
A
p

R
C

a

A
R
R
A
A

K
E
Z
F
L
S

1

a
p
p
d
s
t
[
n
n

a
“
“

p
i
o
m
b

0
d

Journal of Pharmaceutical and Biomedical Analysis 54 (2011) 458–462

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journa l homepage: www.e lsev ier .com/ locate / jpba

study of some practical aspects of high temperature liquid chromatography in
harmaceutical applications

enáta Berta ∗, Mónika Babják, Mária Gazdag
hemical Works of Gedeon Richter Plc., P.O. Box 27, Gyömrői út 19-21, 1103 Budapest 10, Hungary

r t i c l e i n f o

rticle history:
eceived 16 June 2010
eceived in revised form 30 August 2010
ccepted 10 September 2010
vailable online 17 September 2010

eywords:

a b s t r a c t

In the pharmaceutical industry fast and efficient separation techniques play an increasing role among
analytical methods because the samples to be investigated grow both in complexity and number, and
there is an increasing time pressure to complete the analysis. Reducing the analysis time without decreas-
ing the efficiency is possible using higher pressures, elevated temperatures, smaller particle sizes, or a
combination of these approaches. Recently developed chromatographic techniques such as the UHPLC
(ultra high performance liquid chromatography) and HTLC (high temperature liquid chromatography)
levated temperature
irconia-based column
ast chromatography
evonorgestrel
teroids

are highly promising in meeting these demands.
In this study, high temperature liquid chromatography (HTLC) with a zirconia-based column and tem-

peratures elevated up to 150 ◦C was used. We investigated the chromatographic behaviour of a steroid
active pharmaceutical ingredient (levonorgestrel) and its structurally related impurities as model com-
pounds. The effect of the temperature in the range of 50–150 ◦C and the flow-rate in the range of
0.5–3.0 ml/min, and using methanol as an organic modifier, were studied for optimisation of the sep-
aration method.
. Introduction

HPLC analyses are usually carried out at ambient or slightly
bove ambient temperature. When using higher temperature, it is
ossible to improve the analysis conditions, because some physical
arameters such as viscosity, mobile phase polarity or diffusivity
epend strongly on the temperature. The term “HTLC” is known
ince 1969, when the Maggs studied the effect of the tempera-
ure for small molecules [1] and Antia et al. for large molecules
2]. Nevertheless up until quite recently, elevated temperature has
ot been considered as a key parameter in LC, and its variation does
ot appear very often in routine work.

“Elevated temperature” is not an exactly defined term. Different
nd vague definitions, such as “higher than room temperature”,
higher than the boiling point of the mobile phase solvent”, and
higher than 100 ◦C”, can be found in the literature [3].

Generally HTLC has had limited use due to the limited tem-
erature range of the thermostat and column in typical HPLC
nstruments, as well as because of the thermal instability of some
f the analytes. There are only two commercially available instru-
ents allowing temperatures to be raised up to 200 ◦C, which have

een specifically optimised for HTLC operation with mobile phase
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preheating to eliminate thermal mismatch [4], namely the isother-
mal Metalox® 200C (ZirChrom Separation, Anoka, MN, USA) and the
temperature programmable PolarathermTM Series 9000 (Selerity,
Salt Lake City, UT, USA). It is important to note that efficient pre-
heating of the mobile phase is mandatory when operating columns
up to 80 ◦C. Vanhoenacker et al. described the importance of the
preheater. Without preheating, the radial centre of the column is
at a lower temperature than the incoming cold mobile phase, and
the resulting temperature gradient generates viscosity and reten-
tion time differences [5]. Fields et al. described the importance of
the preheater coil size at different flow rates and came to the con-
clusion that a longer preheating coil size results in a better peak
shape. They drew attention to the importance of other conditions
that can affect the peak shapes, such as the injected volume and
potentially the composition of the injected solution [6]. Teuten-
berg et al. have shown that the temperature difference between
the eluent temperature and the temperature of the heating block
is less than 1 ◦C at a flow rate of 2 ml/min in a heating system with
eluent preheating [7]. The mobile phase cooling after the column is
required when using a UV detector in order to avoid baseline noise
and to maintain flow cell longevity [8].
The major drawback of the heated column is the risk of station-
ary phase degradation leading to difficulties when using thermally
unstable classical bonded silicas. The development of a new gen-
eration of silica based column [9,10] as well as non-silica based
ones, has resulted in increased thermal stability. Several station-
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ry phases can be used at elevated temperatures, such as columns
ased on polystyrene–divinylbenzene, graphitic carbon and ultra-
table metal oxides [11,12] such as zirconia. Polymeric stationary
hases can be used up to temperatures of 150 ◦C, and graphitic car-
on columns remain stable up to at least 200 ◦C. Zirconia-based
tationary phases have been shown to be stable at even higher
emperatures (200–250 ◦C) [13].

Presently there is a lack of information about the long-term ther-
al stability of the different chromatographic supports, moreover

here is no universal test which could provide an objective compar-
son. Many stability studies on various stationary phases have been
eported [14–16]. It should be noted that good thermal stability
nder a given condition is not a guarantee for obtaining long-term
tability under different conditions. Although zirconia-based sta-
ionary phases are routinely used isothermally at temperatures
p to 200 ◦C, they are not good candidates for temperature pro-
rammed high-temperature LC, as opposed to some other columns,
uch as graphitic carbon and special silica columns [15].

Elevated temperature can decrease the partition coefficient and
educe the retention of a particular analyte, decrease the viscos-
ty of the mobile phase, increase the analyte diffusivity [17]. The
onsequence of reduced viscosity is a lowered back-pressure over
he column, allowing higher speed, the possibility to use longer
olumns [18] or smaller particle size with higher plate numbers.
he consequence of increased diffusivity is increased mass transfer,
sually resulting in improved column efficiency. Another advan-
age of elevated temperature is that the proportion of organic

odifier in the mobile phase can be reduced and in some cases
luent containing only water can be used. This technique has been
eferred to as superheated water chromatography (SHWC), pres-
urized hot water liquid chromatography (PHW-LC) or subcritical
ater chromatography (SBWC), and has recently been reviewed by

mith [19].
The use of elevated temperatures to facilitate LC separation is

ainly restricted to scientific research and has not been widely
pplied in routine work. Vanhoenacker et al. [20] investigated the
nalysis of octylphenol ethoxylates on different stationary phases
t low (ambient), medium, and high temperature. They found that
he elution order of the oligomers was reversed when comparing
mbient and high temperature separation when using acetoni-
rile/water as the mobile phase. When a protic solvent such as

ethanol is used, the elution order is reversed compared to ace-
onitrile at ambient temperature and no reversal as a function of
emperature takes place. Sanagi et al. used polybutadiene-coated
irconia stationary phase [21] and carbon-clad zirconia stationary
hase [22] for the separation of triazole fungicides. The separa-
ion of free sterols by high temperature LC was tested by Riddle
nd Guiochon [23]. The graphitic carbon column studied provides
he best separation factors. The observed effects include selec-
ivity improvements and elution order reversal. The analysis of
ome steroids was shown by Fields et al. [6] using superheated
ater as eluent on a polymer-coated zirconia column. Al-Khateeb

t al. used a hybrid stationary phase for the high temperature
hromatography of hydrophobic steroids [24] and studied the
ffect of temperature (up to 130 ◦C) on the retention and the
fficiency. They concluded that the proportion of the organic sol-
ent for elution can be reduced at elevated temperatures for the
on-polar analytes, too, and superheated water can be used as
luent.

In the present paper, results concerning the chromatographic
ehaviour of a steroid active pharmaceutical ingredient (lev-

norgestrel) and some of its related impurities is shown on
irconia-based column at elevated temperatures. In addition, the
ffects of varying the organic modifier and the flow-rates are also
eported. Our results and the latest theoretical considerations are
ompared [27].
Biomedical Analysis 54 (2011) 458–462 459

2. Experimental

2.1. Chemicals and samples

The separations were performed on a Discovery Zr-CarbonC18
column (Zr-CarbonC18) 3.5 �m, 150 mm × 4.6 mm produced by
Supelco (Bellefonte, USA). Eluents were prepared from HPLC grade
methanol (Merck, Germany) and water in different ratios and used
at a flow-rate range of 0.5–3.0 ml/min. Water was purified by Milli-
Q Water Purification System (Millipore, USA) equipped with a
0.22 �m filter. A model solution of levonorgestrel and its impuri-
ties were used in the concentration of 0.01 mg/ml, each, dissolving
them in methanol:water = 1:1.

Steroids tested were prepared at Chemical Works of Gedeon
Richter Plc. (Budapest, Hungary) and were of the highest available
quality. Their structures are shown in Fig. 1.

2.2. Instrument

An Agilent 1100 HPLC (Waldbronn, Germany) system equipped
with a diode array detector was employed at 244 nm. All analyses
were carried out in an isocratic mode. The column temperature was
controlled by a Polaratherm Series 9000 (Salt Lake City, USA) oven
equipped with a mobile phase preheater in the range of 50–150 ◦C
with a precision of ±1 ◦C. The preheater temperature was set equal
to the oven temperature and the effluent temperature was 40 ◦C.
The chromatograms were processed using Agilent ChemStation
(Rev.A.10.02.) software and ChemStore (Rev.B.02.02) database. The
data were handled by Origin 7.5 software.

3. Theory

3.1. Dependence of the column efficiency on temperature

The value of linear velocity (u) can be calculated according to

u = Fv

�R2
c εT

, (1)

where Fv is the flow-rate (ml/min), Rc is the radius of the column
(cm) and εT the total porosity of the column [28].

The plate height of a column can be optimised by varying the lin-
ear velocity, u of the mobile phase as described by the van Deemter
equation:

H = A + B

u
+ Cu, (2)

where A is the eddy diffusion term, B/u is the longitudinal diffu-
sion term, and Cu is the mass transfer term [1]. Theoretically, the
effect of temperature on the A term is uncertain, but it is expected
that elevated temperatures will improve the laminar flow and lat-
eral mixing of the analyte molecules from different flow channels
due to the increased diffusivity, although the improvements may
not be significant [25]. The minimum plate height is independent
of temperature for fast kinetics, but the minimum plate height
decreases with increasing temperature in systems with slow kinet-
ics [2]. The coefficient A, which is a measure of how well the column
is packed, is normally little affected. The longitudinal diffusion term
B, which reflects the geometry of the eluent in the column, increases
with increasing temperatures, and becomes significant at low lin-
ear velocities. The C term, which represents the mass transport

between phases and diffusion inside the stationary phase as well as
the adsorption/desorption kinetics, decrease with increasing tem-
peratures. Therefore the minimum point of the van Deemter curve
shifts towards higher linear velocities with increasing tempera-
tures.
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because of the thermal instability of the steroid compounds inves-
tigated. A systematic decrease was observed in the retention factor
with increasing temperature. The structural differences of the com-
pounds are highlighted in Fig. 1. The curves of ln k versus 1/T are
Fig. 1. Structures of levono

.2. Effect of the temperature on the separation

The effect of temperature on the retention factor, k, can be
escribed using the van’t Hoff equation,

n k = −�H◦

RT
+ �S◦

R
+ ln ˚, (3)

here �H◦ is the enthalpy of transfer from the stationary to the
obile phase, �S◦ is the associated change in standard entropy,

nd ˚ is the phase ratio of the column [1].
In the limit of �H◦, �S◦ and ˚ being invariant with tempera-

ure in Eq. (3), a plot of ln k versus 1/T gives a straight line with
slope of –(�H◦/R) and an intercept of �S◦/R + ln ˚. Usually this

inearity proves to be a very good practical approximation for neu-
ral compounds. However, there are cases when the curves deviate
rom linearity, which can sometimes be treated in terms of divid-
ng the curve into two linear plots which intersect at the transition
emperature [26]. Guillarme et al. [27] observed a dependence of
he solute behaviour on the type of solvents. The van’t Hoff plots
ere linear for water–methanol mixtures while curved in the case

f water–acetonitrile when using organic polymer as the stationary
hase.

. Results and discussion
In our work the separation of levonorgestrel and some of its
mpurities were studied on Zr-CarbonC18 column at elevated tem-
eratures. The initial separation was run at 50 ◦C using 60% MeOH in
ater as the eluent at a flow rate of 0.5 ml/min. The chromatogram

s shown in Fig. 2.
el and related compounds.

4.1. Relationship between retention and structure

The dependence of retention on temperature was studied over
the temperature range of 50–150 ◦C (Fig. 3) for levonorgestrel
and its impurities. 150 ◦C constituted an upper temperature limit
Fig. 2. Separation of levonorgestrel and its related compounds under the initial
chromatographic conditions: column Discovery Zr-CarbonC18 (150 mm × 4.6 mm,
3.5 �m); temperature 50 ◦C; eluent 60% methanol in water; flow-rate 0.5 ml/min;
injection 20 �l of a model solution of levonorgestrel in the concentration of
0.01 mg/ml; detection at 244 nm and the numbering see in Fig. 1.
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Fig. 3. The ln k versus 1/T curves for each steroid component. The components are
6�-OH-levonorgestrel (�), 10�-OH-levonorgestrel (�), �8(14)-levonorgestrel (�),
levonorgestrel (�), levonorgestrel-ABC-triene (�), and levodion (©). Conditions:
temperature range 50–150 ◦C; other parameters see in Fig. 2. The linear equation
for levonorgestrel is ln k = 3341.98 T−1 − 7.59, R2 = 1.000

Table 1
The change of the enthalpy for each component calculated by the van’t Hoff equation.

Name of component �H◦ [kJ mol−1]

6�-OH-levonorgestrel 20.0
10�-OH-levonorgestrel 20.7

8(14)
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Fig. 4. Dependence of plate height (H) on mobile phase velocity (u) applying
different temperatures for levonorgestrel: (�) 100 ◦C, (�) 125 ◦C, and (�) 150 ◦C.
Conditions: eluent 60% methanol in water; flow-rate range 0.5–3.0 ml/min; other
parameters see in Fig. 2.

Table 2
Effect of temperature on the C terms calculated by the van Deemter equation.

t [◦C] C [103 s−1]

tion, solute retention is related to the volume fraction of the organic
solvent as

log k = log kw − S˚. (4)
� -Levonorgestrel 25.9
Levonorgestrel 27.8
Levonorgestrel-ABC-triene 33.6
Levodion 33.8

inear with correlation coefficients greater than 0.99 at a flow rate
f 0.5 ml/min and the slopes of the linear curves and the calculated
hanges of the enthalpy are almost equal to the structurally similar
omponents, which are presented in Fig. 3 and Table 1.

The relationship between the temperature and the retention
ime for levonorgestrel and its impurities being very similar, the
ther parameters of optimisation (organic modifier content and
ow rate) were investigated only for levonorgestrel as the main
eak.

To reduce the lengthy analysis time and to study the behaviour
f levonorgestrel and its impurities the following optimisation
teps were investigated.

.2. Effect of the temperature on separation efficiency

The first optimisation parameter was the temperature in the
ange of 100–150 ◦C.

The measured dependence of the plate height (H) on the lin-
ar velocity (u) at different temperatures was plotted by the van
eemter equation as shown in Fig. 4.

The actual data, represented by markers, were fitted using the
an Deemter equation. The optimum linear velocity is increasing
ith increasing temperatures. The temperature effects on the A, B

nd C terms were calculated and the results for the C term are listed
n Table 2.

It can be seen that the C term significantly decreases by increas-

ng the temperature. The diffusion coefficient of the solute in the

obile phase is the main reason for the decrease in the C term,
hich facilitates faster and more efficient separations.

Selecting the best conditions the 150 ◦C temperature was used
or further studies.
100 0.48
125 0.30
150 0.23

4.3. Effect of the methanol content of the eluent on separation
efficiency

When the solvent strength (% MeOH) is varied in isocratic elu-
Fig. 5. Plots of plate height (H) versus mobile phase velocity (u) for levonorgestrel at
different mixture of methanol and water: (�) 60% methanol, and (�) 50% methanol.
Conditions: temperature 150 ◦C; flow-rate range 0.5–3.0 ml/min; other parameters
see in Fig. 2.
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ig. 6. Fast and selective separation of levonorgestrel and its related com-
ounds. Conditions: temperature 150 ◦C; eluent 50% methanol in water; flow-rate
.5 ml/min; other parameters see in Fig. 2 and the numbering see in Fig. 1. Resolu-
ions: Rs1,2 = 3.5, Rs2,3 = 10.5, Rs3,4 = 6.6, Rs4,5 = 4.2, and Rs5,6 = 5.3.

As seen in Eq. (4) the retention decreases with increasing organic
olvent content. Fig. 5 shows that there is no significant differ-
nce between the van Deemter curves at different percentages of
ethanol (50% and 60%), therefore the lower methanol content in

he eluent was used as the mobile phase in the next optimisation
teps.

.4. Effect of the flow rates on separation efficiency

Fig. 5 shows the dependence of the plate height on the linear
obile phase velocity in the flow-rate range of 0.5–3.0 ml/min. The
inimum plate height can be achieved in the flow-rate range of

.5–2.0 ml/min at 150 ◦C, 50% MeOH.
Summarising our experiments for levonorgestrel and its

tructurally related compounds the presently optimised chromato-
raphic parameters are as follows: temperature 150 ◦C, methanol
ontent 50% in water, and flow rate 1.5 ml/min. Because of the
roper resolutions between the critical peak pairs (Fig. 6), this

mproved method may be implemented in the routine purity test-
ng of levonorgestrel API.

. Conclusion

Using a steroid active pharmaceutical ingredient and its related
mpurities as model compounds we have studied the effects
f elevated temperatures on their HPLC separation with a look
o improving chromatographic efficiency. To that end, a series
f experiments were designed to better understand the prac-
ical aspects of increasing temperatures. For the separation of
he model compounds a new generation zirconia column and

ethanol–water eluent were used. Our results indicate that the tra-
itional chromatographic equations can be expanded for elevated
emperatures as well. The elution order of these types of steroids on
irconia-based stationary phase was the same as on silica-based RP
olumns. Optimised separation parameters resulted in an improved
ethod to separate levonorgestrel and its related impurities in very

hort analysis times, and this may be applied for routine analytical
nvestigations. As a continuation of this work, further optimisation
teps and a comparison of the best HTLC methods to other HPLC,
LC, HPTLC or OPLC techniques are planned.
eferences

[1] R.J. Maggs, in: A. Zlatkis (Ed.), Advances in Chromatgraphy, Preston, Evanston,
IL, 1969, pp. 303–309.

[

[

Biomedical Analysis 54 (2011) 458–462

[2] F.D. Antia, Cs. Horvath, High-performance liquid chromatography at elevated
temperatures: examination of conditions for the rapid separation of large
molecules, J. Chromatogr. 435 (1988) 1–15.

[3] T. Greibrokk, T. Andersen, High-temperature liquid chromatography, J. Chro-
matogr. A 1000 (2003) 743–755.

[4] C.V. McNeff, B. Yan, D.R. Stoll, R.A. Henry, Practice and theory of high temper-
ature liquid chromatography, J. Sep. Sci. 30 (2007) 1672–1685.

[5] G. Vanhoenacker, A.D.S. Pereira, T. Kotsuka, D. Cabooter, G. Desmet, P. Sandra,
Evaluation of a new polymeric stationary phase with reversed-phase properties
for high temperature liquid chromatography, J. Chromatogr. A 1217 (2009)
3217–3222.

[6] S.M. Fields, C.Q. Ye, D.D. Zhang, B.R. Branch, X.J. Zhang, N. Okafe, Superheated
water as eluent in high-temperature high-performance liquid chromatograph,
J. Chromatogr. A 913 (2001) 197–204.

[7] T. Teutenberg, H.-J. Goetze, J. Tuerk, J. Ploeger, T.K. Kiffmeyer, K.G. Schmidt,
W.gr. Kohorst, T. Rohe, H.-D. Jansen, H. Weber, Development and application
of a specially designed heating system for temperature-programmed high-
performance liquid chromatography using subcritical water as the mobile
phase, J. Chromatogr. A 1114 (2006) 89–96.

[8] S. Heinisch, J.L. Rocca, Sense and nonsense of high-temperature liquid chro-
matography, J. Chromatogr. A 1216 (2009) 642–658.

[9] C. Stella, S. Rudaz, J.-L. Veuthey, A. Tchapla, Silica and other materials as
supports in liquid chromatography. Chromatographic tests and their impor-
tance for evaluating these supports. Part I–II, Chromatographia 53 (2001)
113–140.

10] Y. Yang, Stationary phases for high temperature liquid chromatography, LC GC
Europe 6 (2003) 37–41.

11] J. Nawrocki, C. Dunlap, A. McCorrnich, P.W. Carr, I. Pert, Chromatography using
ultra-stable metal oxide-based stationary phases for HPLC, J. Chromatogr. A
1028 (2004) 1–30.

12] J. Nawrocki, C. Dunlap, J. Li, J. Zhao, C.V. McNeff, A. McCormick, P.W. Carr, I.I.
Part, Chromatography using ultra-stable metal oxide-based stationary phases
for HPLC, J. Chromatogr. A 1028 (2004) 31–62.

13] C.Mc. Neff, L. Zigan, K. Johnson, P.W. Carr, A. Wang, A.M. Weber-Main, Analytical
advantages of highly stable stationary phases for reversed-phase LC, LC GC 18
(2000) 514–529.

14] T. Teutenberg, J. Tuerk, M. Holzhauser, S. Giegold, Temperature stability of
reversed phase and normal phase stationary phases under aqueous conditions,
J. Sep. Sci. 30 (2007) 1101–1114.

15] S.J. Marin, B.A. Jones, W.D. Felix, J. Clark, Effect of high-temperature on
high-performance liquid chromatography column stability and performance
under temperature-programmed conditions, J. Chromatogr. A 1030 (2004)
255–262.

16] H.A. Claessens, M.A. van Straten, Review on the chemical and thermal stability
of stationary phases for reversed-phase liquid chromatography, J. Chromatogr.
A 1060 (2004) 23–41.

17] C.R. Wilke, P. Chang, Correlation of diffusion coefficients in dilute solutions,
Am. Inst. Chem. Eng. J. 1 (1955) 264–270.

18] P. Sandra, G. Vanhoenacker, Elevated temperature-extended column length
conventional liquid chromatography to increase peak capacity for the analysis,
of tryptic digest, J. Sep. Sci. 30 (2007) 241–244.

19] R.M. Smith, Superheated water chromatography—a green technology for the
future, J. Chromatogr. A 1184 (2008) 441–455.

20] G. Vanhoenacker, P. Sandra, High temperature liquid chromatography
and liquid chromatography–mass spectroscopy analysis of octylphenol
ethoxylates on different stationary phases, J. Chromatogr. A 1082 (2005)
193–202.

21] M.M. Sanagi, H.H. See, W.A.W. Ibrahim, A.A. Naim, High temperature liquid
chromatography of triazole fungicides on polybutadiene-coated zirconia sta-
tionary phase, J. Chromatogr. A 1059 (2004) 95–101.

22] M.M. Sanagi, S.H. Heng, W.A.W. Ibrahim, A.A. Naim, High temperature high per-
formance liquid chromatography of triazole fungicides on carbon-clad zirconia
stationary phase, Malays. J. Chem. 6 (2004) 055–066.

23] L.A. Riddle, G. Guiochon, Separation of free sterols by high temperature liquid
chromatography, J. Chromatogr. A 1137 (2006) 173–179.

24] L.A. Al-Khateeb, R.M. Smith, High temperature liquid chromatography of
steroids on a bonded hybrid column, Anal. Bioanal. Chem. 394 (2009)
1255–1260.

25] J. Li, P.W. Carr, Effect of temperature on the thermodynamic properties, kinetic
performance, and stability of polybutadiene-coated zirconia, Anal. Chem. 69
(1997) 837–843.

26] Y. Liu, N. Grinberg, K.C. Thompson, R.M. Wenslow, U.D. Neue, D. Morrison,
T.H. Walter, J.E. O’Gara, K.D. Wyndham, Evaluation of a C18 hybrid stationary
phase using high-temperature chromatography, Anal. Chim. Acta 554 (2005)
27] D. Guillarme, S. Heinisch, J.L. Rocca, Effect of temperature in reversed phase
liquid chromatography, J. Chromatogr. A 1052 (2004) 39–51.

28] G. Guiochon, A. Fellinger, D.G. Shirazi, A.M. Katti, Fundamentals of Prepar-
ative and Nonlinear Chromatography, Academic Press, Amsterdam, 2006,
pp. 60–62.


	A study of some practical aspects of high temperature liquid chromatography in pharmaceutical applications
	Introduction
	Experimental
	Chemicals and samples
	Instrument

	Theory
	Dependence of the column efficiency on temperature
	Effect of the temperature on the separation

	Results and discussion
	Relationship between retention and structure
	Effect of the temperature on separation efficiency
	Effect of the methanol content of the eluent on separation efficiency
	Effect of the flow rates on separation efficiency

	Conclusion
	References


