS

In(k) = “RT + - In(B)

consider the case of a hypothetical component (analyte) that
presents small retention (e.g.: k <0.01) in a given column, even for
the lowest temperature (T=Ty,;;;) on the program: by isolating AS
from Eq. (A-1), the result is an inequality, named D4, as shown in
Egs. (A-2)-(A-4).

_AH AS

(A-1)

In(k) = + — —In(B) <In(0.01 A-2
()= g+ &~ In() < In(0.01) (A-2)
AS < AH + R[In(B) + In(0.01)] (A-3)
Thin  ———
Cmin
AS < AH + Cmin (inequality D) (A-4)
Tmin

The meaning of inequality D is that any combination of param-
eters that satisfies it will imply that the hypothetical component
associated presents negligible retention, and therefore moves sim-
ilarly to how it does in the mobile phase.

In another extreme case, the case of a hypothetical component
(analyte) which presents high retention (e.g.: k>100) is consid-
ered, even for the highest temperature (T=Tngx) on the program.
Again, isolating AS results in inequality Dg, as shown in Egs. (A-
5)-(A-7).

AH AS

In(k) = Rt TR In(B) > In(100) (A-5)
AS > AH + R [In(B) + In(100)] (A-6)
Tmax N s
Cmax
AS > ﬂ + Cmax (inequality Dg) (A-7)
Tmax

The interpretation for inequality Dp is: any combination of
parameters that satisfies it will imply that the hypothetical asso-
ciated component will display very high retention, even at high
temperatures. Such compound would probably remain retained
in the column, or its analysis would require an excessively large
amount of time, hence this column would not be suitable for the
analysis of such component.

Inequalities D4 and Dg do not intersect, at least not in the region
of interest, that is, for negative values of parameters AH and AS,
which are associated with the transition of an analyte from the
mobile phase (vapor) to the stationary phase (liquid).

Whether equations Eqs. (A-8) and (A-9) - called equality E,4
and Eg - are applicable, respectively, at the limit of the validity
of inequalities D4 and Dg, that means D4 <E4 and Eg < Dg for any
predicted value of AH considered.

AS = AH + Crin (Equality E4) (A-8)
Tmin

As= AH L (Equality Ep) (A-9)
Tmax

In Egs. (A-8) and (A-9), the linear coefficient (intercept) from
Eq. (A-8) is smaller than its corresponding parameter for Eq. (A-
9) (Cmin < tmax)- Additionally, the angular coefficient (slope) from
Eq. (A-8) is higher than that of Eq. (A-9) - that is, (1/Tpin > 1/Timax),
which implies:

Cmin < Cmax (A-10)
1 1
> A-11
Tmin Trmax ( )
AH H (valid for negative AH) (A-12)

Tmin max

Adding inequalities Eqgs. (A-10) and (A-12), the following hap-
pens:

AH AH
—— + Crmin < 77— + Cmax
Tmin Tmax

(A-13)
Ex Ep

where E4 and Eg are the lines that define the two regions (of low
or no retention, and high retention, respectively). The two extreme
regions, which are divided by the lines E4 and Eg, are called: D, - the
region where any combination of parameters AH and AS results
in little or no retention; and Dg - high retention region, for any
combination of parameters. These parameters belong to the region
of physical interest, that is, negative values of AH and AS.

Combining the result obtained from Eq. (A-13) with the fact that
Dj <E4 and Eg < Dg, it follows that:

Djp <Ejx <Eg<Dg (A-14)

Dy < D (A—]S)

Thus, one can divide the relationship between AS and AH into
three regions: Dy, Dg, and the area between them. The region
between the two inequalities (where D4 and Dg are false) comprises
the possible combinations of parameter values that show minimal
retention. That is, this region (between D, and D) is the one that
represents the feasible combination of parameters which depicts
the analyte moving within the column at a speed lower than that
of the mobile phase - without resulting in extreme retention, how-
ever, so as the analyte does not become adsorbed on the stationary
phase.

As an example, Fig. A1 shows an illustration with the following
characteristics:

¢ In the case of negligible retention limit (k=0.01);

¢ In the case of high retention limit (k=100);

e Relationship between the volume of the phases in the column:
B =250 [values may vary between ~60 and ~500]

® Tppin=50°C

® Tmax=250°C
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Fig. A1l. Illustration of the different regions of interest for optimization.
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Fig. A2. Illustration of the different regions of interest for optimization, according
to B values: 62, 88, 125, 250 and 530, for T;;;, =50°C and k=0.01, Ty =250°C and
k=100.

An analogy between the regions shown in Fig. A1 and Fig. 3 can
be made:

Fig.3 Fig. Al

S1 Region in which Dj can be verified (upper left)

S2 Region in which D4 and Dg are false

S3 Region in which D, can be verified (bottom right)

Comparing the size of the region between D4 and D (Fig. A1)
with that of region S2 (Fig. 3), it is noteworthy that the former is too
large, as this is a more conservative deduction - that is, it considers
the extreme limits of hypothetical components, be them retained
or not. Additionally, in Fig. 3, the S2 region has been particular-
ized for a specific component: Dodecane (8 =250), that is, this is a
very specific case. In Fig. A2 equalities E4 (Tjpin =50°C and k=0.01)
and Eg (Tmax =250°C and k=100), according to different 8 values
between 62 and 530, are shown. 8 values are equivalent to geo-
metric data from commonly marketed columns. It is important to
note that changes in 8 values cause a shift in both the intercepts.
The higher the S values, the higher the intercepts of equalities (E4
and Ep) (Fig. A2).

As noted, no restrictions regarding the combinations of possible
values for AH and AS were taken into account for the deduction.
Again, seeing as the information about the interaction between
analyte and stationary phase influences the model for predict-
ing retention time through the parameters, it is believed that the
deduction applies to any type of analyte and stationary phase.

Additionally, no restriction to the temperature program applied
took place, besides de obvious one (temperature of a minimum
value Ty, is raised until it reaches maximum value Tpgx)-

It is worth stressing that the proof displayed in Appendix A is
simpler than the one shown in Section 4.1. Nonetheless, its results
reinforce the general nature of the claim that these regions exist for

<407
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Fig. A3. Region S2 generalized according to the evidence presented in Appendix
A. Analytes: O - Grob mix (column SLB5ms, 8=205) [24]; X - n-alkane mix (col-
umn Supelco Wax, $=250)[11]; + - n-alkane mix (column SLB5ms, $=250) [11];
O - Dodecanone, 1 Dodecanol and 2-Dodecanone (in columns SLB5ms, SPB50 and
Supelco Wax =250) [11]; ¢ - different analytes obtained by Dose - Table I - [20]
(column Dg-17, B=131); V - different analytes obtained by Dose-Table II - [20]
(column Dg-210, S=320). Lines have been represented with the following charac-
teristics: T, =30°C and k=0.01, Trey =275°C and k=100 and respective S values
B=131, 250 and 320.

any compound, regardless of their stationary phase(s). This proof
demonstrates, more conservatively, the existence of what has been
called region S2 inside the region that is separated by the extreme
cases of low and high retention. So as to illustrate this contribu-
tion, Fig. A3 displays several analytes parameterized in different
stationary phases (information obtained from some works in the
literature, namely [11,20,24]).

As it can be seen in Fig. A3, all analytes have their respective
parameters (AH and AS) within the generalized region from this
proof. It should be noted that parameter AC, adds a coordinate to
the graph; thus, what is demonstrated via Fig. A3 doubles as exper-
imental validation of the existence of a region that is independent
from the type of analyte and of the stationary phase.
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