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Abstract

The retention factor is one of the most universally used parameters in chromatography. The errors associated with the conventional ways
determine the retention factor of compounds in liquid chromatography are studied and compared with those corresponding to new approache
The later avoid the use of extra-column time and hold-up time values, which have proven to be tedious and ambiguous. Simulations an
real data, used to examine the accuracy of four different approaches (two classic and two new), suggest that the new approaches could
considered more satisfactory than the classic ones.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction systematic error i estimation[1]. (ii) It involves the use of
hold-up volume (or time) values, whose measures has proven
Most of the aspects of the hold-up volume concept in to be controversial, ambiguous and difficult, particularly in
column chromatography have been deeply investigated: util- reversed-phase liquid chromatogragdBy, and it is associ-
ity and importance (i.e. determination of system-dependentated to poor reliability in long-term studi§3].
chromatographic parameters as for instance the retention In order to reduce the errors associated to this approach,
factor), practical problems of its use, different methods to several recommendations have been suggested. IJPAC
estimate it, etd.1-3] and references therein. Accurate deter- has recommended the use fof/alues corrected for extra-
mination of retention factors in liquid chromatography is column time. This is particularly important in the cases that
important for theoretical studies (i.e. as a thermodynamic extra-column time is relatively large, compared with the
value for comparing types of columns), quantitative structure- experimental gross hold-up time values, as in the cases of
retention relationships, QSRRs, modeling biopartitioning of using some connecting tube to preheating the mobile phase
compounds (i.e. quantitative retention-activity relationships, prior the column{4]. Otherwise, ‘gross retention factor’ are
QRARSs), system suitability issues (i.e. quality assurance), obtained[3]. Additionally, workers are urged to critically
etc. examine the gross hold-up time values they measure, toinsure
Unfortunately, the almost universal retention factor esti- they are at least physically possilj&.
mation has two main drawbacks: (i) It does not consider the  On the other hand, an alternative approach has been
extra-column time, which is the retention time contribution proposed. It avoids the dependence betwkeastimation
due to the injector, detector and connections, introducing aand the experimental measurement of the hold-up time and
extra-column time, which are substituted by the experimental
* Corresponding author. Tel.: +34 96 354 4878; fax: +34 96 354 4953, measurement of the gross retention time (a more reliable
E-mail address: sagrado@uv.es (S. Sagrado). parameter) of a reference compouy8fl The reference com-
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pound is chromatographed during the same working sessiory,,, affect the accuracy @ andk! estimationg3]. According
that the test compounds. The reliability of the approach, to Eqs.(1) and (2) errors inzg should be less important in
compared with the classical ones, has been tested by meangstimation.

of precision studies, analysis of factors affecting retention

factor estimation and uncertainty calculations. These 55y, approach using a reference compound

assays were performed in micellar liquid chromatography

upder intermediate precision conditions (inte_r—day assays, The use of a reference (a selected compound, rl) can be
different equipments, column lengths and mobile phase flow 54, giternative to Eqg1) and (2) For instance, if the refer-

rates). ence rl is chromatographed in the same conditions that the

This article proposes a modification of the approach based;ggt compound and combining Ed) corresponding to both
on the use of one reference compound. Additionally, a Nnew (eference and test compouf8], we can derive

approach based on the use of two reference compounds is
introduced. Simulation studies are performed in order to t
: - - B |@+k)-1 3)
establish and compare the accuracy of classical and newt /9 1
approaches. Finally, the approaches are tested with an avail- R1

able real data set from the literature. The approaches argynerex' is an estimate of for the test compound, which

ranked according to their accuracy and practical utility for pagiges its3, uses the gross retention time of the reference

routine work. Some recommendations for using the new 1 (,gl) and its retention factoif).

approaches are outlined. Unfortunately, the true retention factor for r1 is not known
and must be estimated experimentally, for instance in a given
experiment carefully designed for this referenigecould be

2. Theory estimated using approach 1 and used as a constant for fur-
ther experiments, as Escuder-Gilabert et al. suggé¢3jebh

Four different approaches (two classic and two new) have this casex™ would be a ‘gross retention factor’ estimate.

been studied. The nomenclature related to chromatographicon the other handk; can be also estimated by means of

parameters is consistent with [UPAC recommendat[dﬂls Eq (2) (neW proposa' of this paper; approach 3) In this

For clarity, we have used the terkrto represent the ‘true’  case, the approach 3 estimations should be closer to those

(correct), retention factor or the ‘accepted reference’ reten- from approach 2, then improving their accuracy. However,

tion factor of a test compound, whikewith a superscriptis  such;-estimates are obtained in a single laboratory and

used to representaestimate by any approach. See Appendix then they are subject to laboratory errors. Idedyshould

for definition of all of the Symbols used in the equations and be an ‘accepted reference’ value (for which the nomencla-

tables considered in this paper. tureks in Eq. (3) would be consistent). In the absence of an
‘accepted reference’ value, we suggest thais estimated
2.1. Classic approaches to estimate k ‘in-house’ by means of approach 2 (but for simplicity we

will use the ternk; in Eq.(3) for that estimation). Therefore,
In estimating the retention factor of a test compound two the impact of errors irt; over the accuracy dff* has to be

equations can be considered: considered.
13—
9= R 5 M (1) 2.3. New approach based on two reference compounds
7y
9 g Itis also possible to use two references (two selected com-
K= g?;’lvl 2) pounds rl and r2). In this case, we can combine(Epnot
Iy — Text Eq.(1) as in approach 3) corresponding to the test compound

and the two references (new proposal of this paper; approach
4) to derive an unbiased estimation of the true retention
factor

where k9 (gross retention factor estimate) amd (true
retention factor estimate) are estimatescdfrue retention
factor) and depend on the gross retention time of the test
compound £3), the gross hold-up time) and, in the case .,  ka(13 — 131) + k1(t3, — tR)
of Eqg. (2), the extra-column timerdy). Eq. (1) (approach - g9 )

. K R2 7 R1
1) represents the almost universal, but biased, approach
to determine the retention factor of test compounds, while wherek' is an estimate of for the test compound, which
Eq. (2) (approach 2) represents an unbiased estimation ofbesides itsé%, uses the gross retention times of the references
the true retention factor. In fact, this equation re-written rland r2 (3, andzg,) and their retention factorg{ andky).
for k, k = (tg — tﬁ,')/(tﬁ,, — text), COrrespond to the correct As before, until ‘accepted reference’ values are available,
definition of the retention factgt]. Unfortunately, the errors ~ we suggest thdt; andk; are estimated ‘in-house’ using Eq.
associated mainly with the experimental measur%oand (2) in a given statistically consistent experiment and used
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as constants for further experiments. As before, the impactTable 1 _
of errors ink; and k, over the accuracy of2 has to be ~ Conditions used in the accuracy study

considered. Parameters Simulatién Real dati
Using approach 4 (and approach 3) the chromatographer Case § Case 9

doe_s not need the experimental measure,?,phnd fext IN ot (i) 0.055 0.03 00733
routine work, oncek1 and k> have been estimate for that " (min) 08 02 0.8417
chromatographic conditions. Moreover, the use of approach 4, 108 10 12.3027
has additional benefits. Ongg, andr3, have been measured k2 1 20 0.5636
in a new experimental chromatographic condition in which ~  (min) 0.85 0.23 0915

tr1 (min) 8.8 2.2 11.1969

is not expected to vary, it is possible to estim%eandtext

L. . . tr2 (Min) 1.6 4.2 1.31611
fordtt]:at condition by combining the E€R) re-written forky 2. (min) 8.85 203 11.2702
andkz 12, (min) 1.65 4.23 1.38941
g tg ko — f%zkl k3 9.41 8.696 11.317
m= T ko—ky (%) k3 0.941 17.391 0.518
g g The initial fixed values used to calculate the other data are shown in bold
_ tpglka + 1) — 1po(k1 + 1) ©) case.
ext = ko — k1 a True retention timegg) of test compounds were set frdn$ to 35.5 min
each 0.5min.
In some instances, these estimations could serve as a way P The original data vector for the selected set of compounds, from which
to check the reliability of th& estimation using:; andk; ‘accepted referencé’'values* were calculated, was log=[—0.249; —0.07;

; ; g ; 0.055; 0.33; 0.521; 0.675; 0.888; 1.09; 1.322; 1.552]. In Fig. 6a, the eighth
values. For instance, a negatiug or I values will suggest and first compounds were selected as rl and r2 references, respectively.

an error in the application of E¢4). All these considerations ¢ cngitions used ifFigs. 1-3
make approach 4 very attractive. d Conditions used ifFig. 5.

€ In Fig. 4 k1 was set ta2. New values wereg; =2.4; tgl =245 and
kj = 1.88235.

f In Fig. 60 and c, the second(=0.851138) and first compounds were
selected as rl and r2 references, respectively. New valuesgyeré.5581;
15, = 1.38941 and{ = 0.782954.

3. Experimental
3.1. Simulation study

In order to compare the classic and new approaches,cal work), and they were not considered in this study. We
we simulate an experimental situation in which two focused the simulation study in the more critic parameters,
references, rl and r2, and a set of 69 test compoundscharacteristic of each equation:@,which affects EqH1)
are injected in a given chromatographic condition (i.e. and (2) (ii) fext, Which affects Eq(2) (the cases of correlated
C18 column, 5am particles, 150 mnx 4.6 mm column and inversely correlategyt- andt&—errorswerestudied);(iii)
dimensions and flow-rat=1mL mirr1). Some chromato- k1, which affects Eqs(3) and (4)and (iv) k2, which affects
graphic parameters were fixedx, tm, k1 and ky for the Eq. (4) (the cases of correlated and inversely correléted
references andr for the 69 test compounds. From, and kp-errors were studied). The provoked errors on these
k values were computed abk=(rr —tv)/tm (equivalent parameters should allow distinguishing between the quality
to Eg. (2) re-written for k). These data are shown in of the approaches in terms ofE6
Table 1 (simulation case 1) and were assumed to  Nine simulationsi) were performed provoking errors in
be ‘true’ values. From them, other parameters were thet&, text, k1 andk, parameters in the rangel0% as fol-
calculated (assuming to be experimental values): lows:n=1,—10%;n=2,—7.5%,n=3,—5%;n=4,—2.5%,

(=t + fext), 13(= 1R + fext), R1(= (1 + k1)), tro(= n=5, 0% (no error)n=6, +2.5%;n =7, +5%;n=8, +7.5%
tm(1 + k2)), tgl(: IR1 + fext), t,%z(: IR2 + text) a@s well as andn =9, +10%. In addition, to simulate the case of inversely
k% andkg applying Eq.(1) (seeTable J). correlated errors betweeﬁ andzeys, in EQ.(2), andk; and

Using these simulated experimental valuegstimates k2, In EQ.(4), the errors iney andkz were also simulated in
for the set of 69 test compounds were performed applying the opposite way (from +10% te10%). Finally, estimations
Eqgs.(1)—(4). In order to compare the four approachesinterms of t,?,' andrey associated to approach 4 (E¢s).and (6) were
of accuracy, we provoke some errors on the parameters thaperformed.
appear in these equations. Since the ‘titealues of the test In order to check the effect of a change in the chro-
compound has been fixed, the error in percentages%00 matographic conditions, a second case was simulated
(k estimated- k)/k, for any approach was computed as amea- (new column-length =50 mm and flow-rate = 1.5 mL min
sure of its accuracy. assuming to correspond to a new chromatographic situa-

For simplicity, errors associated to the gross retention tion respect to the simulation case 1). The new data are
times were assumed negligible respect to those of the othershown inTable 1(simulation case 2). All calculations were
parameters in Eq$1)—(4) (a situation expectable in practi- performed using routines developed in MATLAB 5.3 (Mat-
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lab Ver. 5.3.0.10183 (R11), ©The Mathwoks Inc., Natick,
MA).

3.2. Real data

Wilson et al [4] reported data for a large set of compounds

27

negative error m,?,' exists (i.e. simulationg=3 or n=4)

the minimum error is achieved @walues within thet5%
range), since the error rﬁﬂ partially compensates the omis-
sion Offext.

Fig. 1b shows the % values of approach 2 (based kn
by applying Eq.(2)) when the simulated errors iy and

chromatographed in carefully controlled chromatographic fM are equal (correlated) within the10% range. As can be
conditions and using procedures to ‘minimize experimental expected, accurate estrmatrons‘_(%O) was found inthe case

error’. For instance, the calculated lbgata have been cor-
rected for the extra-column time. At this point, thealues

of no errors inext andt,\,I (simulationn =5). The % values
obtained in the case of errors in the parameters deper&j

reported by these authors will be considered in this work as o values go from—20.13% to 24.60% forR — 1.55 min
‘accepted reference values’. The reported chromatographicand from—9.31% to 11.38% forR — 3555 min.

data (column 1in Table 3 of that pagéf; C1s column 54m
particles, 150 mnx 4.6 mm column dimensions; GL Inertsil

ODS-3; acetonitrile-water 50% mobile phase, temperature 4.2. Accuracy study of new approaches

35°C) of ten selected solutes (compounds 16, 18, 24, 22, 13,

1, 2, 3, 5, and 6) covering a wide range of logalues, were
used to calculate the corresponding ‘accepted reference’

Fig. 1c shows the % values of approach 3 (based dh
by applying Eq.(3)) when the simulated errors in the refer-

values. Two compounds of that set were used as referencegnce retention factok;, are within the+10% range. With

(rl and r2).

no error ink1 (simulationn =5) there is an error ik estima-

The authors also reported the hold-up time in those chro- tion, positive for low-retained test compoundsA%5.89%

matographic conditions (here used,%}&value), and declared
an extra-column volume up to 11Q (from which ey Was

calculated taking into account the flow-rate used by the values obtained in the case of errorskirdepend orr

authors: 1.5 mL mint). These values are shown Table 1

for tR = 1.55min), and slightly negat|ve for high-retained
testcompounds (%= —0.43% fortR = 35,55 min). The o
. %E
values go from-14.12% to 25.91% forR = 1.55min and

(Real data). Unfortunately, the authors do not report the from —9.70% to 8.83% forR = 3555 min.

experimentakr or tR values, so they were computed from
the availablek data. From thet vector, we calculated the
tr (Ftm (1 +k)) values (from Eq(2) re-written fork), and then,
the correspondin@ (=tr *+ texy) Values, which were used as
experimental data to perform ttkeestimations by means of
Egs.(2), (3) and (4)

4. Results and discussion
4.1. Accuracy of conventional approaches

Fig. 1 shows the percentage of errorirestimation, 9%

Some particular situations can be found for approach 3.
For test compounds retained as the referencegrk(tgl),
the % values are of the same sign and similar magnitude that
the provokedk;-error. On the other hand, #; is estimated
by means of Eq(1) (ask%) and used in Eq3), the estimated
retention factor for the test compounds is ji&tbeing this
approach equivalent to Eql) from the accuracy point of
view. Therefore, is preferable the use of E2) to estimate
k1, as we recommend and performed in this work.

Fig. 1d shows the % values of approach 4 (based ©A
by applying Eq.(4)) when the simulated errors in the two
references retention factokg, andk,, are equal (correlated)
within the +=10% range. Accurate estimations£% 0) were

values, corresponding to the four approaches as function offound in the case of no errors ka andkz (simulationn =5).

the gross retention time of the test compoungs(,TabIe 1
simulation case 1 conditionslrig. 1a shows the % val-
ues of approach 1 (based &% by applying Eq.(1)) when
the simulated errors irg, are within the+-10% range. Even
with no error th (srmulatronn 5), there is an error in
k9 estimation {9 <k), which isz3-independent. The magnr-
tude of this error can be calculated ag%- 1ooext/tM =
—5.88%. This equation can be derived from the definition
of %E (=100¢? — k)/k) and the Eqs(1) and (2)(the last re-
written for k instead of!).

The % values obtained in the case of errorgjr(simula-
tionsn=1-9, except = 5) depend omR %E values go from
—24.85% to 17.27% for = 1.55min and from-14.65%
to 4.83% forry = 35.55 min. As can be observed, there is a
trend to obtain negative Bovalues using approach 1. This

This confirms the unbiased nature of E4j)) (as occurs with
Eq. (2)). The % values obtained in the case of errors in the
parameters werg;-independent (in contrast to approach 2,
Fig. 1b, and the other approaches). Thegevalues are equal
(sign and magnitude) than the provokad andk,-errors.

In addition, results of Eq4) can be combined with results
of Egs. (5) and (6)in order to test their reliabilityFig. 2
shows theext andr,vI estimates based on approach 4. As can
be observed, the estimation &f is accurate in all simula-
tions. In contrastiey; estimation is accurate only for the case
of no error ink; andk, (simulationn=5). For errors ink;
and k> under—7.5% (simulations:=1 andn=2) a nega-
tive tex-eStimate was obtained, suggesting inconsistency in
k%-estimates.

Comparingthe %’versusR plotsinFig. 1, the approaches

provokes the singular situation that when a relatively low could be ranked (highest accuracy order) as: @y> (EQ.
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Fig. 1. % (percentage of error ik estimation) vstg (gross retention time of the test compounds, in min) for nine simulated errors in the parameters
characteristic to each approach (from simulatienl, error=—10% ton =9, error=10%). In the case of no error in the parameters (simulatos), the
symbol (0) was superimposed. Conditions used correspond to the simulation cableit (a) % values of approach 1 (E{L)) with errors provoked on

t,%l. (b) % values of approach 2 (E@R)) with correlated errors provoked qﬁ andrey:. (C) %E values of approach 3 (E(B)) with errors provoked ok;. The

gross retention time corresponding to the rl reference has been indicated (vertical dashed ling\dll)e¥of approach 4 (E@)) with correlated errors
provoked onk; andk,. The gross retention times corresponding to the rl and r2 references has been indicated (vertical dashisduges) to indicate the
simulation number.

(3)~ Eg.(2)) > Eq.(1). This rank assumes equality of errors  4). This situation should be considered normal; at least that
in the parameters characteristic of each approach. Howeversystematic errors associated to the experimental determina-
from the practical point of view we can also propose the fol- tion of these parameters have the same sign. However, con-
lowing rank: (Eq{(3)~ Eg.(4)) > (Eq.(2) ~ Eq. (1)), attend- sidering the intrinsic difficulties to reliably determing; and

ing to the number of parameters to be determined and theirt,‘\],I and the contribution of imprecision of any measurement
corresponding ambiguity. In order to complete the study, it process to the accuradg], the possibility of uncorrelated
will be valuable to consider other aspects affecting some errors was considered. The extreme case, inversely corre-
approaches, such as the effect of correlation between errordatedsext- andt,%’,I -errors ork;- andkp-errors, was considered

in the case of approaches 2 or 4, the selection of referencen this work.

compounds in the case of approaches 3 and 4 and studying In the case of Eq(2), the impact over % of inversely

the impact of a change in the chromatographic conditions to correlated errors ivﬁ,, andrey: did not offer notable changes

all the approaches. (not shown) respect to the case of correlated erieigs (D).
In contrast, in the case of E), the impact over % of
4.3. Effect of correlation of errors inversely correlated errors ity andky, offered a different

view, as shown irFig. 3a, respect to the correlated errors
Previously, we have considered the situation of correlated case Fig. 1d). Now, the % values areg-dependent (except
fext- andzd-errors (approach 2) di - andk-errors (approach  for the simulationn =5 and forsg = 3.2457 min, an inflex-
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Fig. 2. Comparison between estimated (x) gross hold-up tn'fpeand (0)
extra-column timezext, by means of Eqg5) and (6)in Fig. 1d conditions
and their corresponding true values (solid line)s used to indicate the
simulation number as iRig. 1

ion point, where % = 0). The % values range was13.17%

for g = 1.55 min andt11.71 forry = 35.55 min. As shown
Fig. 3o, both thefeyx and t,?,, estimations from Eqg5) and

(6) were different for each simulation (in contrastRigy. 2).
The firsts simulations (from=1 ton = 4) gave negativexy;
values when E(6) is applied, thus suggesting inconsistency
in the use of Eq(4). Then, the particular (a priori less proba-
ble) situation of inversely correlatdd- andkz-errors situate

29

tion degree of these references ovek ¥as examined by
means of simulation. A low-retained compound was selected
as rl referencek{ = 2). As showrFig. 4a, this situation had
benefits for the approach 3 performance, compared with the
previous onek =10;Fig. 1c). In fact, a decrease of thePo
values along thé range is observed. This new situation had
no consequences over the approach 4 results, which coin-
cide with those inFig. 1d, except in the case of inversely
correlatedk;- and kp-errors, as showikig. 4b. Comparing

the actual situationkg =2, k2 = 1; Fig. 4b) with the previ-

ous one k1 =10, k2 = 1; Fig. 3a) an increase of #%values,
particularly important for high-retained test compounds is
observed.

4.5. Effect of the experimental chromatographic
conditions

In some instances, it could be necessary a change in the
chromatographic conditions in order to avoid experimental
problems. For instance, if a set of high-retained test com-
pounds (i.e. high hydrophobic molecules in reversed phase
chromatography) have to be chromatographed, it could be
convenient to use a shorter column and/or to increase the
flow-rate to avoid large analysis time. Theoretically, a change
in these parameters should not represent a charigéinew
chromatographic situation was simulated with a shorter col-
umn and higher flow rateT@ble 1 simulation case 2) than
the previous simulated@ble 1 simulation case 1), thus pro-
viding lower text andt,?,I values. The impact of these changes

approach 4 somewhat closer to approaches 2 or 3 in terms obn the four approaches was examined.

accuracy.

4.4. Selection of reference compounds

All the %E values corresponding to approach 1 were sys-
tematically displaced to negative values (not shown) respect
to those obtained previouslyFig. 1a). For instance, the
constant % value in the case of no error i, (simula-

Approaches 3 and 4, implies the selection of one and two tion n=5), was now % = —100ext/t§,, = —13.04%. This
reference compounds, respectively. The impact of the reten-result is notably worse than the valueE% —5.88% previ-
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Fig. 3. Effect of inversely correlated errorskinandk; (errors ink; are opposite to errors in) over the estimations of approach 4: (af%s. time (min). (b)

tﬁ,, andrey. SeeFigs. 1 and Zor further details.
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Fig. 4. Effect of the use of a low-retained r1 reference ovénfdues (vstg) associated to: (a) approach 3 and (b) approach 4 with inversely correlated errors
in k1 andky (k2 is the same as iRigs. 1d and B SeeFig. 1for further details.

ously obtained. This fact is consequence of the relatively kp-errors, as showirig. 5a. The % values corresponding

higher value oftex; respect ta,‘\],I in the new simulated con-
ditions. In contrast, there were no especial remarks for the obtained in the initial conditions (i.€igs. 3a and 4 The
results obtained using approach 2 (not shown) respect to thoseesults shown irFig. 5a were similar to those ifrig. 4b,
obtained previouslyHig. 1b).
In the case of approach 3, theFsalues (not shown)
were closer to those displayedhig. 4a than inFig. 1c. This
can be attributed to the already described effect of using a(|1.65— 8.8 =7.20 min). This indicates that3, — 13,| is
low-retained rl reference (see Section 4.4). In the new chro-determinant on the %values of approach 4 in the case of
matographic conditions, although=10 (as inFig. 1c) the
131 is quite low ¢3, = 2.23min) due to the short-column
and high-flow rate simulated, which resembles the situation and flow rate onr,?,' and ey estimations by means of Eqs.
in Fig. 4a. This confirms that the value o}, is determi-
nant on the 9% values of approach 3 (lowg, values for rl
reference are recommendable).
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to Eq.(4) in this particular case can be compared with those

particularly for high-retained test compounds. The value
(14.23— 2.23 =2.00 min) corresponding tBig. 5a is closer

to that inFig. 4b (]1.65— 2.45=1.20 min) than inFig. 3a

inversely correlated:- andko-errors.

Fig. 3 shows the effect of changes in the column length

(5) and (6)in the case of inversely correlatéd- and k-
errors. Except in simulation=5, errors in both estimates

were found. For the case of positivgerrors combined with
The new chromatographic conditions had no conse- negativeks-errors (simulationg =6 ton = 10), negativeext

quences over approach 4 results, which coincide with thoseandt,ﬁ’,I values were obtained, thus pointing doubts over the

in Fig. 1d, except in the case of inversely correlatgdand

time, min

0.5}

S
[,

estimations made from E).

Fig.5. Effectofthe modification of the chromatographic conditions (column length and mobile phase flow-rate; simulationTaisie Jiover the estimations
of approach 4 with inversely correlated errorsirandk;. (a) %E vs.t,‘;. (b) th andrey. SeeFigs. 1 and Zor further details.
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Fig. 6. % values corresponding to real data calculations based on (+) approach 1, (0) approach 3 and (x) approach 4. Conditions used correspond to the real data
in Table 1 (a) High-retained r1 reference and low-retained r2 reference (conditions favorable to approach 4 and unfavorable to approach 3). (b) Low-retained
rl reference and low-retained r2 reference (conditions favorable to approach 3 and unfavorable to approach 4).

4.6. Comparison of approaches using real data %E values of approach 1 are almost constank (o—8%).
This resultis consistent with those obtained in the simulation

Fig. 6 shows the results of applying approaches 1, 3 and studies (i.eFig. 1a, simulatiorn =5) and suggests insignif-
4 to estimate the retention factor of a set of ten compoundsicant error intﬁ,', otherwise, a dependence betweeh &fhd
whose experimental lagvalues (assumed as ‘accepted ref- tg would be observed. The Pvalues associated to approach
erence’ data) were availaji]. Eq.(2), re-written fork, was 3 are close to zero for high-retained compounds, showing a
used to calculate the correspondiﬁg/alues using the avail-  positive trend (up to %=+15% for the least-retained com-
ablek, t,?,l andrex; Valueg4] (Table 1 real data), so approach  pound) astg decreases. This result is also consistent with
2 was not included in the study. As can be observed, thethose obtained in the simulation studies (F&g. 1c, sim-

Table 2
Comparison of approaches to estimate the retention fdgtof fompounds from their gross retention tirr&)@n a given chromatographic conditions (stationary
and mobile phases) but changing the column length and flow rate

Approach Eq., estimate Dé&ta Main advantages Main limitations or difficulties

1: Classic Eq 19 (biased) t,?,l text IS NOt required It is biased except fk: =0
Large errors are associated with Iq@yvalues
Reliablet,?,I is difficult to estimate (and ambiguouZ)
It needs to contraly, changes
It is not recommendable for long-term studies and intermediate
precision condition§3]

2: True Eq.(2), k! t,?,l It estimates the true Reliableteyt andt,?ﬂ are difficult to estimate (and ambiguoyg)
text It is available (but not practical) It needs to contradey; andt,f’,I changes (tedious task)
for long-term studies
3: Relative to one reference, rl t,% t,f',,ortext are not require'?j It does not estimate the trigerrors can be minimized selecting
Eq.(3), k™t (biased) arl reference with lows, value)
k1 It should be useful for long-term
studies
4: Relative to two references, tgl It estimates the truke It shows low robustness for large uncorrelated errokg iandk;
rl and r2 Eq(4), k" (errors can be minimized selecting rl a r2 references with large
lt3, — 13,1 values)
k1 1) OF fex; @re not required
15) It should be useful for long-term
studies
ko Estimation oft,f’,I O fext IS feasible

using Eqs(5) and (6)(with prac-
tical or control aims)

2 Data required beside§.
b Oncek; (andk; in the case of approach 4) have been established in a given experimental chromatographic condition and used as constant in any conditions in
which a change in the retention factor is not expectable. For establishing this values approach 2 is recommended in a careful statisticdlgxpamsistan
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ulationn =5) and suggests an accuratevalue, otherwise, (3)>Eq.(2)>Eqg.(1). This can be justified attending to the
%E values far from zero would be observed for highval- less ambiguity and higher reliability o, andz3, measure-
ues. FinallyFig. 6a also shows the #values associated to  ments used in approaches 3 and 4, compared z\&itbnd
approach 4, which are close to zero for all the compounds. 7ex: Used in approaches 1 and 2 (particularly, in long-term
This result is also consistent with those obtained in the simu- studies). Additionally, an extra-advantage of approach 4 over
lation studies (i.eFig. 1d, simulatiom =5) and suggests that  the other approaches is that it permits its partial auto-control
both k1 andk, are accurate, otherwise,BAalues far from offered by combining Eqg4)—(6).

zero would be observed. Simulation studies show that in the case of correlated
These results correspond to a relatively high-retained rl errors ink; andk, (the normal expected situation), approach
reference and a low-retained r2 reference (Ezae 1 real 4 is the unique one that provides errors in thestimations

data). Such conditions are more favorable for approach 4 (%E) independents of the retention of the test compound
than for approach 3ig. 6b corresponds to a low-retained rl1 (tg), which is very convenient for the accuracy of the lowest-
reference (se@&able ] real data), which is a preferable sit- retained compounds, for which the rest of approaches tend to
uation for approach 3, according to the simulation study. In fail. The consistency of approach 4 has been confirmed here
fact, the % values for the least-retained compound notably studying real data.

decreases (%~ 2%) while the % values for high-retained However, the reliability of approach 4 (or 3) strongly
compounds tend to moderate negative valueg 196-4%). depends on the quality associated to the retention factors of
This effect is consistent with those obtained in the simula- the reference compounds @ndkz). Therefore, the proposed
tion studies (i.eFig. 4a, simulation. =5). In the conditions  ranking of approaches would be more suitable if accepted ref-
of Fig. @ the absolute, — 3, difference is lower than in  erencek; andk; values were available. On the other hand,
Fig. 6a, which should limitthe approach 4 performance. How- even if thek; and k, values are obtained in the labora-
ever, as showikrig. & the % values corresponding to Eq. tory by means Eq(2), the internal consistency betweén

(4) are still close to zero, suggesting an excellent behavior of estimations of compounds in a long-term sense should be

this approach. guaranteed, due to the effect of standardization respect to a
In a real situation, the reliability of using E¢4) with reference. This should minimize the impact of changes in the

the selected; andk, values could be checked a priori by columns/equipment (new column, column length, flow rate,

predictingzext andtﬁ,I values from the experimentrﬂ1 and etc.), but also prevent errors due to lack of control (drifts,

tgz measurements based on E@s. and (6) For instance, fluctuations, etc.). In fact, the continuous monitoring of the

in the case ofig. 6b (a worse case situation for approach reference compounds represents itselfaninternal quality con-

4) the estimations obtained applying E¢S) and (6)were trol scheme of the chromatographic system.

text=0.0733 min antzi,%’,I = 0.9150 min. These values, which

coincide with the values indicated by the autHo(see

Table 1 real data), would suggest the a priori accuracy of the Acknowledgements

k1 andk» values used in Eq4), and therefore, the reliability
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Table 2summarizes the main features of four (two classic (AP2001-3088).

and two new) approaches for estimating the retention fac-

tor of a compound, consistent with the results obtained in

this study. Simulations are based on provoking errors in the Appendix A. Symbols used in equations and tables

parameters characteristic of each approach (second column

in Table 2, assuming that these errors are systematic. How-

ever, the magnitude of the simulated erratsl(0%) might k true or ‘accepted reference’ retention factor

also account for random errors; therefore, the conclusion of k1 true or ‘accepted reference’ retention factor of the

this paper should have reasonable validity in view of being reference compound rl

extrapolated to the routine work. ko true or ‘accepted reference’ retention factor of the
From a mathematical point of view, the approaches 2 reference compound r2

and 4 are preferable, due to the biased nature of(&y. k9 gross retention factor estimate by Ky

and particularly, Eq(1). However, the key point to rank &t retention factor estimate by E(?)

the approaches, in practice, is the magnitude of the errorsk™ retention factor estimate by E(B), relative to the

associated to these parameters in routine. In this sense, it use of the reference compound r1 with available

could be reasonable to rank the approaches ag4y.Eq. value 1)
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