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The effect of porogen additives (polyethylene glycol and cetylpyridinium chloride) on
the sorption kinetics and mechanical stability of silica monoliths was studied. Three
kinetic models: (i) pseudo-first-order kinetic model; (ii) pseudo-second-order kinetic model;
(iii) intra-particle diffusion model were applied for treatment of sorption kinetics of
malachite green. The improving of sorption kinetics by introducing additives of polyethyl-
ene glycol and cetylpyridinium chloride into the reaction mixture for sol-gel synthesis was
observed and discussed. The optimized composition of reaction mixture was used for
producing of monolithic layers on the glass solid support, which were successfully used for
separation of test mixture of dyes.

Wsyueno BiausHue mopoobGpasoBaresneil (IIOJUITUNEHIINKONSI U IMEeTUINUPAAUHANL XJIOPU-
Ia) Ha KMHETUKY U MEeXaHHUYEeCKYIO0 CTONKOCThL MOHOJHTOB KpemMHe3ema. s MHTepIperamun
JAaHHBIX 10 KHHETHKE COPOIMHN MAaJaxXHTOBOIO 3eJI€HOr0 IpHUMeHeHO Tpu momenu: (i) KumeTu-
yecKas MOeJb IICeBLO-IepBoro mnopsaaka; (ii) xuHermueckass MOAENb IICEBIO-BTOPOTO IIOPSI-
Ka; (iii) momesns muddysuu BHYTPU UYACTHUI[. Y CTAHOBJIEHO, UTO KMHETUKA COPOIMU yJIydIma-
eTCs 3a CUeT BBEJEHUS IIOPOOOPA3YIOIINX BEIeCTB, TAKUX KAK IIOJUITUJIEHIJINKOJIb U I[eTHJI-
NMUPUIANHAN XJIOPUI, B PEAKIMOHHYIO CMECh IIPU 30Jb-Tejib cuHTesde. OnruManbHBIN cocTas
PEaKIIMOHHOM CMEeCH KCIIOJIb30BAH [IJIs IIOJYUYEHHs MOHOJUTHBIX CJI0€B HA CTEKJISHHOM HOCH-
Tene. IlosyueHHbIe IACTHHLI YCIEIIHO IPUMEHEHBl IJIS PasdlesieHus TeCTOBOM cMecH Kpacu-
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1. Introduction

Monolith is the solid continuous block
("single-piece”) of porous material with bi-
modal distribution dimensions of pores
(macropores and mesopores) [1]. The prob-
lems of synthesis and application of mono-
liths have received much attention during
last year’s [1-5]. This is due to the fact that
monolithic columns are a recent acquisition
of analytical chromatography and solid-
phase extraction [4, 5]. The essential advan-
tages of monolithic materials, synthesized
by sol-gel method, stem out from the possi-
bility to control and optimize separately the
average sizes of macro-, meso- and micro-
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pores. Thus, the monolithic sorbents that
have high permeability and can provide
high efficiency and low retention times
could be fabricated. The preparation of sil-
ica monolith suitable for chromatography or
sample preparation is difficult problem due
to low reproducibility of results that is
caused by lot of factors affecting the struc-
ture and mechanical stability of sorbents [1].
As far as we know, there is only one single
reliable commercial source of monolithic
columns for high-performance liquid chro-
matography (Chromolith from Merck KGaA,
Darmstadt, Germany; Onyx from Phenome-
nex, Torrance, CA, USA, is "based on mono-
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lithic technology licensed from Merck
KGaA"), as well as for thin-layer chroma-
tography, which is called now ultra-thin
layer chromatography [6, 7]. These sorbents
have been under intensive investigation
during last decade, however, due to the
high cost of monolithic columns and plates
their advantages and disadvantages are not
fully investigated.

Several attempts are known in literature
related with producing of monolithic thin-lay-
ers on the carrier [8-10]. However, the special
equipment for disposition of monolithic layer
on the carrier and long term for obtaining of
layer with appropriate thickness are the limi-
tations of these approaches. In work [11]
more simple procedure for thin layers with
monolithic sorbent have been proposed. Un-
fortunately, our efforts to reproduce this
method were unsuccessful [12].

In our previous works we have concen-
trated our attention on the sol-gel synthesis
conditions and investigation of properties of
silica monoliths, which can be formed as
thin-layer on the solid carrier [12-14]. The
type of solid carrier and the procedure of
its pre-treatment were chosen [12]. The type
of precursor, control of drying additive,
type of surfactant for increasing the adhe-
sion between carrier and reaction mixture
were selected [14]. The effect of drying
regime and maximum temperature were
studied by Fourier transform infrared spec-
troscopy and scanning electron microscopy
[12-14]. Recently, the influence of the cata-
lyst and pH of the reaction mixture on the
sorption capacity of monolith were studied
[13].

In this work the effect of amount of or-
ganic solvent additives in reaction mixture,
the molecular weight and amount of
polyethyleneglycol, concentration of ce-
tylpyridinium chloride and the procedure of
monoliths washing on the kinetics of mala-
chite green adsorption and mechanical sta-
bility of produced monolith were investi-
gated. The optimized sol-gel method of
monoliths synthesis was used for prepara-
tion of monolithic thin-layers and separa-
tion of test mixture of dyes by ascending
thin-layer chromatography (TLC).

2. Experimental

Tetraethoxysilane, ethanol (96.6 %),
N,N-dimethylformaldehyde (DMFA, Merck,
Germany), cetylpyridinium -chloride (CPC,
98.6 %, Merck, Germany), polyethylenegly-
col (PEG, M, 800 and 1000, Fischamend,
Austria) were used for synthesis of mono-
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lithic sorbents. Acetonitrile (Reakhim, Rus-
sia) was used for washing of synthesized
sorbent. Sorption properties of monoliths
were investigated with respect to dye mala-
chite green (malachite green oxalate, Shost-
kinsky plant of chemicals) at pH 4.3. Buffer
solutions were prepared with sodium dihy-
drogen phosphate and potassium hydrogen
phosphate. Bromocresol green (Reakhim,
Russia), malachite green, methyl red (Reak-
him, Russia) were used as test substances
for TLC separations. Absorption spectra
were registered by photometer KFK-3
(Zagorsky UEW, Russia). Glass cells of
0.8 cm length were used for photometric
measurements.

Monolithic block sorbents were prepared
by sol-gel method according to the proce-
dure described in [13]. The monolithic lay-
ers for TLC were produced by the recently
proposed procedure: the phosphate buffer
with pH 7.4, DMFA and CPC dissolved in
ethanol were mixed with PEG, and then the
TEOS was added to reaction mixture. The
reaction mixture was stirred intensively for
40 min and distributed on glass pre-treated
by the previously described procedure. The
mixture was dried at room temperature for
2 days, then, the glass plate was trans-
ferred to drying box. During 12 h the tem-
perature was increased from 40°C to 60°C at
5°C/hour. After 12 h the temperature was
increased from 60°C to 90-95°C at the same
rate. Then, the layers were dried at 90-
95°C for 24 h.

Three main kinetic models are commonly
used for description of the adsorption kinet-
ies: (i) pseudo-first-order kinetic model,
called Lagergren equation [16]; (ii) pseudo-
second-order kinetic model, which was pro-
posed by Ho [17, 18]; (iii) intra-particle dif-
fusion model, proposed by Weber et al. [15].
These three models have been used for de-
scription of kinetics of malachite green
sorption on the monolithic sorbents synthe-
sized by different procedures.

In the pseudo-first-order kinetic model
the rate of adsoption is linearly propor-
tional to the amount of sorbate :

dn 1
d—tt = ky(ngy — 1y, M
where n,, and n, are the amount of dye
adsorbed at contact time ¢ (sec) and at equi-
librium, respectively; k; is the pseudo-first-
order constant. After integration with
boundary conditions t =0 to ¢t =¢ and n;, =0
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to n; = n;, the following linear equation can
be derived:

(2)

n,) = logn L.

1 B R
08, eq 2,303

It is generally accepted that the pseudo-
first-order kinetic model is related to diffu-
sion-controlled process of adsorption.

The pseudo-second-order model is repre-
sented as follows:

dn 3

d—tt = k(N — ny?, )
where k5, is the pseudo-second-order con-
stant. After integration for the boundary
conditions ¢t =0 tot =t and n, =0 to n, = n,
and linearization of the obtained equation,
the following model can be obtained:

t 1

LA 5
iy k2n'eq

(4)

t
+ —.
Teg

The values of n,, and k, are calculated
from the intercept and slope of Eq. (4). The
pseudo-second-order model is based on the
assumption that the rate-limiting step may
be chemical sorption or chemisorption.

The intra-particle diffusion model is
based on the following relationship between
amount of adsorbed substance and time:

n,=kVE +1, (5)

where k is the intra-particle-diffusion rate
constant. This model assumes that the sorp-
tion process consists of four steps: (i) mi-
gration of the adsorbate from the bulk
phase to the surface of sorbent; (ii) diffu-
sion through the boundary level; (iii) trans-
port of the molecules from the surface to
the interior pores; (iv) adsorption of mole-
cules on the active centers of sorbent by
chemical reaction.

3. Resultls and discussion

The force driving mobile-phase migration
in ascending TLC is the decrease in the free
energy of the solvent as it enters the porous
structure of the layer. Thus, the transport
mechanism is the result of capillary action
[19-21]. Capillarity elution of solvents
through the thin film media requires
macrosized intercalated pores, with continu-
ous channels throughout the porous chroma-
tographic media. Regular, thin, sol-gel de-
rived films have only nano-dimension pores
which hinder eluent migration through the
media [11]. Thus, the additives of templates
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are needed for formation of macropores in
monolith for its application in chroma-
tographic separations.

The molecules with high molecular weight
or self-organized surfactant solutions, e.g.
polyvinyl alcohol, polyethyleneglycol [22, 23],
polyacrylic acid, cetylpyridinium chloride, [22,
24] lipase, egg albumin [25] etc, are often
used as additives for formation of macropores
in silica monolith.

In our previous work the next molar pro-
portions of TEOS, H,O, DMFA, EtOH, CPC
were used for synthesis of monoliths
1.0:4.6:1.4:1.9:8.1074. The synthesis was
performed at pH 7.4 maintained by phos-
phate buffer with concentration 0.067 M
(the concentration is related to H,O volume
of reaction mixture). The additive of CPC
was used mainly for increasing the adhesion
between the pre-treated glass support and
reaction mixture. Recently, we have exam-
ined the effect of polyethyleneglycol (M,
300) on the specific surface area of mono-
liths. It was observed that polyethylenegly-
col with M, 800 improves the mechanical
stability of monolithic blocks, formed in
medical syringes, and increases the specific
surface area of monolith up to molar ratio
of PEG to TEOS equals to 0.31:1. The fur-
ther increasing of PEG in reaction mixture
leads to decreasing of the specific surface
area. The important step of block monolith
and thin-layer fabrication is the washing of
sorbent from the components of reaction
mixture. The acetonitrile was recognized as
best solvent for static as well as dynamic
washing of monolith among the following
solvents: H,O, mixture H,O:acetonitrile (1:1
by volume), acetonitrile, ethanol, iso-pen-
tanol, acetone and ethylacetate.

In this work we have studied the appli-
cability of different kinetics models for the
treatment of data on kinetics of malachite
green adsorption on the monolithic blocks.
The results of the modeling were used for
the optimization of monolith synthesis. The
addition of PEG to reaction mixture con-
sisted of TEOS, H,O, DMFA, EtOH, CPC
(molar ratio 1.0:4.6:1.4:1.9:8:107%) results
in some inhomogeneity of reaction mixture.
Thus, we have investigated how the in-
creasing of solvent (ethanol) amount in re-
action mixture affects the gel formation
process, kinetics of dye sorption and me-
chanical stability of monolith, synthesized
in the presence of PEG with molar ratio to
TEOS equals 0.31. The ratio of ethanol to
TEOS was varied from 1.9 to 13.4 (Table).
The pseudo-second-order model in general

545



A.P.Boichenko et al. /| Optimization of sol-gel ...

Table. Parameters of kinetics models and correlation coefficients for linearized equations (2), (4),
(5) for sorption of malachite green on monoliths, synthesized with using different molar propor-

tions of components

Pseudo-first order Pseudo-second order Intra-particle diffusion
X |n, (B5h)| n,, ky, | R? Moy kg, R? I, k, R?
o &) umoelqg_l IOg-s_1 p.rnoelq-g_1 g~|ytrnol-2106-s_1 umol-g™1 izlf)&%f—xl
Molar proportions of reagents TEOS:H,0:DMFA:EtOH:PEG (M, 800):CPC
1.0:4.6:1.4:X:0.31:8-107%;
1.9 6.34 5.1 14 - 7.9 25 0.991 | 0.68 43 0.992
3.8 3.99 3.2 15 |0.98 4.8 50 0.992| 0.70 25 0.990
7.7 11.5 10 18 |0.99 14 15 0.997 1.6 77 0.980
9.6 9.21 7.8 16 |0.99 11 19 0.99 1.4 60 0.997
11.5 9.62 8.7 17 10.98 12 16 0.996 1.1 66 0.980
13.4 9.67 8.9 16 |0.98 12 15 0.99 0.87 67 0.997
Molar proportions of reagents TEOS:H,0:DMFA:EtOH:PEG (M, 800):CPC
1.0:4.6:1.4:7.7:0.31:X;
6-1073| 5.04 3.8 13 ]0.998 6.2 34 0.99 0.70 33 0.998
2.10°3| 4.72 3.9 17 10.99 5.6 45 0.993| 0.94 29 0.992
3.103| 5.59 4.5 17 10.991 6.7 39 0.994 1.1 34 0.991
5.1073| 6.07 5.33 18 10.99 7.4 32 0.996 1.0 39 0.990
6-10°3| 6.23 5.6 18 10.99 7.4 32 0.994 | 0.88 41 0.990
810°3| 6.89 5.5 17 10.99 8.2 33 0.993 1.5 41 0.992
Molar proportions of reagents TEOS:H,O0:DMFA:EtOH PEG (M, 1000) :
CPC 1.0:4.6:1.4:7.7:X:8-107%;
0.03 5.41 4.0 17 10.98 6.6 35 0.99 0.90 34 0.996
0.05 5.42 4.0 20 |0.98 6.4 44 0.993 1.3 32 0.99
0.09 8.94 4.8 23 |0.97 9.7 63 0.9994| 4.3 38 0.87
0.13 10.29 4.2 40 0.992 11 216 0.9999| 8.1 19 0.77
0.26 9.38 4.2 29 ]0.998 9.8 107 0.9999| 6.0 28 0.89
0.52 5.67 5.3 23 [0.996 7.1 30 0.9997] 0.72 39 0.97

gives the good fit of obtained experimen-
tal data for silica monolith synthesis
with different additives of alcohol. The
maximal n,, and high value of k; was
observed for the silica monolith synthe-
sized with following molar proportions of
TEOS, H,O, DMFA, EtOH, PEG (M, 300),
CPC 1.0:4.6:1.4:7.7:0.81:8:107%. The high
goodness-of-fit was also observed for the
intra-particle diffusion model. In both mod-
els the process of chemisorption is taken
into account. Thus, it can be concluded that
the interaction of monocationic form of
malachite green with dissociated silanol
groups is important process of sorption on
fabricated silica monoliths. The increasing
of alcohol content in the mixture results in
formation of glassy and breakable monolith.
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It is known that the additives of surfac-
tants above the critical micelle concentration
could be used for obtaining of monoliths with
nanostructured pores. We have examined the
affect of CPC additives on the sorption kinet-
ics and mechanical stability of block mono-
liths as well as thin monolithic layers.

The molar ratio of CPC to TEOS was
changed from 6-107% to 9.8:1072. However,
only the monoliths synthesized by using
molar proportion of CPC to TEOS up to ap-
proximately 8-103 were mechanically stable.

As can been concluded from comparison
of R2 values the pseudo-second-order model
and intra-particle diffusion model gives the
better description of experimental data than
pseudo-first-order model (Table). According
to the parameters of these models the high-
est n,, and kinetic constant were observed
for reaction mixture with molar proportion

Functional materials, 17, 4, 2010
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Fig. 1. Pseudo-second-order kinetic model (a) and intra-particle diffusion model (b) for adsorption
of malachite green on monoliths synthesized using different ratios of PEG (M, 1000) X = (1) —
0.03, (2) — 0.05, (3) — 0.09, (4) — 0.13, (5) — 0.26, (6) — 0.52. Molar ratio of components in
reaction mixture TEOS, H,O, DMFA, EtOH, PEG (M, 1000), CPC (1.0:4.6:1.4:7.7:X:8-107%).

of CPC 8-1073. This amount of CPC was
used for further investigations.

The volume of meso- and macropores can
be increased by additives of porogens with
high molecular weight. The additives of
PEG with M, 1000 instead of PEG with M,
300 were used for synthesis of monoliths.
The ratios of PEG to TEOS were varied
from 0.03 to 0.52. It is interesting that in
the case of additives of PEG with M, 1000
only the pseudo-second-order model pro-
vides high quality of results description
(Table, Fig. 1). The high values of n,, were
observed for monolith synthesized wi%h the
reaction mixture containing 0.09, 0.13 and
0.26 moles of PEG per 1 mol of TEOS
(Table). The kinetic constant, kg, for this
monoliths equals 63, 216 and 107 corre-
spondingly. However, for monoliths ob-
tained by using reaction mixture with 0.09
and 0.13 moles of PEG per mol of TEOS the
curvature of intra-particle diffusion model
is more pronounced than for 0.26 mol of
PEG 1000 per 1 mol of TEOS (Fig. 1b). This
fact is also confirmed by comparison of cor-
relation coefficients for intra-particle diffu-
sion model (Table). The presence of two
straight lines for intra-particle diffusion
model can be interpreted as simultaneous
occurring of two processes during adsorp-
tion on the monolith: fast diffusion through
the boundary layer and intra-particle-diffu-
sion through pores [15].

Thus, the monoliths synthesized with the
ratio of PEG (M, 1000) to TEOS equals 0.13
and 0.26 gives the best sorption kinetics
characteristics (Table) according to pseudo-
second order model. However the data ob-
tained for PEG (M, 1000) to TEOS ratio 0.13
were unsuccessfully described by intra-parti-
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cle diffusion model. The composition with
molar ratio PEG (M, =1000) to TEOS equals
0.26 was used for producing monolithic lay-
ers on the glass support.

The fabricated thin monolithic layers
were tested for TLC separation of the mix-
ture of dyes: bromocresol green (0.7 g/l),
malachite green (0.4 g/1), methyl red
(0.4 g/1). The TLC plates were of 3x3 cm?
area. After drying, the TLC plates were
washed with acetonitrile and dried again.
The separations were performed in ascend-
ing mode by using the mobile phase tolu-
ene:methanol (80:20 by volume). 0.3 pl of
the dyes mixture solution was brought at
the start line by using chromatographic mi-
crosyringe. The three dyes were completely
separated in 5 min; the distance from the
start to front line equals 2 cm. It is inter-
esting that the same mixture of dyes could
not be separated on the commercial normal-
phase plates Sorbfil (PKB Plastmash, Kras-
nodar, Russia) using the same mobile phase
even after 30 min.

4. Conclusions

The analysis of sorption kinetics on the
monolithic sorbents can be useful for opti-
mization of sol-gel synthesis and investiga-
tion of mechanism of sorption process. The
pseudo-second-order kinetic model gives the
better goodness-of-fit for treatment of ex-
perimental data obtained for sorption of
malachite green on different monoliths in
comparison with pseudo-first-order model
and intra-particle diffusion model. The
analysis of kinetic models results in conclu-
sion of chemisorption process on the mono-
lithic sorbents. The optimal amounts of
polyethylene glycol and cetylpyridinium
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chloride were selected for fabrication of
monolithic thin layer on the solid glass sup-
port on the basis of sorption kinetic investi-
gation. Better selectivity and lower separa-
tion time of the test mixture of dyes was
observed for TLC plates with monolithic
sorbent in comparison with classical normal-
phase TLC plates.
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OnTumisanmia ymMmoB 30JIb-T€JIb CHHTE3Y IJA OJepP:KaHHA
MOHOJIITHUX COPOEHTIB Ha OCHOBI KpeMHe3eMYy,
NEePCHEeKTUBHUX NJsA XxpoMmatorpadii: KiHeTuka copoIrii
Ta MeXaHiuyHa MiIlHiCTh

O.11.Boiiuenko, A.M.Dponoéa, O.J0.Konoeanosea, J.I1./Iozinosea

BuBueno BminB mOpPOYyTBOPOBAUiB (IIOMieTHUIEHIIIKONIO Ta NETHINIPUAMHINA XJI0PUAY) HA
KiHeTMKy Ta MexaHiuHy MinmHicTh MOHOJITIB KpemHesdemy. ya iHTepmperanii maHux miomo
KimeTuku copOuii masmaxiToBOro 3esieHOro 3acTtocoBaHo Tpu Mogmexni: (i) KimeTmuHa Momesb
rcepmo-mepiioro mopsaaky; (il) xkimerwmuna momesnn mceBmo-apyroro mopsaaky; (iil) momess
nudysii Bcepemuui yacTrox. BeranoBieHo, 1o Kimermka copOIfii moKpallyeTbcid 3a PaxyHOK
BBeeHHS IOPOT€HHHUX PEUYOBMH, TAKMUX SK IIOJieTHJIEHIVIIKOJb Ta HEeTUIIiPUANHIN XJI0pum,
Yy peakmiiiny cymiml mpu 30Jb-resb cuHTesdi. OnTuMaabHui CKJIaJ peaxiiiinol cymimi Buko-
pucTaHO A OTPUMAHHS MOHOJITHMX IIapiB Ha ckJasHomy Hocii. Orpumani mniaacTuHN
YCIHIIIIHO 3aCTOCOBAHO AJA PO3ALIEHHS TecTOoBOI cymimii GapBHHKIB.
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