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Abstract

Characteristics of electroosmotic flow (EOF) and the migration of neutral solutes under double stepwise gradient elution
in capillary electrochromatography were studied systematically. EOF velocity proved to be the function of operation time
changing with the introduction of the second mobile phase. Accordingly, the retention of components also changed. The
migration of neutral solutes was studied under the following three situations; A, components eluted when the column was
filled only with the first kind of mobile phase; B, solutes eluted still in the first kind of mobile phase while at that time two
kinds of mobile phase coexisted in the column and C, samples eluted in the second kind of mobile phase. Equations to
describe the retention times of components under these three kinds of conditions were deduced and applied to predict the
retention times of 12 aromatic compounds. Relative errors between experimental and calculated values were below 5.0%,
which proved the reliability of the equations. In addition, parameters that might affect the retention time of solutes, such as
the transferring time of mobile phase vials, the capacity factors of components and EOF velocities two steps were studied
systematically  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction 10 years, it has attracted more and more attention
from scientists in environmental science [6–8], phar-

Capillary electrochromatography (CEC), as the maceutical industry [9–11] and biological chemistry
hybrid of high-performance liquid chromatography [12–15].
(HPLC) and capillary electrophoresis (CE), has the Up to now, isocratic elution of CEC has common-
advantages of high resolution, high efficiency, short ly been used in the analysis of neutral compounds
analysis time, low consumption of solvent and [16–18]. However, in order to separate complex
samples and so on [1–5]. Consequently, in the last samples in a short time without losing resolution,

different kinds of gradient elution, such as gradient
elution of mobile phase [19–22], operation voltage*Corresponding author. Tel.: 186-411-369-3427; fax: 186-
[23–25] and temperature [26], were proposed.411-369-3427.
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phase on commercial CE instruments was proved to phases were used: methanol–water (60:40, v /v)
be easily realized with high accuracy, which had (mobile phase 1) and acetonitrile–water (80:20, v /v)
been successfully applied to the analysis of pharma- (mobile phase 2); the concentration of Tris was 4
ceuticals [27], DNA additives [28], aromatic com- mM with a pH of 8.70. Electrokinetic injection was
pounds [29] and so on. However, theoretical study of utilized at 1 kV, 1 s.
component migration of under stepwise gradient Separation voltage was set at 20 kV and UV
mode has not been reported. detection wavelength was 200 nm.

In this paper, the deduction of equations to
describe EOF velocity and the retention times of 2.4. Procedure of gradient elution
neutral solutes under double stepwise gradient elu-
tion and different situation is given. In addition, Gradient elution was realized by changing the
based on these equations, the prediction of the mobile phase vials automatically under the control of
retention times of components was realized and the System Gold software. Compounds were first sepa-
effects of parameters studied. rated in mobile phase 1 for 23.5 min at 20 kV. Then

the operation voltage was decreased to zero and both
ends of the column were transferred to vials with the

2. Experimental mobile phase 2. After a pause of 0.17 min, the
voltage was resumed to 20 kV and the separation was

2.1. Instruments continued.

All experiments were performed on a P/ACE 5510
system with System Gold software (Beckman, Ful-

3. Theory
lerton, CA, USA). An SP-8800 pump (Spectra-
Physics, San Jose, CA, USA) was used to prepare

3.1. Variation of the EOF velocity under gradientCEC columns.
elution

2.2. Materials and chemicals
Different from that in HPLC, the velocity of the

mobile phase changed in stepwise gradient elution inSpherisorb of 3 mm ODS and silica gel of 5 mm
CEC with the change of permittivity and viscosity ofwere obtained from Phase Separations (Norwalk, NJ,
the mobile phase.USA). Fused-silica capillaries (75 mm I.D.3365 mm

Due to the plug-like flow velocity profile of CEC,O.D.) were purchased from Yongnian Optic Fiber
it could be considered that the two kinds of mobilePlant (Hebei, China).
phase did not mix at their interface. Furthermore,Methanol and acetonitrile (Yuwang Chemical
since the sectional area of mobile phase in the openPlant, Shandong, China) were of chromatographic
tubular part of a packed column was larger than thatgrade. Trihydroxymethylaminomethane (Tris)
in the packed bed, the resistance distribution in the(Shanghai No. 1 Chemical Plant, Shanghai, China),
open part was negligible. So only the contribution ofthiourea (Shenyang Chemical Plant, Liaoning,
two mobile phase zones to the velocity of EOF wasChina) and all aromatic compounds were of ana-
taken into consideration in our work.lytical grade. Double-deionized water was purified

According to the principle of resistance distribu-by Milli-Q system (Millipore, Bedford, MA, USA).
tion, EOF velocity in a CEC column with the
coexistence of two kinds of mobile phase could be2.3. Column preparation and separation conditions
described by Eq. (1):

CEC columns were prepared by slurry methods as u 5 (1 2 l /l )u 1 l /l ? u (1)eo 0 eo1 0 eo2reported previously [30,31].
The length of packed bed of CEC columns was 20 where u and u are the EOF velocities in the twoeo1 eo2

cm with the total length of 27 cm. Two mobile kinds of mobile phase; l is the length of packed bed;0
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(l 2 l) and l are the zone lengths of mobile phase 1 3.2. Migration of neutral solutes under gradient0

and 2 under gradient elution, respectively. elution
In our experiments, the column was first filled

with mobile phase 1, and then mobile phase 2 was 3.2.1. Migration of components in the first step of
introduced. After the entering time of t, the zone gradient elution
length of mobile phase 2 in the column (l) should be In the first step, the column was completely filled
as follows: with mobile phase 1 and the migration of solutes was

the same as under isocratic elution. The velocity oft

solutes (u) could be calculated according to Eq. (8):
l 5Eu dt (2)eo

u0 eo1
]]u 5 (8)

91 1 k1
where t is integral constant, t is the duration when

9where k was the capacity factor of the component inthe mobile phase was introduced into the capillary 1

mobile phase 1.column.
If the capacity factor of the component was small,With the combination of Eqs. (1) and (2), the

it could be eluted in t with the retention time of t :following results could be obtained: 1 R

9t 5 t (1 1 k ) (9)R 01 1u 5 u exp(t /t)* (3)eo eo1

If the component could not be eluted in mobile
l 5 u t* exp(t /t*) 2 1 (4)f geo1 phase 1, the distance it passed (l ) could be calcu-1

lated by Eq. (10):
t* 5 l /(u 2 u ) 5 t /(1 2 t /t ) (5)0 eo2 eo1 02 02 01 u teo1 1

]]l 5 (10)1 91 1 k1where t and t are the dead time in mobile phases01 02

1 and 2.
3.2.2. Migration of components in the second stepFrom Eq. (3), it can be seen that the EOF velocity
of gradient elutionwas a function of the time when mobile phase 2 was

From the beginning of the second step of gradientintroduced. When the whole column was filled with
elution, mobile phase 2 was introduced into themobile phase 2, that means l 5 l , the time when0 column. According to Eq. (7), the velocity of EOFmobile phase 1 was completely replaced by 2 (t )f kept on changing till all the column was filled withcould be obtained:
mobile phase 2.

If the time it took for mobile phase 2 to catch upt01
]t 5 t* ln (6)f with sample zone was set to be t , when t , t ,c 1 Rt02

(t 1 t ), the component was still eluted in mobile1 c

phase 1. Different from the situation discussedAccordingly, an integrative equation to describe
above, at this time two kinds of mobile phasethe EOF velocity under double stepwise gradient
coexisted in the column. The retention time ofelution of CEC is obtained as follows:
solutes should fit the following equation:

u 5 H(t 2 t )u 2 [H(t 2 t ) teo 1 eo1 1 R

u u teo eo1 12 H(t 2 t 2 t )]u exp[(t 2 t ) /t*]1 f eo1 1 ]] ]]E dt 1 5 l (11)09 91 1 k 1 1 k1 1
t11 [1 2 H(t 2 t 2 t )]u (7)1 f eo2

According to Eq. (7), we could obtain the re-
where t is the operation time of the first step. H(Dt)1 tention time of components with Eq. (12):
is Heaviside function, a special function, H(Dt) 5 1,

9t 5 t 1 t* ln [(1 1 k )t 2 t ] /t* 1 1 (12)when Dt , 0 and H(Dt) 5 0, when Dt . 0. h jR 1 1 01 1
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If the component had not been eluted before it was nol and 80% acetonitrile in the mobile phase. Under
caught up by mobile phase 2, its position in the the former situation, baseline separation of all com-
column (l ) should be equal to the distance that ponents was obtained in 114.96 min, while under the2

mobile phase 2 passed. Therefore, latter one, although the total analysis time was
shortened to 16.55 min, some of the componentst 5t t 1t1 c 1 c

were coeluted. So double stepwise gradient elutionu t ueo1 1 eo
]] ]]l 5 E u dt 5 1 E dt2 eo was utilized in order to shorten the analysis time9 91 1 k 1 1 k1 1

t t1 1 without losing resolution (as shown in Fig. 1).
u t From the results under isocratic elution, t and teo1 1 01 02]]5 (13) were obtained to be 8.00 and 3.50 min, respectively.9k1

t* and t could be calculated according to Eqs. (5)fthat means that the distance that the component
and (6) with the results of 6.22 and 5.14 min,

passed was independent of the nature of the second
respectively. At the same time, capacity factors of

mobile phase.
each compound in mobile phase 1 and 2 could be

According to Eq. (13), t could be obtained:c obtained and t of each component could be calcu-c

t lated according to Eq. (14). The results are shown in1
]]t 5 t* ln 1 1 (14)S Dc Table 1.9k t*1

Since the mobile phase vials were transferred at
When the component was caught up by mobile 23.5 min, from Table 1 it could be concluded that the

phase 2, it would be eluted in that phase. Since the first five components were eluted before mobile
velocity of solute in the column was less than that of phase 2 was introduced into the column. Their
EOF, it would not be eluted before the column was retention times could be calculated according to Eq.
filled with mobile phase 2. Accordingly, the position (9). It should be pointed out that after the mobile
of the uneluted component (l ) when t . (t 1 t )3 1 f phase vials were transferred, the pause time of 0.17
could be calculated with Eq. (15): min should be considered when retention of the rest

t 1t1 f were studied. Since the components of 6 and 7 were
u t u eluted between the time t (23.5 min) and (t 1 t 1eo1 1 eo 1 1 f]] ]]l 5 1 E dt (15)3 9 9k 1 1 k 0.17), their retention times should be calculated1 2

t 1t1 c

The velocity of solutes should be:

ueo2
]]u 5 (16)

91 1 k2

and the retention times of components eluted in
mobile phase 2 could be obtained:

9 9t k t* 2 k ts d02 1 2 1
]]]]]9t 5 t 1 t 2 t* 1 (1 1 k )t 1R 1 f 2 02 9t k01 1

(17)

4. Results and discussion

Fig. 1. Separation of 12 aromatic compounds under doubleBased on the discussion above, the retention times
stepwise gradient elution. For conditions see the Experimentalof solutes under double stepwise gradient elution of
section. Peaks: 15thiourea; 25aniline; 35phenol; 45

CEC could be calculated. phenylethyl alcohol; 55benzonitrile; 65acetophenone; 75
Twelve aromatic compounds were separated, re- phenylpropyl alcohol; 85nitrobenzene; 95benzene; 105toluene;

115ethylbenzene; 125n-propylbenzene; 135n-butylbenzene.spectively, under isocratic elution with 60% metha-
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Table 1 In addition, since in the first step of gradient
t of each component under double stepwise gradient elution0 elution components were eluted in a manner similar
Component Capacity factor t (min) to that under isocratic elution, and the peak capacityc

under the situation that components eluted before60% 80%
Methanol Acetonitrile they were caught up by mobile phase 2 was small, a

further discussion about the effects of parameters onAniline 0.67 0.26 11.80
retention times of solutes eluted with mobile phase 2Phenol 0.75 0.34 11.16

Phenylethyl alcohol 1.18 0.47 8.91 was carried out according to Eq. (17).
Benzonitrile 1.32 0.52 8.41 From Eq. (7) it can be seen that there is a quite
Acetophenone 1.59 0.63 7.55 good linear relationship between retention of com-
Phenylpropyl alcohol 2.16 0.80 6.29

ponents and the transferring time of mobile phaseNitrobenzene 2.27 1.29 6.09
vials. In order to shorten the analysis time ofBenzene 3.12 1.35 4.94

Toluene 3.69 1.75 4.38 samples, it was necessary to select the transferring
Ethylbenzene 7.24 2.17 2.61 time properly. With faster EOF velocity in mobile
n-Propylbenzene 10.47 2.52 1.91 phase 2 and less capacity factors of components,
n-Butylbenzene 12.88 3.43 1.59

total analysis time would also be less. Eq. (7) also
For conditions, see the Experimental section. indicates that the selection of mobile phase 2, which

has great effects on capacity factors of solutes in the
according to Eq. (12). In addition, the rest of the second step, plays an important role in determining
components were eluted later than (t 1 t 1 0.17) the analysis time of gradient elution since retention1 f

(28.91 min), Eq. (17) should be taken to calculate of components increases linearly with the increasing
their elution times. of capacity factors in mobile phase 2. It could be

Based on the discussion above, the retention time seen that the capacity factors of components and the
of each component was predicted (shown in Table velocities of EOF in the two steps also affected the
2). From the results it could be seen that the relative elution time of samples.
errors of the retention times of components between From Fig. 2 it could also be seen the total analysis
the experimental and calculated values were below
5%, that means the equations deduced above, predic-
tion of the retention of neutral solutes under double
stepwise gradient elution could be realized by the
equations deduced above with good accuracy.

Table 2
Prediction on the retention times of each component under double
stepwise gradient elution

Component t (exp) t (cal) Relativer r

error (%)

Aniline 12.53 12.58 20.40
Phenol 14.00 14.05 20.36
Phenylethyl alcohol 17.75 17.52 1.30
Benzonitrile 18.62 18.69 20.38
Acetophenone 20.76 20.84 20.39
Phenylpropyl alcohol 25.23 25.28 20.20
Nitrobenzene 25.87 26.24 21.43
Benzene 29.00 29.93 23.21
Toluene 29.54 30.93 24.71

Fig. 2. Effect of the velocity of EOF in mobile phase 2 on
Ethylbenzene 31.44 31.93 21.56

retention times of components in mobile phase 2. For conditions
n-Propylbenzene 32.61 32.93 20.98

9 9see the Experimental section. Lines: (1) k 5 20, k 5 10, t 5 10,1 2 01n-Butylbenzene 34.60 33.93 1.94
9 9 9 9t 5 30; (2) k 5 20, k 5 15, t 5 10, t 5 30; (3) k 5 30, k 51 1 2 01 1 1 2

9 9For conditions see the Experimental section. 15, t 5 10, t 5 30; (4) k 5 20, k 5 10, t 5 12, t 5 30.01 1 1 2 01 1
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