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Abstract⎯Prospects for using synthetic and modified nanostructured mesoporous adsorbents for the adsorp-
tion, preconcentration determination, and chromatographic separation of biologically active substances (BAS)
are shown. The need in the account of the effect of the structure of nanocomposites on their adsorption capacity
is noted. The structuredness of mesoporous materials such as MCM-41 and the high rate of delivery and
removal of biologically active substances (adsorption–desorption) upon contact with the material increase the
efficiency of chromatographic columns. Procedures for the preconcentration and separation of phospholipids
on silicon-containing materials, such as MCM-41, are developed. The number of stages in the isolation, pre-
concentration, and determination of BAS was decreased by increasing the recovery of the target component by
ordered composites based on MCM-41. Dynamic preconcentration of phosphatidylcholine on mesoporous
adsorbents is described using the dynamic model for convex adsorption isotherms. An increased efficiency of
adsorption preconcentration on nanostructured adsorbents is achieved through the more complete use of the
adsorption capacity while reducing the loss of the analyte under dynamic conditions.
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The strategy for the determination of biologically
active substances (BAS) in real samples depends on
the type of the sample and the nature and structure of
the test compound. The following stages of the inves-
tigation are distinguished: extraction of substances
from the sample, purification of accompanying com-
ponents, separation, and identification [1–3].
Adsorption preconcentration is an alternative to liq-
uid–liquid extraction [1–3]. In sorption preconcen-
tration, the selectivity of mesoporous materials can be
changed by varying the nature and strength of adsor-
bate interactions both with the adsorbent and the elu-
ent [4, 5]. The variety of materials applied in chroma-
tography and solid-phase extraction as the most
widely used methods for separation and preconcentra-
tion ensures the account of the nature of the analytes
and the presence of complex matrices. Sorption pre-
concentration is widely used in the determination of
inorganic and organic substances. An integrated
approach to the determination of BAS in mixtures
with similar structures of components and, conse-
quently, adsorption properties supposes the selection
of an effective adsorbent by varying the structure of the
material, functional groups, and methods of their
immobilization.

 Silicas as adsorbents are the most often used mate-
rials for determination of BAS [1–3]. The ability to
vary the affinity for the analyte, taking into account
the availability of active sites and the sufficient degree
of development of the surface (specific surface area),
makes it promising to use structured materials, such as
MCM-41, with a controlled pore size for the determi-
nation of biologically active substances, in particular,
phospholipids.

The adsorption preconcentration of substances is
carried out under batch or dynamic conditions [6]. In
the batch mode, the adsorption system can be charac-
terized by a distribution coefficient under the condi-
tions of attaining an equilibrium, while in the dynamic
regime, it is necessary to take into account adsorption
kinetics and the completeness of using the adsorption
capacity of the material. To increase the efficiency of
adsorption, it is necessary to achieve the maximum
possible concentration coefficient in a minimum of
time [6–10]. The effect of some equilibrium and
kinetic parameters significantly complicates the selec-
tion of the adsorbent and the optimal extraction con-
ditions, for example, the height of the adsorbent layer,
f low rate of the solution, etc. The conditions of the
sorption preconcentration of BAS are often selected
847
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Table 1. Surface and bulk properties of silicon-containing materials, determined by the nitrogen adsorption–desorption

Sample
Specific surface area (BET) Ssp, 

m2/g
Pore volume Vp, cm3/g Pore size (BJH) dp, Å

Silica 244 0.62 102.0

MCM-41 1100 0.80 27.2

MMC-1 930 1.01 26.8
empirically or by analogy with extraction preconcen-
tration techniques. Usually, the distribution coeffi-
cients of the adsorbate and the recovery are not deter-
mined [2]. This significantly complicates the selection
of effective adsorption systems for the preconcentra-
tion of substances.

To extract and preconcentrate phospholipids, such
adsorbents as silica, modified silica, and mesoporous
materials of the MCM-41 type are used [11]. However,
there is no data on the efficiency of the adsorption
process for various silicon-containing materials.

The goal of this work was to evaluate and compare
the efficiencies of the dynamic preconcentration of
phosphatidylcholine on silicon-containing materials
with different degrees of order.

EXPERIMENTAL
The test sample was individual phospholipid phos-

phatidylcholine (Sigma-Aldrich, Germany; the
chemical structure is given below) containing 95% of
the main substance, isolated from soya beans. Phos-
phatidylcholine is one of the most important biologi-
cally active substances in the body’s vital functions. It
is an ester of glycerol and two fatty acids containing
phosphoric acid residues and a nitrogenous base.

Chemical structure 
of phosphatidylcholine (bipolar form)

KSK silica (IMID, Russia), MCM-41 mesoporous
nanostructured material (Süd-Chemie, Germany),
and its analog synthesized by the procedure [12] (here-
inafter referred to as MMC-1) were used as adsor-
bents. The MMC-1 material was synthesized from a
reaction mixture consisting of an alcohol–ammonia
solution containing tetraethoxysilane (TEOS), cetyl-
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trimethylammonium bromide (CTAB), with a further
hydrothermal treatment at 120°C with the continuous
rotation of the autoclave [12]. The surface area, pore
volume and pore size distribution were determined for
all samples from nitrogen adsorption–desorption iso-
therms at 77 K; a relative pressure p/p0 was varied in
the range of 10–5–0.99, using a Tristar II 3020 specific
surface analyzer (Micromeritics, United States).
Before each measurement, the samples were degassed
under vacuum at 120°C for 20 h. Specific surface was
calculated using the Brunauer–Emmett–Teller (BET)
equation [13]; pore size distribution was determined
by the Barrett–Joyner–Halenda (BJH) method [14,
15]. The surface and bulk properties of the adsorbents
are presented in Table 1.

The adsorption of phospholipids by nanostruc-
tured materials under dynamic conditions was studied
using a chromatographic unit, including a HPLC
pump with a limiting working pressure of 30 MPa, a
container for analytical solutions and eluents, regula-
tors of the f low direction, columns (dcol = 0.5 cm, h =
2.5 cm) with the adsorbent, and the receiver f lask.

The f low rate of the solution was varied in the range
0.1–1.0 mL/min. To obtain elution curves, a hexane
solution of phosphatidylcholine (c = 2.00 × 10–3 M)
was passed through a column with an adsorbent (sil-
ica, MCM-41, or MMC-1), mads = 0.3500 g (Fig. 1).
The volume of the eluate fraction was 3.00 mL. The
breakthrough curves of phosphatidylcholine in
adsorption on silicon-containing materials were plot-
ted on the coordinates c/c0–V/V0. The amount of the
adsorbed substance E ' (mmol/g) was calculated from
the data of the breakthrough curves by the equation

(1)

where  is the amount of adsorbed

substance in each eluate fraction, mmol/g; c0 is the
initial concentration of the solution, M; c is the equi-
librium concentration of the solution, M; V is the vol-
ume of the passed solution, L; m is the weight of the
adsorbent sample, g; and V0 is the volume of the adsor-
bent in the column, L.

The analyte was then desorbed with a 96% ethanol,
passing through a column with the adsorbent (Fig. 1).
The amount of the desorbed substance in the ith frac-
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Fig. 1. Schematic diagram of the extraction of phospholipids.
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tion of the eluate (mmol/g) was calculated by the
equation

(2)

where c and V are the concentration (mM) and vol-
ume (L) of the eluate, respectively, and m is the adsor-
bent weight, g.

To quantify the phospholipids, a Shimadzu UV-
1800 (Japan) spectrophotometer was used with λmax =
273 nm; optical path length was l = 1.00 cm. Hexane
(HPLC grade, Aldrich) was used as the solvent.

RESULTS AND DISCUSSION
The adsorption chromatographic separation of

BAS can be used for their extraction and preconcen-
tration; it can also precede the determination of the
target components by one of physicochemical meth-
ods. The use of adsorption methods of preconcentra-
tion and separation is promising at the stage of sample
preparation; this decreases the number of stages and
reduces the consumption of toxic solvents. Currently,
the use of highly ordered mesoporous materials (such
as MCM-41) as adsorbents for extracting BAS is being
developed [12, 16, 17], but there is little data available.
The features of the structure and surface density of
silanol groups, the ability to adsorb solvent molecules
and participate in the solvation and fixation of ana-
lytes enable us to take into account processes occur-

=des ,Q cV m
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ring during the separation of closely related com-
pounds. It becomes possible to consider both the
kinetic and thermodynamic parameters of the adsorp-
tion of substances.

To select the conditions for adsorption preconcen-
tration, the following parameters should be optimized:
the surface and bulk properties of the adsorbent, the
volume of the column packed with the adsorbent, and
the f low rate of the solution [6, 8].

A comparison of adsorption systems under
dynamic conditions supposes the selection of the fol-
lowing criteria characterizing the effectiveness of such
systems (Table 2): preconcentration factor (PF), the
recovery of the target component (R, %), dynamic
breakthrough capacity (E), fraction of the adsorbent
capacity expended before the breakthrough (α), and
preconcentration efficiency (PE).

In working with silica gels with a low adsorption
capacity, only highly dilute solutions of BAS can be
used, while for mesoporous materials with a highly
developed surface, their significant adsorption capac-
ity and the availability of adsorption sites contribute to
the value of the preconcentration factor (PF) and
the total adsorbent capacity (η) used at the end of pre-
concentration. MMC-1 (mesoporous analog of
MCM-41) exhibits a 20- to 50-fold preconcentration
of phospholipid in comparison with the initial con-
centration c0 of phosphatidylcholine in solution
(Table 2). Desorption time becomes significantly
o. 9  2018
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Table 2. Parameters of the adsorption preconcentration
of phosphatidylcholine on silicon-containing mesoporous
materials

Adsorbent PF R, % PE, min–1 E × 104, mol/g α

Silica 4.0 30 0.06 1.5 0.35

MCM-41 30.0 85 0.20 3.7 0.75

MMC-1 20.0 95 0.20 2.5 0.85
shorter, which is associated with a rapid mass transfer
of the analyte in the mesopore system of nanostruc-
tured adsorbents. The latter fact is especially import-
ant since the overall duration of the determination of
BAS by their preliminary solid-phase extraction with
subsequent determination by one of the physicochem-
ical methods is decreased.

The highest values of the recovery of the analyte,
preconcentration factor, and preconcentration effi-
ciency are achieved in using nanostructured silicon-
containing materials compared to silica (Table 2) and
supercrosslinked polystyrenes (SPS). The adsorption
capacity of polymeric materials, with the pore size and
surface area, comparable with those of MCM-41 and
its analogs, is much lower, which is due to the lack of
nanostructuring in SPS [11]. Comparing the adsorp-
tion on silica gel and MCM-41, it should be noted
that, having an identical silicate matrix, the distribu-
tion coefficients of these materials differ by more than
twofold. This is explained by the ordered structure of
MCM-41 in comparison with the chaotic distribution
of pores and channels in silica. Low values of the
dynamic breakthrough capacity and the fraction of the
adsorbent capacity expended before the breakthrough
for silica are associated, first of all, with a small spe-
cific surface area of the material. Under the conditions
of analysis in columns packed with nanostructured
mesoporous materials such as MCM-41, a higher pre-
concentration efficiency is achieved compared to con-
ventional polymeric adsorbents and silicas (Table 2).

Adsorption under dynamic conditions and the
breakthrough of the analyte in the elution curves are
determined mainly by the kinetics of the adsorption
process (film diffusion or intraparticle diffusion).
Venitsianov [8] and Tsyzin et al. [18] noted that the
models for the adsorption dynamics could be used to
optimize the dynamic preconcentration process taking
into account the kinetics and equilibrium. Adsorption
dynamics is often described taking into account the
linearity of the isotherms. In optimizing adsorption
processes under dynamic conditions, significant diffi-
culties arise in the case of selective adsorption with
nonlinear isotherms.

Limitations imposed on solving optimization prob-
lems in dynamic preconcentration can be the fraction
of the used capacity of the adsorption layer at the time
JOURNAL O
of f low termination (η). It is shown [18] that the pre-
concentration factor

(3)
functionally depends on the fraction of the used
capacity of the adsorption layer at the time of f low ter-
mination, that is,

(4)

It was noted in [18] that η could be calculated as a
function of dimensionless variables of time (T) and
coordinate (X). It is necessary to consider such sys-
tems for preconcentration, for which the distribution
coefficient (Kd) would reach the maximum values, and
the process kinetics would allow the adsorption capac-
ity to be used to the fullest degree to reach the maxi-
mum value of η.

The second limitation caused by the characteristics
of preconcentration is associated with the level of
breakthrough, that is, the allowable loss of the target
component, the fraction of the total amount of sub-
stance entering the adsorption layer, described by the
equation [18]

(5)

where Qb is the amount of breakthrough, and Q0 is the
amount of the preconcentrated component added to
the adsorption layer (g).

Function χ can be calculated from the solution of
equation of adsorption dynamics for one of the types
of kinetics and a linear isotherm and can be repre-
sented in the form of theoretical lines [18].

In the case of mixed-diffusion kinetics, the intra-
diffusion scales of the arguments are usually selected
[18]. In this case, a set of curves is plotted for each spe-
cific value of the Biot number. The scales of length and
time are described by the equations

(6)

(7)

and the dimensionless variables of time and coordi-
nate for intradiffusion limitation are

(8)

(9)

There are no data for intradiffusion kinetics in pub-
lications; therefore, we plotted functions χ and η for
convex isotherms as isolines in the X–T plane (Fig. 2).
A solution of the problem was found in dimensionless
coordinates under the limitations indicated above.
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Fig. 2. Theoretical functions for the completeness of the use of the adsorption capacity η(X, T) and the breakthrough level of
(solid curves) χ(X, T) = 0.05 and (dashed curves) χ(X, T) = 0.1 at δ = 1.0 (Bi = 4): D = (1–11) 1.00 × 10–8 cm2/s and (12 and
13) D = 1.00 × 10–7 cm2/s.
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The optimum values of Xopt and Topt were determined
by combining two graphs of η and χ in the X–T plane
at the intersection of lines for given metrological
requirements (at the breakthrough level of χ = 0.05
and χ = 0.1). The efficiency of preconcentration as an
optimality criterion [18] is related to the f low rate υ
and the distribution coefficient Kd and is determined
by the equation

(10)

Analytical solutions to the problems of adsorption
dynamics under diffusion kinetics are most conve-
niently obtained for linear and rectangular isotherms
[19–21]. The latter version is close to the patterns of
selective adsorption of nonpolar BAS (phospholipids)
by mesoporous materials such as MCM-41. As soon as
a particle comes into contact with a solution contain-
ing an adsorbate, the full saturation of the adsorbent
surface is reached.

The adsorption option that takes into account both
the mass transfer resistance in the case of external dif-
fusion in the film and during diffusion inside the par-
ticle is the simplest in the mathematical description

opt d

opt 0
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and adequate for the coincidence of the experimental
and calculated elution curves. In this work, we used

the diffusion parameter  where kf (s–1) is the

mass transfer coefficient in the external solution,

 is the kinetic coefficient for diffusion in the

solid phase, c0 (M) is the concentration of the sub-
stance in the solution,  (mol/dm3) is the concentra-
tion in the adsorbent phase at saturation,  (cm2/s) is
the effective coefficient of internal diffusion, and
R (cm) is the radius of the adsorbent particle. Diffu-
sion parameter δ (the Helferich criterion) is equivalent
to the Biot criterion (Bi) and takes into account the
contribution of the intradiffusion ( ) or the
external-diffusion (δ → ∞) kinetics of the process. It
characterizes a possibility of changing the kinetic
regime (from intradiffusion to external-diffusion and
vice versa), which involves the use of poorly studied
models in the mixed-diffusion dynamics of adsorp-
tion.

To plot the dependences on the dimensionless
coordinates of length and time, we used the solution of

δ = 0

0

,f

p
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k q
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Fig. 3. Breakthrough curves of the phosphatidylcholine
adsorption on (1) MCM-41, (2) mesoporous composite
MMC-1, and (3) silica from hexane solutions: (points)
experimental data and (curves) theoretical calculation
using an asymptotic model.
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the inverse problem of adsorption dynamics in the
form of analytic solutions of the system of asymptotic
equations (11) [20]. The presented system of equa-
tions (11) was obtained on the basis of the approach
described by Yoshida et al. [20]; it takes into account
the mixed-diffusion kinetics of the process for adsorp-
tion systems with convex isotherms. The solution of
the inverse problem of adsorption dynamics and the
calculation of the kinetic (diffusion) parameters of
adsorption (  δ) in this paper are based on the type of
the elution curves using the system of asymptotic
equations for mixed-diffusion control under 

(11)

Asymptotic relations (11) were obtained by the
method of characteristics using the analytical solutions
given by Yoshida [20], with the equation z = x – υt in
the absence of longitudinal effects. With a long
adsorption time  and boundary conditions

   
 and , Eqs. (11) satis-

factorily describe the adsorption of BAS in the col-
umns for that external-diffusion and intradiffusion
kinetics are more typical. Here n, n′, , and  are
the molar fractions of the adsorbate in the bulk solu-
tion, at the interface of the adsorbent, in the adsor-
bent, and at , respectively.

It is essential for the selective adsorption of BAS
that δ  1 (for example, δ = 10); then, a significant
decrease in the loss of the analyte, corresponding to
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χ = 0.05–0.1, can be achieved. Such adsorbents are
promising for dynamic adsorption preconcentration
with the full use of adsorption capacity up to 0.6–0.8.
It is important to use materials with δ = 1.0 (for mixed-
diffusion kinetics), for which the difference in the
mass transfer rate in solution and in the adsorbent
phase is minimal. For nanostructured materials, such
as MCM-41, with minimal kinetic limitations, the
adsorption capacity of the material is most fully uti-
lized, and the maximum values of the concentration
factor are reached.

The breakthrough curves (Fig. 3) represent multi-
parameter dependencies, taking into account both
kinetic and equilibrium adsorption parameters of sub-
stances. The curves in Fig. 3 significantly change with
the variation of the isotherm type (the distribution
coefficient Kd). Phospholipids under dynamic condi-
tions are adsorbed on nanostructured MCM-41 with
comparable contributions of intradiffusion and exter-
nal-diffusion kinetics at the Biot number Bi close to 4
[21], which corresponds to δ → 1.

The calculations carried out using the system of
equations (11) show the highest efficiency of the
dynamic preconcentration of BAS on nanostructured
materials of the MCM-41 type with a narrow pore size
distribution. Apparently, this is achieved due to the
higher adsorption capacity of ordered materials in
comparison with conventional silicas, higher avail-
ability of adsorption sites, and, as a result, more com-
plete use of adsorption capacity.

The use of mesoporous adsorbents (MCM-41 and
its synthetic analog MMC-1) as solid-phase carriers
offers the achievement of significant extraction rates
and increases the accuracy and rapidness of analysis,
while decreasing the total costs of implementing the
analytical process. The widening of the adsorption front
of phosphatidylcholine, especially at c/c0 > 0.5 (Fig. 3),
indicates a decrease in the efficiency of chromato-
graphic separation in the transition from MCM-41
(and its analogue MMC-1) to silica, which can cause
loss of the target component and the error in determi-
nation of the phospholipid during its adsorption pre-
concentration.

The desorption stage plays a vital role in the
adsorption extraction and preconcentration of phos-
phatidylcholine, which ensures the evaluation of the
degree of adsorbent regeneration and a possibility of
its further use. Desorption was studied specifically for
the hexane systems because the maximum adsorption
capacity of silicon-containing materials with respect
to phospholipids is obtained for extraction from hex-
ane solutions. Desorption was carried out with 96%
ethanol because phospholipids have a greater affinity
for this solvent compared to less polar hexane.

The curves of phosphatidylcholine desorption
(Fig. 4) from silicon-containing adsorbents differ in
their fronting compared to conventional disordered
adsorbents (for example, polymeric SPS [11]). The
F ANALYTICAL CHEMISTRY  Vol. 73  No. 9  2018
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Fig. 4. Desorption curves of phosphatidylcholine from
(1) MCM-41, (2) MMC-1, and (3) silica gel; U =
0.2 mL/min, m = 0.35 g. 
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maximum concentration in the desorption curve com-
pared with the initial concentration of phosphatidyl-
choline increases several times, which indicates the
possibility of preconcentrating phospholipids using
silicon-containing adsorbents. The preconcentration
factor is determined as the ratio of the concentration
of the component in the preconcentrate (cpreconc, M) to
its concentration in the initial sample (c0, M) [7], that
is,

(12)

The greatest efficiency of phosphatidylcholine
desorption is observed when the first 2-mL portion of
the solvent is passed through the adsorbent layer of the
height h = 2.5 cm at the adsorbent weight m = 0.35 g.
The preconcentration factor of the phospholipid
increases in the series of silica < MCM-41 < MMC-1
(Table 3), which enables the use of the synthesized
ordered MMC-1 material at the stages of sample
preparation as an analog of preconcentration car-
tridges.

The volumes of ethanol required to achieve 80%
and 95% desorption (V80% and V95%, respectively) and
the preconcentration factors (PFs) are presented in
Table 3. The desorption rate reaches 80% with the pas-
sage of 3–9 mL of ethanol and 95% with the passage
to 20 mL of ethanol, which shows the economic use of

= preconc 0PF .c c
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Table 3. Parameters of the phosphatidylcholine desorption
from silicon-containing mesoporous materials

Adsorbent PF80% PF95% V80%, mL V95%, mL

Silica 1.7 4.0 9.0 18.0
MCM-41 5.9 30.0 9.0 15.0
MMC-1 5.5 20.0 3.0 18.0
solvents in the extraction and preconcentration of
phospholipids on silicon-containing adsorbents.

CONCLUSIONS

The use of nanostructured mesoporous materials,
such as MCM-41, in adsorption chromatographic
processes increases the efficiency of the separation
and preconcentration of biologically active sub-
stances. Increasing the availability of pore space in the
bulk adsorbent ensures an increase in the proportion
of adsorption sites involved in the retention of analytes
(up to 80–90%) in comparison with conventional
adsorbents (less than 30%) in the adsorption chro-
matographic determination of BAS. The most signifi-
cant increase is in the dynamic breakthrough capacity,
which enables the separation of the analytes similar in
nature and adsorption properties.
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