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1. Introduction

Gradient elution is a powerful separation technique in liquid
chromatography (LC) [1-4]. It is generally implemented in prac-
tice by changing mobile phase composition (¢, denoting volume
fraction of strong solvent) with time (t). Compared with another
technique isocratic elution, gradient elution can shorten analysis
time and narrow peak width. It, however, also makes the separa-
tion mechanisms more complicated. One feature of gradient elu-
tion is that retention factor (k) will vary with ¢. Linear solvent
strength model (LSSM), which is also the basis of the well-known
Drylab software of chromatography [5-8], has been used to account
for such variation [5,9,10],

Ink = Inky — S¢p (1)

where kg is retention factor of analyte in 100% of the starting
(weak) solvent, and S is solvent strength parameter. In practice, the
Ink vs. ¢ plots are generally found to be curved [11-13]. Quadratic
solvent strength model (QSSM) has been used to account for such
curvature [14-17],

Ink =1Inky — S1¢ + 52¢2 (2)

where S; and S, are solvent strength parameters. Due to the cur-
vature in the Ink vs. ¢ plot, Schellinger et al have pointed out
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that Drylab can be used to provide an estimate of resolution and
optimum conditions but does not seem to provide accurate chro-
matograms [8].

Another feature of gradient elution is peak compression that
does not exist in isocratic elution. It is resulted from stronger elu-
tion strength of mobile phase at the rear side of the band than at
the front side. The well-known plate height equation that has been
proposed by van Deemter is derived from isocratic elution [18]. The
effects of peak compression are not included in it. As pointed out
by Guiochon, peak compression has not gained as much attention
as it deserves [19,20]. Concerning LSSM and linear gradient elution,
Poppe et al have derived a well-known expression for peak com-
pression factor (G) under linear gradient elution [21]. However, it
has been reported that the experimental values of peak width are
generally larger than the values predicted by theory [22,23]. Neue
et al have shown that it is necessary to take into account the cur-
vature in the Ink vs. ¢ plot to understand the concept of peak com-
pression correctly [24].

Multilinear gradient elution that consists of two or more lin-
ear gradient segments has been widely used in practice [25,26].
The multilinear gradient profile will be more flexible than linear
gradient profile, which can be obtained by assembling the linear
gradient segments in any form. Multilinear gradient elution pro-
vides more options for LC separation. However, the combination
of linear gradient segments will produce a great number of gradi-
ent profiles, and it is challenging for analysts to find out one from
them to obtain a satisfactory separation. In the search of the gradi-
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Fig. 1. Illustration of multilinear gradient profile.

ent profile, it is important to ensure the accuracy in the prediction
of retention time (tg) and peak width (W) under different gradient
conditions. Due to the curvature in the Ink vs. ¢ plot, it is still dif-
ficult to obtain accurate prediction of the values, especially in the
prediction of W.

In this work, we present analytical expressions for tg and W
which are deduced by assuming QSSM and multilinear gradient
elution. Compared with numerical methods such as the finite dif-
ference or the finite element methods, analytical expressions have
the advantages of higher precision and less time for calculation. Es-
pecially in the prediction of W, numerical methods will inevitably
introduce numerical diffusion due to discretization [27,28]. This
will lead to artificial peak broadening; i.e., the predicted values of
W will be always larger than the actual ones. For modern columns
that have high column efficiency, the effects of numerical diffu-
sion on peak width will be more significant. In contrast, analytical
expressions can avoid numerical diffusion and thus have more ac-
curacy. The analytical expressions obtained in this work are incor-
porated in a program that is written with Visual Basic for Appli-
cations (VBA) in Microsoft Excel using genetic algorithm (GA). This
program is testified by applying it to search for a gradient pro-
file for the separation of twelve compounds that may be degraded
from lignin.

2. Theoretical

2.1. Expressions for retention time under QSSM and multilinear
gradient elution

A typical example of multilinear gradient profile is shown in
Fig. 1. In this figure, ®(t) accounts for the time program of mo-
bile phase composition which is input into the delivery system of
chromatograph. Under gradient elution, the general expression for
retention time tg is [29,30]

t tr—to—tp ‘1
to= 22 + / ot 3)
Xpo JO Ko (t)

where t; is dead time, tp is dwelling time of the system that ac-
counts for the time needed for a certain change in the mixer to
reach the beginning of the column. Under multilinear gradient elu-
tion, the expression for tz can be rewritten as

N-1

t tei 1 te=to=to 1
to= 12+ f ——dt +/ - (4)
po 17 e Ko tpN-1 o (1)
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where tp; is time coordinate of the ith turning point on the gradi-
ent profile (tp g is equal to zero), kyg and kg r) are retention factors
of analyte at initial mobile phase composition (¢g) and at mobile
phase composition of ®(t), respectively, and N is the index of the
last gradient segment within which the analyte is eluted from the
column (le tR_tO_tDe(tP,N—lv tp‘N]).

The calculation of t; appearing in Eq. (4) in the case of gen-
eral solvent strength model is discussed in detail in Section 1 of
the Supplementary Material (SM). Here we present analytical ex-
pressions that are obtained in the case of QSSM. In order to solve
Eq. (4), it is firstly necessary to figure out N. The axial distance Z;
of analyte to column inlet at the end of the ith gradient segment
can be calculated by

i i

ut|

L=+ ) BT = o+ 3 G- Zie) (5)
k=1 k=1

where Zy(=utp[kyo) is the position at which the mobile phase gen-
erated in the mixer catches up with the analyte [31]. When the
slope of gradient segment B;=0 (e.g. B, in Fig. 1), we have

u(tp; —tpi—1)

Zi—Ziq= Ko
N

forB; =0 (6)

where k, ; is retention factor of analyte at the mobile phase com-
position of ¢;. According to QSSM, the value of k, ; can be calcu-
lated by

kg i = ko exp(=S1¢i + S207) (7)

When the gradient segment is perpendicular to the t axis, i.e.,
Bj=c0 (e.g. B3 in Fig. 1), the analyte will not move within this seg-
ment and thus we have

Zi—Zi_1=0 fOl'B,' =00 (8)

When B;#0 (e.g. B; in Fig. 1), we have

52
Zi—Ziq1 = _Vmu exp (1>erf
ZBikoa /S2 452

25,1 — S1 25— Sy )

2./S, 2,/S,
for B; £ 0 9)
where erf(a,b) is general error function, erf(a,b)=
%fabexp(ftz)dt, which has been built in Excel. By substi-

tuting the values of Z;-Z;_; into Eq. (1), we can calculate the value
of Z;. For the Nth segment within which the solute is eluted from
the column, there will be

ZN—l <L<2Zy (10)

The above criterion can be used to figure out N. The retention
time tg can be calculated as follows. When By=0, we have

tr="to+tp+tpN_1 +’(¢_N(L—ZN_1)/U fO['BNZO (11)
When By#0, we have
tr=to+tp+tpn_1+ (Pr — Pn_1)/By for By #0 (12)

where @g, which denotes eluted mobile phase composition at
which the analyte is eluted from the column, is calculated by
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(13)

In Eq. (12), erf(x) is error function, and erf-1(y) is inverse error
function that can be calculated by using NORM.S.INV function in
Excel; i.e., erf~1(y)=(1/2)>>NORM.S.INV(y/2+0.5).

2.2. Expressions for peak compression factor under QSSM and
multilinear gradient elution

It is assumed that the column efficiency varies little with mo-
bile phase composition. In this case, the general expression for
peak compression factor G is [31,32]

GZ _ kéR fD(l + k¢0)2 + v/‘tR*tO*tD [1 + k@(t)]z dt
to(1 + kyp)? ko 0 ke

(14)

Under multilinear gradient elution, the expression for G can be
rewritten as

2
ZZL
to(1 + kgr)’
Tike? %0t [14 koo tto-to [1+ ko]
X{W’W+Z/P de/ kool 1 (15
t; t]

3 3 3
k¢0 i=1 YtPi-1 kd)(t) PN-1 kcb([)

where kyp is retention factor of analyte at eluted mobile phase
composition. When B;=0, we have

2
/ o[ kew] y @rimtre)(tked® (g 0 (g
_ -
tpi1

3 3
kd>(t) k¢<i

/%%7" [1 +"<I><r>]2dt
t

PN-1 k%];(t)
tr —to — tp — tpn_1) (1 + ky )?
:(R o—tp—tpn—1) (1 + kg n) for By — 0 (17)
13
SN

When B;#0, according to QSSM, we have

ke I /S, 2 2
i el aefig e () [ g e (34 )ert[V3r @), v3F 9]

2 exp (3L )ert[VEF (¢-1). V2F (9] + erflF (#i-1). F@)1} for B #0
(18)

s %dr = Y5k exp (%) : {ﬁ,{o exp (%)erf[ﬁF(tﬁm ). V3F(¢0)]
+{—07 exp (%)erf[«/fF@Nq),«/jF((pR)]
+erf[F(¢n-1), F(¢r)]} for By #0

(19)
where @y is calculated from Eq. (13), and the function F(x) is de-
fined by

Fx) =222 (20)

Detailed mathematical derivations of Eqs. (18)-(20) are pre-
sented in Section 2 of the SM. When the value of G is obtained,
the peak width W can be calculated by [24,31]

W = 4Gty (1 + kgg) /v/Ne (21)

where N, is the number of theoretical plates of the column.
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3. Experimental

Twelve compounds that may be degraded from lignin are cho-
sen as analytes. These compounds include ferulic acid (FEA), caf-
feic acid (CAA), syringic acid (SYA), p-hydroxybenzoic acid (HYA),
vanillic acid (VAA), p-coumaric acid (COA), sinapic acid (SIA), p-
hydroxybenzaldehyde (HA), vanillin (VL), syringylaldehyde (SA),
acetovanillone (AV) and acetosyringone (AS). Chromatographic con-
ditions are the same as those reported previously [31]. Briefly, a
C18 column was chosen as stationary phase which dimension was
150 mm x 4.6 mm (i.d.). The particle size of the packing was 5 um
diameter. The mobile phase was a gradient mixture of water con-
taining 1% acetic acid in volume fraction (solvent A) and methanol
containing 1% acetic acid in volume fraction (solvent B). The flow
rate and detector wavelength were set at 0.8 mL/min and 280 nm,
respectively. The column temperature was kept at 35°C. The values
of ty and tp were measured as 2.155 and 3.715 min, respectively.

4. Results and discussion

4.1. Optimization of multilinear gradient profile using genetic
algorithm

GA is a global optimizing method which imitates biological evo-
lution [33,34]. Generally, it involves iterations that include: (1) cre-
ation of population with a number of chromosomes; (2) reproduc-
tion of child chromosomes by means of crossover and mutation;
(3) evaluation of each chromosome according to cost function (CF);
and (4) Selection of new chromosomes according to the values of
CF to replace the old population. In this work, GA is adopted for
the optimization of multilinear gradient profile. The chromosome
is constructed by the coordinates of turning points on the multi-
linear gradient profile. For example, if there are five turning points
on the gradient profile, the chromosome is coded as

{0, @0), (tp1, ¥1), (tp2, ¥2), (tp3, ¥3). (tpa. @a), (tps. ¢s5)}

It can be seen that one chromosome corresponds to one mul-
tilinear gradient profile. For one chromosome, the retention time
and peak width for each analyte can be calculated by using the an-
alytical expressions that are presented in Section 2.1 and 2.2. Then,
the resolution R between adjacent peaks is calculated by

R=2(tg2 — tr1)/ (W1 + W) (22)
and the CF in this work is defined by
CF = Round (R, 2) x 10° + Round(ts — tg.;, 1) x 10 (23)

where R, is the minimum value of R, ts is specified value of
analysis time, tg,; is retention time of the last eluted analyte, and
Round(value, n) is rounding operation of value with n decimal
places retained. By using Eq. (23), the first three digits in the cost
value indicate the resolution between analytes. The last three dig-
its indicate the analysis speed. It is also specified that the first or
the last three digits are equal to 999 when R>9.99 or ts-tg,;>99.9,
respectively. When ts-tg,; <0, the cost value is returned to zero. It
can be seen that the larger value of CF the better performance of
the chromosome.

A program based on GA for the optimization of multilinear gra-
dient profile is written in house with VBA in Excel. This file is
named as MultiGradient.xls and attached to the SM. Detailed in-
structions to it are presented in Section 3 of the SM. It should
also be noted that there are differences between the approach pre-
sented in this work and that proposed by Nikitas et al in which GA
is adopted [35]. Firstly, in the Nikitas’ approach, the retention time
is calculated by subdividing the Ink vs. ¢ curve into small por-
tions so that each portion can be treated as linear. This approach
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Fig. 2. Multilinear gradient profile: A, B and C, obtained from the program by setting t;=40, 50 and 60 min, respectively; D, same as adopted in Ref. [36].

is equivalent to the finite element method that belongs to the nu-
merical techniques. Due to the error introduced by discretization,
the precision of the Nikitas’ approach will be less than that of ana-
lytical expressions. In addition, in the Nikitas’ approach, it needs to
subdivide the gradient profile into small portions so that the inter-
vals of ¢ of these portions should be in agreement with those of
linear portions on the Ink vs. ¢ curve. This will complicate math-
ematical treatments somewhat and increase the time for calcula-
tion. By using analytical expressions presented in Section 2.1, such
subdivision of the gradient profile is not needed. Secondly, in the
Nikitas’ approach, the values of peak width under multilinear gra-
dient elution are not calculated. The difference of retention time
between adjacent peaks is adopted in the CF [35]. In practice, the
resolution R has generally been used to evaluate the performance
of chromatographic separations. In this work, an approach to pre-
dict peak widths under multilinear gradient elution is proposed,
and this makes it possible to calculate the values of R.

4.2. Comparison between predicted and experimental chromatograms

The program in MultiGradient.xls attached to the SM is applied
to search for a gradient profile for the separation of twelve com-
pounds that are degraded from lignin. The parameters used in the
GA are presented in the worksheet OptGradient. The regression co-
efficients for QSSM are the same as those reported in Ref. [31]. The
optimization can be implemented by running the macro OptFradi-
entwithN in MultiGradient.xls. In this work, the number of segments
in multilinear gradient profile was set to be five. The analysis time
(ts) for the separation was set to be 40, 50 and 60 min, respec-
tively. The gradient profiles obtained by the program with differ-
ent tg are shown in Fig. 2A-C. Fig. 2D is the multilinear gradient
profile that has been used in our previous work [36]. The gradient
conditions are also presented in Table S1 in Section 4 of the SM.

Fig. 3 shows a comparison between predicted and experimen-
tal chromatograms in which ts=60 min. The comparisons for ts=40
and 50 min are shown in Figs. S4 and S5 in Section 4 of the SM.

Exp
1
r T T T T T T T T T 1
0 10 20 30 40 50
QSSM ] 53 6107 84145
.

T T T T T T T T T T 1
0 10 20 30 40 50
LSSM ] . 6107 81412
A 4 29 M
r T ® T ¥ T bl T 1
0 10 20 30 40 50

£(min)

Fig. 3. Comparison between predicted and experimental chromatograms: Exp, ex-
perimental chromatogram that is obtained by using the gradient profile shown in
Fig. 2C; QSSM, predicted by QSSM; LSSM, predicted by LSSM. The number above
each peak: 1, HYA; 2, VAA; 3, SYA; 4, HA; 5, VL; 6, SA; 7, AV; 8, AS; 9, CAA; 10,
COA; 11, FEA; 12, SIA. The peak area for each analyte in predicted chromatograms
is set to be one.

It is found that when ts=40 min some compounds cannot be well
resolved under multilinear gradient elution. When ts is increased
to 50 or 60 min, the separation is improved by changing the shape
of gradient profile. In addition, it should be noted that the separa-
tion shown in Fig. 3 is better than that obtained under linear gra-
dient elution, of which the gradient time is also 60 min and the
chromatogram corresponding to it is shown in Fig. 5 in Ref. [31].
Under linear gradient elution, the peaks of SYA (3) and VL (5) are
poorly resolved, and the peaks of AV (7) and COA (10) also overlap
partly. By applying multiliear gradient elution, the separation can
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Table 1
Comparison between predicted and experimental values of retention time (tz) and peak width (W) under multilinear gradient profiles that are shown in
Fig. 2.
Gradient  Analyte tr w
Exp QSSM RE LSSM Exp QSSM RE LSSM RE
(min) (min) (%) (min) RE(%) (min) (min) (%) (min) (%)
A HYA 9.843 9.762 -0.82 9.863 0.20 0.387 0.375 -3.09 0.378 -2.20
HA 12.313 12.231 -0.67 12.479 1.35 0.472 0.460 -2.61 0.468 -0.78
VAA 12.587 12.499 -0.70 12.814 1.80 0.460 0.469 1.90 0.480 4.28
CAA 12.985 12.886 -0.76 13.187 1.56 0.511 0.482 -5.71 0.493 -3.66
SYA 15.145 15.078 -0.44 15.645 3.30 0.533 0.508 -4.68 0.500 -6.24
VL 16.048 15.960 -0.55 16.435 241 0.536 0.510 -4.78 0.506 -5.60
SA 18.608 18.507 -0.54 19.118 2.74 0.495 0.472 -4.66 0.457 -7.77
AV 20.805 20.688 -0.56 21.138 1.60 0.491 0.476 -3.12 0.456 -7.08
COA 21.109 20.967 -0.67 21.186 0.36 0.488 0.489 0.27 0.479 -1.75
AS 22.656 22.539 -0.52 22.989 1.47 0.465 0.453 -2.55 0.441 -5.12
FEA 24.073 23.967 -0.44 23.788 -1.18 0.531 0.525 -1.10 0.488 -8.10
SIA 25.353 25.300 -0.21 24.860 -1.94 0.549 0.541 -1.45 0.486 -11.6
B HYA 17.059 17.062 0.02 16.862 -1.15 0.638 0.629 -1.35 0.622 -2.46
HA 22.938 22.956 0.08 22.446 -2.14 0.870 0.840 -3.42 0.822 -5.52
VAA 26.903 26.981 0.29 26.310 -2.20 0.902 0.872 -3.32 0.904 0.25
CAA 28.925 28911 -0.05 28.379 -1.89 0.825 0.800 -3.05 0.836 1.31
VL 33.789 33.783 -0.02 33.342 -1.32 0.734 0.687 -6.41 0.735 0.07
SYA 34.84 34.861 0.06 34.493 -1.00 0.630 0.604 -4.16 0.651 3.36
SA 39.767 39.704 -0.16 39.678 -0.22 0.551 0.517 -6.23 0.540 -1.95
COA 40.843 40.728 -0.28 40.706 -0.34 0.622 0.597 -4.00 0.607 -2.49
AV 41.687 41.607 -0.19 41.627 -0.14 0.565 0.535 -5.22 0.546 -3.38
AS 44.993 44.909 -0.19 44.989 -0.01 0.470 0.453 -3.65 0.438 -6.83
FEA 45.684 45.601 -0.18 45.405 -0.61 0.510 0.495 -3.02 0.464 -9.00
SIA 47.723 47.693 -0.06 47.150 -1.20 0.499 0.489 -1.98 0.427 -14.4
C HYA 16.991 17.062 0.42 16.862 -0.76 0.640 0.629 -1.66 0.622 -2.77
HA 22.769 22.867 0.43 22.386 -1.68 0.848 0.814 -4.04 0.801 -5.50
VAA 26.553 26.744 0.72 26.093 -1.73 0.941 0.923 -1.92 0.910 -3.32
CAA 28.832 28.929 0.34 28.323 -1.77 1.008 0.983 -2.52 0.972 -3.57
VL 34.452 34.514 0.18 34.009 -1.29 0.751 0.688 -8.35 0.753 0.25
SYA 35.583 35.652 0.19 35.244 -0.95 0.615 0.574 -6.61 0.632 2.84
SA 40.055 40.000 -0.14 39.928 -0.32 0.483 0.453 -6.30 0.469 -2.82
COA 40.981 40.886 -0.23 40.838 -0.35 0.550 0.524 -4.75 0.530 -3.69
AV 41.712 41.641 -0.17 41.596 -0.28 0.492 0.465 -5.43 0.468 -4.89
AS 44.671 44.597 -0.17 44.570 -0.23 0.486 0.471 -3.16 0.462 -4.84
FEA 45.422 45.368 -0.12 45.059 -0.80 0.551 0.536 -2.70 0.504 -8.45
SIA 47.639 47.655 0.03 46.996 -1.35 0.561 0.541 -3.48 0.493 -12.1
D HYA 15.867 15.905 0.24 15.828 -0.25 0.420 0.434 3.33 0.440 4.83
HA 19.082 19.087 0.03 19.042 -0.21 0.425 0.435 2.24 0.445 4.81
VAA 20.3 20.256 -0.22 20.257 -0.21 0.390 0.401 2.73 0.410 5.20
CAA 20.846 20.860 0.07 20.881 0.17 0.387 0.388 0.33 0.395 2.18
SYA 23.143 23.031 -0.48 23.144 0.00 0.351 0.362 3.06 0.364 3.77
VL 23.315 23.227 -0.38 23.312 -0.01 0.393 0.400 1.72 0.403 2.42
SA 25.743 25.607 -0.53 25.725 -0.07 0.357 0.362 1.54 0.352 -1.46
COA 27.197 27.133 -0.24 27.147 -0.18 0.391 0.403 3.14 0.394 0.88
AV 27.309 27.161 -0.54 27.195 -0.42 0.372 0.385 3.48 0.367 -1.27
AS 28.842 28.674 -0.58 28.582 -0.90 0.342 0.356 4.11 0.325 -4.93
FEA 29.638 29.593 -0.15 29.138 -1.69 0.363 0.378 4.26 0.341 -6.07
SIA 30.45 30.420 -0.10 29.632 -2.69 0.336 0.351 4.61 0.302 -10.3
Average -0.19 -0.34 -1.95 -3.03
SD 0.34 1.32 3.38 4.70

Symbols: Exp, experimental values; QSSM, predicted values by using QSSM; LSSM, predicted values by using LSSM; RE, relative error between predicted

(pre) and experimental (exp) values, RE= (pre- exp)/exp x 100%.

be improved. This result shows the flexibility of multiliear gradi-
ent profile. The program presented in this work can be used for
the optimization of its shape.

In Section 2.1 and 2.2, we present analytical expressions for
tg and W which are based on QSSM. The expressions based on
LSSM and for multilinear gradient profile are also presented in
Section 1 and 2 of the SM. Under LSSM, the values of tz and W
can be calculated by using the same methods as under QSSM, ex-
cept that Egs. (9), (12), (18) and (19) are replaced by Egs. (526),
(S29), (S41) and (S42) in the SM, respectively. The chromatograms
predicted by LSSM are also shown in Fig. 3 and Figs. S4-S6 in
Section 4 of the SM. The comparisons between the predicted and
experimental values of tz and W are presented in Table 1. It is

found that the chromatograms predicted by QSSM are closer to
experimental chromatograms than predicted by LSSM. For exam-
ple, for the last two eluted analytes (i.e. FEA and SIA), the reten-
tion times predicted by LSSM are generally smaller than the ex-
perimental values. The differences in peak width between experi-
mental values and those predicted by LSSM are also more signifi-
cant than the differences which are obtained by QSSM. These dif-
ferences may be ascribed to the curvature in the Ink vs. ¢ plot.
It is shown that the application of QSSM will help to improve the
prediction of the chromatograms. This will have little effect on the
speed of calculation, because the error functions appearing in the
analytical expressions presented in Section 2.1 and 2.2 have been
built in common software such as Excel.
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5. Conclusions

In this work, we present analytical expressions for retention
time and peak compression factor by assuming QSSM and multi-
linear gradient elution. These expressions will help to improve the
prediction of the chromatograms and reduce the time for compu-
tation. Based on the expressions, a program is written for the op-
timization of multilinear gradient profile in which GA is adopted.
The predicted chromatograms are found to be well consistent with
the experimental ones. The program is testified by applying it to
search for a gradient profile for the separation of twelve com-
pounds that are degraded from lignin. It is shown that an S shaped
multilinear gradient profile can provide a satisfactory separation.
In order to validate the program, it still needs more experiments
with different analytes. Such studies are under way in our labora-
tory and will be reported in future.
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