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a  b  s  t  r  a  c  t

The  analysis  of  the nonpolar  extract  of  the  cells  of  colonies  of the  green  colonial  microalgae  Botryococcus
braunii  was performed  by  gradient  HPLC.  The  growth  of B. braunii  was  stressed  by reducing  its  nitrogen
nutrients  by  90%,  in  order  to  enhance  the  production  of  nonpolar  compounds.  Highly  efficient  4.6  mm  ×
100  mm  columns  packed  with  2.6 �m  Kinetex-C18 core–shell  particles  (Phenomenex,  Torrance,  CA,  USA)
were  used.  The  gradient  mobile  phase  was  a mixture  of  acetonitrile  and  water  (70–97%,  v/v).  Its  initial
and  final  compositions  during  the  gradient  elution  were  chosen  so  that  the retention  factors  of  the  last
eluted  compound  at the  inlet  and  outlet  of  the  column  were  15  and  1, respectively.  The  highest  peak
capacity  was  obtained  by  optimizing  several  experimental  parameters,  including  the  injected  sample
otryococcene hydrocarbons
ore–shell technology
radient elution
eak capacity
ptimization

volume,  the  flow  rate,  and  the column  length.  The  highest  resolution  was  obtained  by  connecting  one
4.6  mm  × 150  mm  and  three  4.6  mm  × 100  mm  columns  (total  length  45  cm).  The  optimum  flow  rate was
1.5  mL/min,  which  provided  the  minimum  plate  height  for the  most  retained  compounds,  the  optimum
inlet  pressure  was  930  bar  and the  injected  volume  2 �L. The  analysis  time  was  then  14  min  for  a  peak
capacity  of 121.  The  trends  observed  for  the  variation  of  the experimental  peak  capacity  with  the  flow
rate  and  the  column  length  are  in  excellent  agreement  with  theoretical  predictions.
. Introduction

The green colonial microalgae Botryococcus braunii is well
nown to produce large amounts of liquid hydrocarbon oils, which
an be used as biofuels, are suitable to operate most ordinary diesel
ngines, and might provide a promising alternative to crude oils,
hen the world reserves of oils and gas will have been depleted

nd become scarce [1–4]. Three different races (A, B, and C) of B.
raunii are recognized. Race B is much better documented. It pro-
uces C30–C37 triterpenoid hydrocarbons with the general formula
nH2n−10, also called botryococcenes. Every such compound con-
ains six double bonds. Today, up to fifty different botryococcenes
ave been identified using GC–MS spectrometry but only twenty
uch structures have been fully resolved [4].  Spectroscopic char-
cterization of these hydrocarbons is limited, except by nuclear
agnetic resonance [5] and Raman spectroscopy [6].

Before any structural characterization of a single botryococcene

ompound is attempted, several steps of separation, purification,
nd quantitation are necessary. Gas chromatography with flame
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ionization detector appears to be a suitable tool to achieve this
task. Alkanes like n-C26 to n-C31, squalane (C30H62), and squa-
lene (C30H50, itself a botryococcene) are used as reference standard
markers in order to measure the Kovats retention index and relative
abundances of these hydrocarbons. Nevertheless, isolating about
fifty different alkene compounds with molecular masses between
410 (C30H50) and 504 (C37H64) is a great challenge. Resolution
rarely exceeds unity for closely eluted pairs of botryococcenes in
GC because the elution window is relatively narrow. For instance,
a typical GC run lasting about 45 min, with a 0.25 mm  × 30 m cap-
illary column, at a 1 mL/min flow rate of Helium carrier gas, and
a linear temperature gradient from 60 to 300 ◦C, shows elution of
botryococcenes during only the last 5 min  [7].  Thus, a peak capacity
of more than 100 should be achieved to fully resolve these complex
mixtures. However, the highest peak capacity observed in such
runs is only of the order of 70. Given that elution of these com-
pounds follows a statistical distribution in time, they are randomly
spread along the retention window, which explains why only two
fifths of all possible botryococcenes have had their structures fully
characterized up to now [4].
Surprisingly, liquid chromatography seems to never have been
applied yet for the separation of botryococcenes. The recent
progress made in column technology that took place over the
last ten years [8,9] (with the commercialization of sub-2 �m fully

dx.doi.org/10.1016/j.chroma.2012.01.013
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:guiochon@utk.edu
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orous particles in 2004 and of sub-3 �m core–shell particles in
006) and the development of two-dimensional liquid chromatog-
aphy [10], now allow scientists to apply LC to rapidly separate
ighly complex samples. It should definitively be expected to
esolve the fifty or so potential components of a botryococcene
ixture by one-dimensional liquid chromatography. For instance,

.6 mm I.D. columns packed with core–shell particles [11–14] may
ow provide up to 300 000 plates/m. One of the significant advan-
ages of the columns packed with sub-3 �m core–shell particles
ver those packed with 2 �m fully porous particles is their larger
ermeability, which allows the achievement of similar resolution
owers in a markedly smaller time. In gradient liquid chromatog-
aphy, it was shown that a 10 cm long column packed with 2.6 �m
ore–shell particles could provide maximum peak capacities of 175,
00, and 50 for a protein digest mixture (ˇ-Lactoglobulin) with
atios of the gradient time to the column hold-up time of about
5, 5, and 1, respectively [15].

In this work, a method was developed that allows a maximum
eak capacity in excess of 100 to be reached in about 15 min  for

 complex mixture of the nonpolar compounds produced by B.
raunii, by using a set of 4.6 × I.D. columns packed with 2.6 �m
inetex-C18 particles. In order to reduce as much as possible both

he analysis time and the solvent consumption, at the cost of cer-
ain loss in peak capacity, two constraints were self imposed: (1)
he elution of the sample components should be spread over almost
he whole gradient time, tG and (2) the elution time of the last com-
ound should be about one hold-up time less than the gradient
ime. Then, the injected sample volume, the flow rate, and the col-
mn  length are optimized in order to maximize the peak capacity.
ll experimental peak capacities achieved are compared to those
redicted by the gradient theory assuming either the absence [16]
r the presence [17–22] of band compression during the gradient
un.

. Theory

.1. Peak capacity

The theory of gradient elution chromatography is well estab-
ished [23,24]. The underlying theory required to assess the quality
f a separation in gradient elution was developed [16] based on the
efinition of the peak capacity, Pc, which is defined as the upper

imit of the number of resolvable components assuming a resolu-
ion of unity or:

c = 1 +
∫ tlast

t0

1
4�
dt (1)

here t0 is the column hold-up time, tlast is the retention time of
he last eluted peak, t is a dummy  time variable, and � is the average
ime standard deviation of the peaks eluted during the gradient run
etween times t and t + dt.  Note that Eq. (1) assumes that the dwell
olume of the instrument is negligible.

During gradient elution, the rear part of the sample zone moves
aster than its front part because the eluent strength increases con-
tantly with passing time along the column. This phenomenon is
etter known under the name of band compression and can be
heoretically calculated under certain conditions [17].

First, if we assume that band compression is negligible during
he gradient run, the expression of the peak capacity is given by
16]: √ [ ]

c = 1 + 1

4
L

H

1
G + 1

ln
G + 1
G

eGkF − 1
G

(2)

here L is the column length, H the height equivalent to a theo-
etical plate under isocratic conditions (H is assumed constant at
 1229 (2012) 148– 155 149

all mobile phase compositions), G is the intrinsic gradient factor,
and kF is the apparent retention factor of the last compound eluted
during the gradient run. The gradient factor is written as:

G = S�ϕ
t0
tG

(3)

where S is the slope of the relationship between the natural loga-
rithm of the retention factor, k, measured under isocratic conditions
and the organic solvent concentration, ϕ, in the case when the lin-
ear solvent strength (LSS) model (ln k = ln k0 − Sϕ) applies, �ϕ  is
the change in solvent composition during the gradient, and tG is
the gradient time. Note that Eq. (2) assumes that G is constant for
all components in the mixture.

Finally, kF for the last eluted compound is given by the parame-
ters S and k0 [16]:

kF = 1
G

ln[1 + Gklast] (4)

where klast is the retention factor of this compound at the beginning
of the gradient run.

Obviously, H is not necessarily constant over the range of mobile
phase composition applied during the gradient. Therefore, the aver-
age value of the HETP, H, experienced by the sample components
during gradient elution should be used instead. It is given by [18]:

H = tG
t0

1
�ϕ

∫ ϕz=L

ϕz=0

H(ϕ)
k(ϕ)

dϕ (5)

where ϕz=0 and ϕz=L are the mobile phase compositions eluting a
given compound at the inlet and outlet of the column, respectively.

Secondly, if the band compression factor is taken into account
in the expression of the peak capacity, we  obtain [15]:

Pc = 1 + 1
4

√
3L
ωH

ln

[
2ωeGkF + G2 − 6 +  

G
(

2
√

3ω + 3G + 6
)

]
(6)

where

ω = G2 + 3G + 3 (7)

  = 2
√
ω[(G2 − 6)eGkF + ωe2GkF + G2 − 3G + 3] (8)

It is important to underline that in writing Eqs. (2) and (6) it was
assumed that (1) the gradient profile is strictly linear and prop-
agates at the same velocity as the chromatographic velocity, u0;
(2) H is constant, independently of the mobile composition; (3)
G (or the LSSM parameter S) is the same for all the compounds
eluted between t = t0 to t = (1 + kF)t0; and (4) the dwell volume of
the instrument is neglected.

3. Experimental

3.1. Chemicals

Acetonitrile, methanol, water, isopropanol, and chloroform
were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Ace-
tonitrile, methanol, isopropanol, and water were of HPLC grade.
Chloroform was of reagent grade. The mobile phase (acetoni-
trile/water) was  filtered before use on a surfactant-free cellulose
acetate filter membrane, 0.2 �m pore size (Suwannee, GA, USA).
Squalene (>99% purity) and citric acid were also purchased from

Fisher Scientific. The green microalgae B. Braunii showa (race B)
was  purchased from the University of Berkeley, CA, USA. The salts
KNO3, K2HPO4, MgSO4·7H2O, CaCl2·6H2O, ferric citrate, NaCl, and
NaOH were all purchased from Fisher Scientific.
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.2. Apparatus

The 1290 Infinity HPLC system (Agilent Technologies, Wald-
roen, Germany) liquid chromatograph used in this work includes a
290 Infinity Binary Pump with Solvent Selection Valves and a pro-
rammable auto-sampler. The injection volume is drawn into one
nd of the 20 �L injection loop. The instrument is equipped with

 two-compartment oven and a multi-diode array UV–VIS detec-
ion system. The system is controlled by the Chemstation software.
he dwell volume (e.g. the system volume from the mixing point
f the two mobile phases to the injection valve) is equal to 130 �L
100 �L mixer volume). The sample trajectory in the equipment
nvolves the successive passage of its band through the series of:

A 20 �L injection loop attached to the injection needle. The design
of the injection system is such that the volume of sample drawn
into the loop is the volume of sample injected into the column.
A small volume needle seat capillary (115 �m I.D., 100 mm long),
� 1.0 �L, located between the injection needle and the injection
valve. The total volume of the grooves and connection ports in
the valve is around 1.2 �L.
Two 130 �m 25 cm long Viper capillary tubes offered by the man-
ufacturer (Dionex, Germering, Germany) were placed before and
after the column. Their total volume is 7.4 �L.
A small volume detector cell, 0.8 �L, 10 mm  path.

Short 130 �m I.D., 5 cm long Viper capillary tubes (volume
 0.7 �L) were used to connect the different 4.6 mm  × 100 mm
olumns.

The extrapolation to a zero flow rate of the average extra-
olumn volume of the equipment, fit with the Viper capillary tubes
nd measured for 1.0 �L injections of uracil tracers in the flow rate
ange between 0.05 and 2.0 mL/min is 11.4 �L. According to the
imensions just cited, we should have expected a volume of 0.5
injection volume) +1.0 (needle seat capillary) +1.2 (injection valve)
7.4 (inlet and outlet capillaries) +0.4 (detector cell)=10.5 �L. Given
he relatively large specifications (± 20%) for the inner diameter of
he connecting capillary tubes, these two values are in good agree-

ent. We  measured an offset time of about 0.04 s between the
oments when the zero time is recorded and when the sample

eaves the injection needle. Note that the extra-column peak vari-
nce measured with the Viper connector rapidly increases from
.9 �L2 at 0.05 mL/min to 11.5 �L2 at 0.6 mL/min and remains
early constant at higher flow rates.

.3. Columns

We used four 4.6 mm I.D. columns (lengths 10, 10, 10, and 15 cm)
acked with 2.6 �m Kinetex-C18 core–shell particles, generously
ffered by Phenomenex (Torrance, CA, USA). Their total average
orosities are �t = 0.52 − 0.53 [25,26] and their average mesopore
ize is 100 Å (before C18 derivatization). Their modified silica-C18
urface were fully endcapped, according to a proprietary process.

.4. B. Braunii growth and stress conditions

A modified Chu-13 medium was prepared to culture B. Braunii
howa. This medium has the following composition (kg m−3): KNO3
0.2), K2HPO4 (0.04), MgSO4·7H2O (0.1), CaCl2·6H2O (0.08), ferric
itrate (0.01), citric acid (0.1). The pH of the medium was  adjusted
ith a 5 M solution of NaOH to 7.5 before sterilization. Two types of

edium were prepared: a normal Chu-13 (see above compositions)

nd a 10% N Chu-13 with only 0.02 kg m−3 KNO3. These two media
llow us to investigate the influence of the nutrients on the growth
urve of the microalgae and on their accumulation of hydrocarbons.
A 1229 (2012) 148– 155

Before each extraction, we measured the amount of chlorophyll
A with a fluorescence reader (TD700 fluorometer Turner designs)
by using a 450 nm wavelength excitation filter (bandwidth 50 nm)
and a 685-nm emission filter (bandwidth 30 nm). This allows us
to compare the amounts of compounds produced per mass unit of
microalgae during each culture.

3.5. Extraction of the hydrocarbon compounds

After a colony of B. Braunii showa has grown during seven con-
secutive days, an extraction process was  performed, according to
the Folch method. First, the algae culture is centrifuged during
1 h and a half at 2000 rpm, to separate algae and medium. The
supernatant is then removed and the accumulated algae cells are
collected at the bottom. The cells were lysed in a mixture of chlo-
roform and methanol (2/1, v/v), using a volume of this solvent
mixture about 20 times that of the tissue sample (1 g of cells for
20 mL  solvent). After dispersion, the whole mixture is stirred during
15–20 min  in an orbital shaker at room temperature.

The homogenate is centrifuged to recover the liquid phase,
which is washed with 0.2 volume of a 0.9% NaCl solution (4 mL  for
20 mL  homogenate). After vortexing during a minute, the mixture
is centrifuged at low speed (2000 rpm) to separate the two phases.
The upper (aqueous) phase was removed with a pipet and kept to
analyze gangliosides or small organic polar molecules. The lower
chloroform phase containing the hydrocarbons, hydrocarbons and
other hydrocarbon or weakly polar compounds is evaporated under
vacuum in a rotary evaporator. Finally, the extracted compounds
are collected in a small volume (5 mL) of isopropanol.

3.6. Hydrocarbon separation

Gradient HPLC was used for the analysis of the hydrocarbons
produced by B. Braunii. The initial and final compositions of the
acetonitrile/water mobile phase (70/30 and 97/3, v/v) were set
so that the retention factor of the last eluted hydrocarbon com-
pound was  around 15 at the beginning of the gradient run and
around 1.5 when it exited the column. In contrast to what is usu-
ally observed in gas chromatography [7,4,27], this ensures that the
less retained botryococcenes are eluted very soon after the hold-up
time. Furthermore, to spread the elution times of the hydrocarbons
over the whole gradient window (gradient time tG), the elution
time of the most retained (which seems to be also the most abun-
dant) hydrocarbon compound was adjusted at be one hold-up time
shorter than the gradient time (see Section 4 for the methodology
applied). Then, the mobile phase composition is abruptly increased
to 100% acetonitrile and the column is washed with four column
volumes. Finally, the column is equilibrated with the initial mobile
phase composition (70/30, v/v) during 5 column volumes. This elu-
tion procedure provides a wide useful retention window, hence
important gains in analysis time and solvent consumption. This also
maximizes the peak height, hence minimizes the detection limits.

Fig. 1 shows a typical gradient chromatogram recorded with
the 4.6 mm × 150 mm Kinetex column. to analyze the hydrocarbon
extract collected after a seven day growth of B. braunii submitted
to a nutrient stress (10% nitrogen-based nutrients).

4. Results and discussion

4.1. Impact of nutritional stress on the production of
hydrocarbons
First, we checked whether a colony of B. braunii incubated dur-
ing seven consecutive days under nutrient stress (10% nitrogen,
only) produces a measurable amount of hydrocarbons compared to
that produced by the same amount of microalgae incubated under
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ormal nutrition conditions (100% nitrogen). Fig. 2 compares the
hromatograms of the hydrocarbon samples extracted from these
wo cultures. The gradient conditions were not optimized for the
ample corresponding to the stressed microalgae but the amplitude
f the gradient was set to a larger value (from 20% to 97% acetoni-
rile) and the gradient time was longer (about 20 min) in order to
apture and isolate a maximum number of analyte peaks.

Fig. 2 demonstrates that the concentrations of at least six com-
ounds (see asterisks in the graph, elution times at 385, 565,
95, 730, 880, and 920 s) increase by more than 100% when the
icroalgae are stressed by a 90% depletion of the nitrogen content
n their nutrient. Other chromatograms showed that squalene is
luted after the last eluted analytes, therefore, none of the compo-
ents present in significant concentration in the extract solution
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is squalene. Most likely, the molecular masses of the hydrocar-
bons present in the extract are smaller than that of squalene
(410 g/mol), probably around 300 for the most retained ones. For
the sake of comparison, the retention times of these hydrocar-
bons are comparable to that of the polycyclic aromatic hydrocarbon
naphtho[2,3-a]pyrene, which has a molecular weight of 302 g/mol.
Therefore, one can expect that the hydrocarbons detected contain
about 20–25 carbon atoms.

The gradient conditions used for the chromatogram in Fig. 2
were not optimized. This chromatogram contains wide time gaps
with no detected peak; the first abundant analyte contained in
these hydrocarbon extracts is only eluted after 385 s (the sum of
the dwell and hold-up time is only 83 s). So, in the next Section 4.2,
we  set other arbitrary constraints in order to reduce both the anal-
ysis time and the volume of eluent consumed during the gradient
run.

4.2. Measurements made under isocratic conditions

As previously described in the experimental Section 3.6,  analyt-
ical constraints were set in order to minimize the analysis time and
the eluent volume consumed. First, we  imposed that the retention
factor, klast, of the most retained hydrocarbon produced by B. brau-
nii (elution time of 1074 s in Fig. 2) to be around 15 at the beginning
of the gradient. The mobile phase composition, ϕstart, at the start of
the gradient is then given by:

klast(ϕstart) = 15 (9)

According to the retention indices measured in gas chromatog-
raphy [7],  the elution times of botryococcenes are typically spread
between those of the normal alkanes n-C27 and n-C31 (Kovats
indices between 2700 and 3100). In liquid chromatography, it is
known that the logarithm of the methylene selectivity (log˛CH2 )
on silica-C18 bonded phases eluted with a 70/30 (v/v) mixture of
acetonitrile/water is close to 0.18 [28]. By analogy to gas chro-
matography, it is reasonable to anticipate that the retention factors
of the less retained hydrocarbon compounds in the samples will
be of the order of 15 × 10−(31−27+1)×0.18� 2 at the beginning of the
gradient. We  also decided to set the retention factor of the most
retained hydrocarbon at 1 at the end of the gradient. So, the mobile
phase composition, ϕend, at the end of the gradient is given by:

klast(ϕend) = 1 (10)

Then, we decided to impose that the gradient elution time of the
most retained hydrocarbon be one hold-up time unit shorter than
the time needed for the gradient end to reach the column outlet
or tR = (t0 + tG) − t0 = tG. So, the gradient time, tG, should be given by
the following relationship [16]:

tR = tG = t0 + tG
Slast�ϕ

ln
[

1 + Slast
�ϕ

tG
klast(ϕstart)t0

]
(11)

where klast(ϕstart) is the actual retention factor of the last eluted
hydrocarbon when it enters the column inlet and Slast is the best
slope of the plot of the logarithm of the retention factor versus ϕ,
assuming a linear solvent strength model (LSSM).

Due to these choices, the elution time of the less retained hydro-
carbon in gradient elution has to be close to the hold-up time
and that of the most retained hydrocarbon close to the end of
the gradient time. As a consequence, both the analysis time and
the eluent volume consumed during the run are lower than with
other experimental conditions. As an illustration, Fig. 1 shows the
time distribution of the eluted components when these new con-

ditions are applied for the same flow rate as that used in Fig. 2
(Fv =1.5 mL/min).

In order to determine ϕstart and ϕend, the variations of the reten-
tion factor of the last eluted hydrocarbon as a function of the mobile
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hase composition, ϕ, were measured. Eleven 2 �L samples of the
xtract of the microalgae stressed for seven days were successively
njected into a 4.6 mm × 150 mm Kinetex-C18 column and eluted

ith eleven mixtures of acetonitrile/water of decreasing concen-
rations, at a constant flow rate of 1 mL/min. The acetonitrile/water
olume fractions (v/v) were 100/0, 98/2, 96/4, 94/6, 92/8, 90/10,
8/12, 86/14, 82/18, 77/23, and 70/30. The logarithm of the reten-
ion factors seems to follow well the LSSM, written as [21]:

n k = ln k0 − Sϕ (12)

Fig. 3 shows the isocratic chromatogram of the hydrocarbon
ixture for ϕ = 0.70. The retention factors of the nine most impor-

ant peaks were measured for the chromatograms recorded with
ll the other mobile phases tested. Fig. 4 shows plots of the log-
rithm of the retention factors of these nine compounds versus
he mobile phase composition, ϕ, confirming experimentally the

alidity of the LSSM for the retention behavior of these nine hydro-
arbon compounds on the Kinetex-C18 adsorbent. We  observed that
he best slopes, S (obtained by adjusting the LSSM to the exper-
mental plots of the retention factors ln k versus the acetonitrile
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ig. 4. Plot of the logarithm of the retention factors of the nine most abundant
nalytes versus the mobile phase composition in acetonitrile, ϕ.
tration in the mobile phase given the constraints imposed to the retention factor
of  the last eluted compound at the beginning and the end of the linear gradient
(kstart = 15 and kend = 1).

composition ϕ), increase with increasing retention factors for the
first four compounds, with S1 = 5.60 to S4 = 10.3. The S parameters of
the last six compounds are close to each others, around 10.1 ± 0.2.
Most likely, these six compounds have a similar number of carbon
atom in their structure. Kinetex-C18 phases shows some interest-
ing selectivity with respect to these six analytes but they cannot
be fully resolved under isocratic conditions with ϕ = 0.70. Gradient
elution is definitely necessary to achieve this goal. Knowing the
accurate values of Slast and ln k0 in Eq. (12), we can unambiguously
determine ϕstart = 0.70 and ϕend = 0.97 as shown in Fig. 5.

4.3. Optimizing the gradient conditions

Finally, we  need to optimize the gradient separation by select-
ing the most appropriate flow rate, injection volume, and column
length.

4.3.1. Optimum flow rate
In this section, the column length was fixed at L = 15 cm.  Accord-

ing to Eq. (11), when the flow rate Fv is selected (or t0 = V0
Fv

),
the gradient time, tG, is also determined because ϕstart (=0.70),
ϕend (=0.97), Slast (=10.12), and klast(ϕstart) (=15) have already been
imposed. The solution of Eq. (11) provides the unique experimen-
tal value of tG/t0 = 4.95, hence a unique value of G for all flow rates
tested. The compromise set in this work from the constraints Eqs.
(9)–(11) between a large peak capacity and a short analysis time
provides a constant gradient factor G = 0.55 and an apparent reten-
tion factor for the last eluted compound kF = 3.95. The injection
volume was  set at 2 �L. Ten flow rates were applied sequentially:
0.25, 0.50, 0.75, 1.00, 1.50, 2.00, 2.50, 3.00, 3.50, and 4.00 mL/min.
The values of tG were 25.9, 13.0, 8.6, 6.5, 4.3, 3.2, 2.6, 2.2, 1.9, and
1.6 min, respectively. Fig. 6 plots the experimental peak capacity as
a function of the flow rate applied. Note that for the measurement of
Pc, the experimental retention window starts at t = t0 (hold-up time)
and ends at t = tlast (retention time of the last eluted compound) and
the average peak width is computed from the average peak width
measured for the last five compounds which have strictly the same
S parameter of 10.1. The experimental peak capacity is then given

by:

PC = 1 + tlast − t0

(1/5)
∑i=5

i=1wi
(13)



F. Gritti et al. / J. Chromatogr. A

43210

0

25

50

75

H
-1

/2
  
[µ

m
-1

/2
]

P
e
a
k
 c

a
p

a
c
it

y
 P

c

Flow rate  [mL/min]

0.0

0.2

0.4

0.6

F
m
b

p
a
a
f
ϕ
u
t
m
v
A
t
u
r
F
c
1
b

c
i
a

F
t

ig. 6. Plots of the peak capacities and the reciprocal of the square root of the HETP
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The variations of these experimental peak capacities were com-
ared to those predicted by the theory of gradient elution (Eqs. (2)
nd (6)).  In Fig. 6, the plots of the experimental peak capacities, Pc,
nd of the reciprocal of the square root of the HETP, 1/

√
H, as a

unction of the flow rate are shown for a mobile phase composition
 = 0.70. The plate heights, H, were computed from the average val-
es measured for the last five compounds. It is noteworthy that the
rends of both Pc and 1/

√
H are nearly parallel, in excellent agree-

ent with the previsions of Eqs. (2) and (6).  At all flow rates, the
alues of G and kF remain constant (at 0.55 and 3.95, respectively).
s the flow rate changes, the column HETP may  change also and

he variations of the peak capacity are directly related to the col-
mn  HETP. Clearly, analysts should not operate at too low a flow
ate, where the plate height is controlled by longitudinal diffusion.
or the Kinetex column and the five last eluted hydrocarbons, this
ritical flow rate for which the HETP reaches its minimum is about
.5 mL/min. On the other hand, the flow rate should not be too large
ecause then the HETP increases due to heat friction.
The experimental and theoretical peak capacities were also
ompared at a flow rate of 1 mL/min. To predict the peak capac-
ty in gradient elution, the reference average HETP experienced by
nalyte molecules during their elution has to be measured. Fig. 7
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ig. 7. Variation of the average column HETP of the five last eluted compounds with
he  acetonitrile content in the mobile phase, ϕ.
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shows how the average HETP of the last five eluted compounds
varies with increasing acetonitrile content in water from 70% to
98% (v/v). Remarkably, it is nearly constant around H = 7 �m for
ϕ < 0.90, e.g. when the retention factors of these compounds exceed
2. For acetonitrile concentrations larger than 90%, the HETP steadily
increases, up to about 13 �m,  most likely because the trans-column
velocity biases cannot be efficiently relaxed when surface diffusion
and the residence times in the column decrease. The last compound
elutes at t = 414 s. The acetonitrile composition at that time and
at the column outlet (assuming piston flow displacement) is 0.7
+(0.27/392)×(414-79-7.5)= 0.93. The average HETP, H, calculated
according to Eq. (5) is then equal to 8.2 �m.

The predicted peak capacities are equal to 69 (assuming no band
compression) and 79 when band compression is taken into account.
The measured value was  only Pc = 63. Therefore, the theoretical val-
ues of the peak capacity are incorrect because the assumptions
made in the models used are certainly too simplistic. Both expres-
sions of the peak capacity assume that (1) the gradient profile of
acetonitrile is strictly linear and propagates at a linear velocity
equal to the chromatographic linear velocity, u0; (2) the HETP is
constant in the range of mobile phase compositions experienced
by the analytes during the gradient run; and (3) the dwell volume
of the instrument is negligible.

The dwell time of the 1290 Infinity system at 1 mL/min is only
0.125 min  whereas the column hold-up time and the gradient time
are more than ten and fifty times larger at 1.31 min  and 6.48 min,
respectively. The dwell time can then be neglected in the calcula-
tions. The acetonitrile concentration varies from 0.70 to 0.93 during
the elution of the last eluted compound, a range in which the col-
umn  HETPs remain quasi-constant, at around 7–8 �m (see Fig. 7).
The second and third hypotheses were thus valid in the gradient
experiments conducted in this work. Therefore, if the theoretical
models fail, it can only be due to the fact that the first hypothesis
does not strictly apply. It is then important to check, in the present
gradient conditions (0.70 <ϕ< 0.97), if the migration velocities of the
acetonitrile concentrations remain constant and equal to the chro-
matographic linear velocity, u0, for endcapped silica-C18 stationary
phases.

A wealth of literature has been devoted to the measurement
of the excess adsorption isotherms of organic solvents (methanol,
acetonitrile, THF, etc.) aiming at characterizing chromatographic
sorbents and investigating adsorption mechanism in RPLC [29–37].
The migration velocity, u(C) of the acetonitrile wave of concentra-
tion C along the column is given by [30,31]:

u(C) = u0

1 + (S/VM)(d�/dC)
(14)

where S is the surface area available in the column, VM is the ther-
modynamic void volume, � is the unique excess adsorbed amount
of acetonitrile, and C is the concentration of acetonitrile in the bulk.
On endcapped silica-C18 stationary phases, the derivative in the
right hand side of this equation is negative and close to its steepest
value for ϕ = 0.70 [32]. This holds true for a large range of surface
coverages, from 0 (only C1 endcapped) to 3.2 �mol/m2 [34]. Accord-
ingly, the wave concentrations of acetonitrile migrate faster than
u0 and the gradient cannot be considered to be linear (due to a
non-linear distortion [38]) nor to move at a constant speed u0.

Fig. 1 proves this effect right at the optimum flow rate of
1.5 mL/min. The chromatogram shows that the initial baseline per-
turbation (the slightly parabolic drift) caused by the change in the
mixing volume ratio of the pumps is detected approximately at

t = 0.80 min, a time that is shorter than what was expected, the sum
of the dwell time and the hold-up time (i.e. tD + t0= 0.08 +0.87 =
0.95 min) if the gradient was  propagating at the constant velocity
u0.
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Fig. 10. Plots of the peak capacity and the analysis time versus the column
ig. 8. Negative effect of too large an injected volume of the sample solution on
he peak capacity. Same experimental conditions as in Fig. 1, except the flow rate
v = 1 mL/min.

.3.2. Optimum injection volume
The injection volume was increased from 0.2, to 0.5, 1.0, 2.0, 4.0,

.0, 12.0 and to 16.0 �L. The flow rate was kept at 1 mL/min, fixing
he gradient time at 6.5 min. Fig. 8 compares the chromatograms
ecorded after injecting 2 and 16 �L sample volumes. A zoom was
ade around the five last eluted compounds. This figure provides a

triking illustration of how too large an injected volume can signif-
cantly deteriorate the quality of a gradient separation. A shoulder
ppears and progressively grows on the front part of each peak
hen the injected volume is increased and becomes larger than

 �L. The peak capacity drops from 63 (when VInj = 2 �L), to 57
4 �L), 53 (8 �L), 34 (12 �L) to 29 (16 �L). Therefore, the injected
olume was kept at 2 �L.

.3.3. Optimum column length
If at a fixed temperature (here T = 295 K), the gradient param-

ters S (here 10.1), �ϕ  (here 0.27), and tG/t0 (here 4.95), are kept
onstant, the last experimental parameter that could be adjusted
s the column length. According to Eqs. (2) and (6),  increasing the

quare root of the column length should lead to a linear increase
f the peak capacity. Therefore, the column length was increased
rom 15, to 25, 35 and to 45 cm by successively coupling up to
hree additional 4.6 mm × 100 mm Kinetex-C18 columns. The opti-
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ig. 9. Effect of the column length on the separation of the last eluted fraction of
ompounds produced by B. braunii.  Same experimental conditions as those in Fig. 1.
length. Temperature T = 297 K. LSSM parameter S = 10.1. Amplitude of the gradi-
ent  �ϕ  = 0.27. Ratio of the gradient time to the hold-up time tG/t0 = 4.95. Same
experimental conditions as those in Fig. 1.

mal  flow rate was kept at 1.5 mL/min, as justified previously. The
maximum inlet pressures recorded before the gradient starts (70%
acetonitrile) were 366, 573, 745, and 930 bar, respectively.

Fig. 9 illustrates how the resolution of the most abundant com-
pounds improves with increasing the column length from 15 to
45 cm.  The peak capacity of 63 for a 15 cm long column increases
to 88, 107, and 121 for column lengths of 25, 35, and 45 cm,
respectively, in excellent agreement with the theoretical predic-
tions (Pc ∝ √

L) as shown in Fig. 10.  Obviously, the gain in peak
capacity has to be paid by a parallel increase of the analysis time
while the sensitivity of the method remains nearly constant.

5. Conclusion

The hydrocarbons extracted from cultures of the green microal-
gae B. braunii exposed to nutrition stress were analyzed by gradient
HPLC, using columns packed with core–shell particle columns. The
range of elution times of the eluted compounds compared to that
of squalene (C30H50), suggests that no measurable amount of C30 or
heavier (methylated derivatives) botryococcenes could be detected
after a period of seven days of nutritional stress. In contrast, large
amounts of hydrocarbons with lower molecular weights were eas-
ily detected by UV detection. The quality of the final separation of
these biofuel precursors using acetonitrile/water gradient elution
on a set of four 4.6 mm I.D. Kinetex-C18 columns was acceptable.
Optimum gradient elution conditions were found by keeping the
initial and final acetonitrile concentrations at 70% and 97%, respec-
tively. The flow rate was  adjusted to minimize the column plate
height under isocratic conditions. It was found critical to keep the
injection volume smaller than 2 �L to prevent serious losses in peak
capacity caused by volume and possibly concentration overloading.
Finally, the largest column length that could be used was 45 cm
(providing a total pressure drop of 930 bar) before the beginning
of the gradient. The combination of these experimental conditions
gave a maximum peak capacity of 121, with a retention window
of 11.4 min, which provided a complete resolution of the most
abundant compounds detected in the extracted mixture. Obviously,

operating columns at higher temperatures would have allowed the
use of a larger number of them, columns, e.g. to achieve a signifi-
cant increase of the peak capacity for the same analysis time. From
a practical point of view, this first gradient HPLC analysis of the
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hloroform extract of B. braunii shows that the experimental con-
itions required for the production, extraction, and concentration
f botryococcennes have not yet been fully optimized. In a forth-
oming report, the results of similar analyses made on colonies of
. braunii exposed to a series of light irradiation with a range of
avelengths from red to UV and intensities will be presented. The

xtraction/re-concentration protocols of the hydrocarbons will be
mproved. The production of low molecular weight hydrocarbons
nd of botryococcenes will be analyzed by HPLC. Additionally, HPLC
nalysis will be coupled with mass spectrometry in order to mea-
ure the masses of the hydrocarbon molecules produced by the
reen algae. Soft assisted proton ionization will be applied to ion-
ze the sample molecules without breaking any C–C or C C bonds.
rom a more fundamental point of view, the trends of the measured
eak capacities with increasing flow rates and column lengths were
ound to be in excellent agreement with the theoretical predictions,
rovided that it is recognized that the propagation velocity of the
radient along the column (the propagation of the concentration
aves) is much faster than the chromatographic linear velocity, u0.

his possibly explains why the absolute value of the experimen-
al peak capacities were slightly smaller than the theoretical ones
−9% when assuming no band compression and −20% when assum-
ng peak compression during gradient elution). In fact, the gradient
f mobile phase concentration was run over a range of acetoni-
rile concentration (0.70 <ϕ< 0.97) within which excess adsorption
nto an endcapped silica-C18 adsorbent decreases rapidly with
ncreasing acetonitrile concentration. This observation deserves

ore careful attention when estimating the organic content at the
olumn outlet, at the time when the last few compounds are eluting.
urrent gradient theories should be adjusted in order to account
uantitatively for the impact of distorted gradient elution profile
caused by steep variations of the excess adsorption of the strong
olvent) on the peak capacities.

ist of symbols

oman letters
v flow rate (m3/s)

 intrinsic gradient steepness (= S�ϕ(t0/tG))
 total column HETP (m)
 average total column HETP experienced by the sample

during gradient elution (m)
 retention factor
0 retention factor in pure water
F apparent retention factor of the last eluted compound in

gradient conditions
last retention factor of the last eluted compound at the begin-

ning of the gradient
 column length (m)
c peak capacity

 time variable (s)
0 column hold-up time (s)
last elution time of the last eluted compound in gradient con-

ditions (s)
G gradient time (s)
I elution time of the first eluted compound in gradient con-
ditions (s)
 negative of the slope of the LSSM plot
last LSSM slope parameter of the last eluted compound in gra-

dient conditions

[
[
[

[
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T  temperature during the HETP experiments (K)

Greek letters
ϕ  volume fraction of acetonitrile in the mobile phase
ϕstart volume fraction of acetonitrile at the beginning of the

gradient
ϕend volume fraction of acetonitrile at the end of the gradient
ϕz=0 volume fraction of acetonitrile at the column inlet
ϕz=L volume fraction of acetonitrile at the column outlet
�ϕ amplitude of the change in volume fraction during the

gradient
  parameter defined in Eq. (8)
� peak standard deviation (s)
ω parameter defined in Eq. (7)
ωi baseline peak width of compound i (s)
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