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Abstract

Hybrid-silica materials containing octyl, phenyl and urea-propyl functional groups were reported.
These functionalized silicas were prepared by a via one-pot synthesis method through co-
condensation of tetraethyl ortosilicate with organosilanes co-precursors. The obtained materials were
analyzed by a number of techniques including scanning electron microscopy, Fourier transform
infrared spectroscopy,

X-ray diffraction pattern and nitrogen sorption measurement. The main elements: morphology and
surface properties of the final products that are basically dependent on the type and the quantity of
functional-containing groups were fully discussed. The adsorption properties of the modified silicas
were investigated against bilirubin in aqueous solution at pH 7.4, the effect of time was studied as
well. The modified silicas showed a greatly increasing of adsorption capacity for bilirubin compared
to pure amorphous silica. The results indicate that the type of functional-containing groups and
surface properties affect the adsorption behavior. These materials show a potential application as

effective adsorbents for bilirubin removal.
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Introduction

Silica gel is an amorphous inorganic polymer composed of internal siloxane groups (Si—O-Si) with
silanol groups (Si—OH) distributed on the surface. Nowadays, silica gel is widely used in many
chemical processes to provide new technical application due to its valuable physical and structural
characteristics such as a high chemical and thermal stability, a large surface area and a pore size,
chemical inertness, and it is a great potential for fabricating nanostructures [1-4].

Moreover, modified silica gels have increased their potential application in many scientific and
technological branches such as a high performance liquid chromatography (HPLC)

bonded phases for specific separations, supports for catalysts in specific organic reactions, supports
for microorganism and pesticides [5], and the extractions of metallic cations from aqueous and non
aqueous solvents by forming immobilized metallic complexes [6]. Modification of silica surface can
be achieved via several methods: (1) functionalization with organic functional groups [7]; (2) via a
physical adsorption of active species leading to a variety of useful supported reagents [8]; (3)
modification via incorporation of natural or synthetic polymers [9-11]. Functionalization of
mesoporous silicas with silane-coupling agents via two-steps methods has attracted considerable
attention [12,13]. This is mostly due to its a large surface area and pore size in comparison to
nonporous silica [14]. Several mesoporous silicas have been functionalized with different ligands and
intensively investigated over the last decade [14-17]. Moreover, at present time the preparation of
organo-functionalized mesoporous silicas using one-pot synthesis method have been received much
attention [18,19]. According to the grafting two-step method of synthesis, the population of the
organic groups is limited to the original number of surface silanols on the mesoporous silica, and
thus, a low surface coverageis obtained [20]. The most promising method is based on one-pot
synthesis [22]. In recently published article [21] the one-pot grafting method of polystyrene on
polydopamine coated silica particles was investigated. The obtained results showed that one-pot graft-
ing approach exhibited higher grafting density when compared to two-steps grafting strategy. What
is more, the nature of functional groups grafted on silica surface plays an important role in the sur-
face properties of modified materials such as a hydrophobicity and a chemical reactivity [2,22] what
makes its great potential to use these materials in drug delivery systems or a treatment of different
toxicological diseases.

One of the well-known endogenous toxins is bilirubin [23].

Bilirubin is a pathogenic substance and one of the products of hemoglobin’s metabolism. Normally,
bilirubin is transported tothe liver as a complex with albumin where it is conjugated with glucuronic
acid and excreted into bile [24,25]. However, when the bilirubin concentration in plasma is higher
than the normal level (>15 mg/dL), it is usually caused by pathogenic liver disease.



Moreover, the extra free bilirubin binds and deposits onto carious tissues, including the brain tissues
[26]. Many techniques have been employed for the removal of a high concentration of bilirubin from
plasma in order to prevent the liver disease and brain damage such as plasma apheresis, hemodyalysis,
photocatalytic or affinity membrance chromatography [26]. However, hemoperfusion treatment is
one of the most effective techniques at the moment [27,28]. This technique is based on the circulation
of blood through a special unit containing an adsorbent for bilirubin removal. So, bilirubin interaction
with various compounds which then might be used for surface modification of the adsorbent is
interesting subject of many publications [29-32]. Due tothe fact that bilirubin has several
hydrophobic and hydrophilicreaction sites in its structure and also contains carboxyl and iminegroups,
the interactions of matrices with tetrapyrrole may be carried out by various ways [23,29].
Conformational state of bilirubinalso plays a significant role during the interaction processes.
The“ridge-tile” conformation of the pigment is one of the most stable conformations in majority of
solutions and solids (Fig. 1) when binding processes are investigated. It was reported by McDonagh
group the additional interactions between bilirubin molecule and protein occur via hydrogen-bonding
of the carbonyl oxygen in the protein and two nitrogen atoms of bilirubin [23]. It was shownwhen
considering the bilirubin and -cyclodextrin binding, that the hydrophobic interactions can play a
critical role for inclusionability for bilirubin [33]. It was shown that extra free bilirubin can be
attached to cyclodextrine (CD) family via electrostatic forces [34]. Another work [35] describes a
complex formation of poly(zincprotoporphyrin-methacrylic acid-ethyl glycol dimethylacrylate)
matrix (ZnPP) with bilirubin. It is established that the four pyrrole-rings of ZnPP could form stacking
interaction with the four-pyrrole rings of bilirubin. The zinc in the ZnPP structure could further
coordinate with bilirubin to form much rigid recognition sites in the matrix. To sum up, we can
conclude that the different mechanisms of bilirubin interaction with various substances can be
successfully applied to develop a new approaches of bilirubin utilization from the human organism
[36]. Up to now, several adsorbents with different physical and chemical characteristics were used
for bilirubin removal. In recent article [37], bilirubin adsorption capacities on single-wall carbon
nanohorns (SWNHSs) were investigated. Authors showed that bilirubin is selectively adsorbed to the
SWNHs, especially to the SWNHSs with high oxidation levels against aloumin simultaneously mixed
insolution. In another paper [38], the analysis of the bilirubin adsorption confirmed the possibility of
electrostatic interactions between bilirubin molecules and guanidine polymers incorporated inside
silica matrix.

Although a lot of publications concerning the preparation of surface-modified silica particles have
been written but the effect of functional groups on the surface properties, morphological structure
and, therefore, their influence on the bilirubin adsorption arenot clearly understood. Here, a
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comparative study of the influence of organosilane co-precursors on the morphological structur eof
the final products and bilirubin adsorption from aqueous solution at pH 7.4 has been performed. The
adsorbents for bilirubin removal were prepared using tetraethyl ortosilicate and organosilane co-
precursors as starting materials for surface modification.

Octyltriethoxysilane and phenyltriethoxysilane were chosen as the agents for modification due to the
presence of octyl and phenyl functional groups exhibiting hydrophobic properties. The 1-[3-
(trimethoxysilyl)-propyl]urea was chosen because of the presence of amine and carboxyl functional
groups. For all hybrid materials ratios of tetraethyl ortosilicate and organosilane co-precursors were

employed, to explore the effect of this parameter on their properties.

2. Experimental

2.1. Materials and methods

Octyltriethoxysilane CH3(CH2)7Si(OC2H5)3 (OTES >97.5%),phenyltriethoxysilane
C6H5SiI(OC2H5)3(PhTES>98%),1-[3-(trimethoxysilyl)-propyl]urea
(CH30)Si(CH2)BNHCONH2(TMSPU > 97%) were purchased from Aldrich (USA).
Tetraethylortosilicate Si(OC2H5)4(TEOS > 98%) was supplied by commercial chemical Company
“Ecos-1” (Russian Federation). Bilirubin(Mw= 584.7 g/mol) was purchased from Sigma—Aldrich
(USA). Aqueous solutions at pH 7.4 were prepared by dissolving bilirubinin alkaline solution
lowering the pH by addition of phosphate buffer and filtering the prepared solution to remove any
solid bilirubin. Absolute ethanol and ammonia solution (25 wt% ammonia) were obtained from
“Ecos-1” (Russian Federation). The chemicals were analytical grade and were used without further

purification. Deionized water was used in these experiments.

2.2. Synthesis of non-functionalized silica.

The synthesis route of non-functionalized silica is rather typical and it was already described in [39].
In a typical synthesis, it was used TEOS and H20 in relative molar ratios of 1:4. For this rea-son,
8.13 g of TEOS was added in 22.66 g of water—ethanol solution containing 2.66 g of water and 20 g
of ethanol. Then this obtained mixture was stirred for 2 h. The 0.005 ml ammonia solution (pH8) was
added every 20 min during 2 h. After that the mixture was transferred into a Petri dish and was aged

for 3 days until the formation of silica particles The solid product was washed with de-ionized water

and ethanol, and then dried for 2 days at 95 C under vacuum.

2.3. Synthesis of octyl functionalized silicas.



Octyl functionalized silica (OctSiNP-1) was prepared following an approach schematized in Fig. 2.
More in detail, 6.48 g of TEOS and 1.82 g of OTES were added into water—ethanol solution
containing 2.66 g of de-ionized water and 20 g of ethanol. The ammonia solution was used as a base
catalyst. The molar composition of the initial mixture was 4:1 = TEOS/OTES. After stirring for 2 h
at room temperature, the obtained homogeneous mixture was transferred into a Petri dish and was

aged for 3 days until the formation of the ultra-disperse silica particles. The solid product was washed

with de-ionized water and ethanol, and then dried for 2 days at 95 < Cunder vacuum. The synthesis of

other octyl modified samples was the same to the one above described. The weights of TEOS, OTES
and the molar ratio of TEOS/OTES are shown in Table 1.

2.4. Synthesis of phenyl functionalized silicas.

The method for functionalization of amorphous silica gel byphenyl groups is familiar to above
described and is illustrated for all functional groups in Fig. 2. The phenyltriethoxysilane was used for
surface modification. In order to prepare a sample with the lowest phenyl-containing groups (PhSiNP-
1) the mixture containing6.48 g of TEOS and 1.88 g of PhTES was added to solution consisting of
20 g of ethanol and 2.66 g of de-ionized water and stirred for 2 h at room temperature. Also the
ammonia solution (pH 8) was added as a base catalyst during 2 h. Then the obtained mixture was
transferred into a Petri dish and was aged for 3 days until the formation the ultra-disperse silica

particles. Then the solid phase was separated and washed with de-ionized water and ethanol. After

that, it was dried under vacuum at 95 - C for 2 days. The same process was repeated for other samples

modified with phenyl groups.
The weights of TEOS, PhTES and the molar ratio of TEOS/PhTES are shown in Table 1.

2.5. Synthesis of urea-propyl functionalized silicas

For preparation of urea-propyl functionalized silicas (Fig. 2), thel-[3-(trimethoxysilyl)-propyljurea
was used. Typically for synthesis of USINP-1, 6.48 g of TEOS and 1.74 g of TMSPU were mixed
and added to the water—ethanol solution containing 20 g of ethanol and2.66 g of de-ionized water.
The reaction mixture was stirred for further 2 h at room temperature by adding the ammonia solution.

After that the obtained mixture was aged during 3 days. The final precipitate was collected by

filtration, washed with water—ethanol solution and dried under vacuum at 95-C for 2 days. The

weights of TEOS, TMSPU and the molar ratio of TEOS/TMSPU for all prepared samples are shown
in Table 1.



2.6. Characterization of the obtained materials

X-ray diffraction analysis of the powder samples was performed using a Bruker X-ray diffractometer
D8 Advance. X-ray source was Ni-filtered MoK, radiation. The X-ray source operating voltage
was40 kV and the scan rate was 2/min. The nitrogen adsorption and desorption isotherms were
measured at 77 K on a Micromeritics ASAP 2020 m instrument (Micromeritics Instrument Corp.,
Nor-cross, GA). The Brunauer—Emmett—Teller (BET) specific surface area was calculated using
adsorption data. The pore size distribution curves were calculated from the analysis of the adsorption
branch of the isotherm using the Barrett-Joyner—Halenda algorithm. Error in determining of BET
surface area and pore volume are estimated to be within 5%. The Fourier transformed infrared
spectroscopy (FTIR) spectroscopy was performed on a NicoletTM4700 FTIR spectrometer
(“Nicolet”, USA). The transmittance measurements were carried out according to the KBr technique.

The spectra were performed in the 4000-400 cm~! range. The scanning electron microscope (SEM,

20 kV) images were taken on high resolution scanning electron microscope Tescan Mira-3LMH.
Before examining, all the samples were dissolved in ethanol. The obtained emulsion was coated onto

the polished surface of aluminum table. The obtained samples were kept for a day under vacuum (10

—-2Pa). Electron microscopic studies were carried out at accelerating voltage of 20 kV. The analysis

of the particle size distribution for all prepared samples is based on ASTM E112-12 (Standard Test
Methods for Determining Average Grain Size). All prepared samples (about 1000 particles of every
sample) were analyzed in two dimensions. The obtained quantitative data were statistically
processedand then the histograms of particle size distribution were built.

2.7. Adsorption of bilirubin on the functionalized and amorphous silicas

All bilirubin samples with various mass (stored in dark at 15 - C) were dissolved in a small amount

(0.2 ml) of alkaline solution (NaOH, C = 0.2 mol/l) with pH 13. After complete dissolution and
intensive mixing during 5 min, bilirubin solutions in NaOH were diluted by addition of phosphate
buffer (NaH2PO4/Na2HPO4, pH7.4) and filtered the prepared solution to remove solid bilirubin if

any remained. The solutions obtained (4 ml) were also stored in dark at 15°C and fully employed

within the following 2 h. The prepared water solutions with different concentration of bilirubin were
used for adsorption experiments. In every experiment, 125 mg of adsorbent and 10 ml of bilirubin

solution were mixed and stirred at 25°C. After the adsorption equilibrium has been attained, the

solution was separated by centrifugation. The concentration of bilirubin in water solution before and

after adsorption was determined by UV-visible spectrophotometer SF-104 (“Aquilon”, Russian
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Federation) at 440 nm. The pH values were measured by a pH-meter U-500 (“Aquilon”, Russian
Federation). Confidence intervals of 95% were calculated for all samples, to determine the margin of
error. The amount of bilirubin adsorbed onto silica surface (mg/g) was calculated by the following

equation:

_ V(C-0)
M@0 ()

where Co and C are the initial and the residual bilirubin concentration in solution (mg/ml), V is the

volume of bilirubin solution (in ml), m is the mass of the adsorbent (in g), respectively.

3. Results and discussion

3.1. FTIR spectra

The FTIR spectra of non-functionalized and functionalized silicas revealed several bands which are
assigned to the various structural units and surface groups of the silica matrix. Fig. 3demonstrates the
FTIR spectra of SiNP, OctSiNP-3, PhSiNP-3 andUSiNP-3, respectively. There are minor differences
for other samples with a different quantity of functional-containing groups so we presented only FTIR
spectra of samples with high-test quantity of grafting functional groups. The analysis of the FTIR
spectra of the synthesized silicas is presented below. All major vibrations frequencies and their
corresponding structural units are shown in Table 2 for better comprehension. Analysis of FTIR

spectra of pure amorphous silica and octyl modified silicas revealed the broad band in the range 3558

3346 cm! corresponding to the O—H stretching bands of hydrogen-bonded water molecules and SiO—
H stretching vibrations [40]. The corresponding Si-OH bending mode is found at 948 cm=!. The

“bulk” vibrational modes corresponding to SiO4 groups are observed at 1087-1095 cm-?, 800 cm-!

(antisymmetric and symmetric Si—O-Si vibrations, respectively), with the bending vibrations at 458—

457 cm-! [41]. The FTIR spectra of octyl modified silicas (Fig. 3) show the described modes of
amorphous silica with clear bands between2989 and 2848 cm~! (intensive asymmetric and symmetric

C—H stretching vibrations, 1640, 1615 and 1384 cm~1. The band at1384 cm=! can be assigned to the
antisymmetric bending mode of the CH3 unit [42]. The phenyl functionalized silicas (PhSiNP-3).
These show in addition weak peaks around 2989-2919 cm=! (C—H antisymmetric and symmetric
vibrations) probably due to small amounts of contaminants. The presence of the phenyl groups is
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testified by bands at 1432 and1384 cm-?, which can be assigned to the aromatic ring vibrations. The

sharp weak peaks at 1432 cm=! corresponds to the combination of two vibrations: phenyl C=C

stretching vibrations and in-plane C—H deformation [42]. It is also observed that the intense band

corresponding to the asymmetric Si—O stretching vibrations is separated into two peaks: one small

weak at 1135 cm=! and another very intensive at 1078 cm-L. This could be related to a distortion

induced by the insertion of the phenyl groups in the silica matrix. The narrow peaks at 700 cm-! are

assigned to the phenyl out-of-plane ring deformation vibration [42,43]. The FTIR spectra of urea-
propyl modified silicas revealed the same bands which also typical for pure silica and other organo-

functionalized silicas: the Si—-O-Si stretching bands at 1066 cm-* belongs to the USiNP-1; the broad
peak between 3544 and 3353 cm-! corresponds to the water adsorbed onto silica surface. The bands

of C—H groups are very weak and located at about 2933 cm=*. The difference between FTIR spectra

of urea-propyl modified silicas and non-functionalized silica can be associated with the presence of

intense peaks in the range of1672-1590 cm-1corresponding to the amide carbonyl stretching

vibrations known as the (C=0) amide | [39,44] and the (N-H) amide 11 [39,44,45], respectively. Thus,
we can conclude that silica surface were successfully modified using the combination of silicon
precursors and co-precursors that were confirmed the existence of different chemical groups

corresponding to the functional groups of silicon precursors and co-precursors.

3.2. X-ray diffraction analysis of organo-functionalized silicas
XRD patterns of pure silica and samples with the highest concentration of functional-containing

groups are shown in Fig. 4. XRD patterns of the organo-functionalized silicas and pure silica gel pro-

duce broad scattering peaks around at 20-25 > which assigned to the typical structure of amorphous
silica. As demonstrated Fig. 4, four peaks with different intensity were observed for all samples.
These four peaks correspond to the interatomic distances in silica matrix. A small difference in the

intensity of these peaks for SiNP, OctSiNP-3, UPSiINP-3 and PhSiNP-3 indicates minor changes in

geometrical structure of synthesized samples related to the influence of func-tional groups grafted

onto silica surface. According to the literature [46—48] the position of the peak s4 (s4= 3.18-3.31 A-

1Y corresponds to the distance range = 2 n/s = 1.97-1.89 A which is typical for Si-O interatomic



distance. The peaks (s3) up to s = 1.65 A-tor r = 3.80 A are determined by the Si-Si distance [48].

However, the peak (s3) is very broad and weak in case of pure silica. This suggests an effect of the

different silica condensation rates when using different organosilanes during sol—gel synthesis. The

weak peak (s1) at 0.46 A-! can be clearly indicated only for PhSiNP-3. This might be due to the

formation of an ordered arrangement of pores in silica matrix (see below for textural properties

discussion).

3.3. Scanning electron microscopy

To investigate the influence of grafted functional groups on the morphology and particle size of
modified silicas, all prepared samples were examined by scanning electron microscopy (Figs. 5-7).
The data of non-functionalized silica are not placed here because there were shown and discussed in
our previous work [49]. The silica particles are of spherical shape and in size range from 200 to 400
nm. The particles are well define and do not form agglomerates. Fig. 5 represents the typical SEM
images of urea-propylfunctionalized silicas. As for urea-propyl functionalized silicas, spherical
particles are not uniform in size as can be clearly observed from the SEM images and corresponding

particle size distribution. The particle size distribution of the USiNP-1 extended from 0.35 um to 5.25

um, with average size of 2.41 £ 0.30 um. The most abundant measured size are 1.10 pum, 2.50 pum

and 3.20 pm (26%,30% and 25%, respectively). By comparing the three urea-propyl functionalized
silicas an increase in average size and related standard deviation is observed. This indicate that an
increase of thecontent of TMSPU during sol-gel synthesis favors the formation ofbig spherical
clusters of silica particles. The SEM images of phenyl functionalized silicas are shown in Fig. 6
demonstrating significant difference in morphology and particle size distribution compared to urea-
propyl functionalized silicas. The SEM images of phenyl-functionalized silicas show the presence of
different non-uniform particles and particle agglomerates. We can conclude that the application of
phenyltriethoxysilane in sol—gel synthesis leads to the formation of plate like structure. This might be
explained by the high rate of hydrolysis and polycondensation of phenyltriethoxysilane. These
properties thus favor the formation of big non-uniform cluster agglomerates. The obtained histograms
of particles size distribution show the influence of phenyl quantity on average particle sizes. The
particle size distribution of PhSiNP-1 ranges from 0.5 to 33 um with them most abundant populations
between 1.98 and 4.01 um. The average particle size is about 2.19 um. However, big particle
agglomerates of 10, 12 and even 20 pm can also be observed PhSINP-2 is characterized by particle

sizes between 2 and 17 um, with more abundant ones in the range from 4 to 8 um. A further increase

10



of average particle size is observed in the case of PhSiNP-3, indicating also in this case an effect of
the phenyl-containing functional group concentration on the growth of silica agglomerates. The SEM
images of octyl functionalized silicas revealed that they have spherical morphology. What is more, it
can be seen that all samples (Fig. 7) exhibited nanostructure with uniform spherical nanoparticles
uniform in size. The influence of octyl-containing groups on particle size distributions can be inferred

from the corresponding histograms (Fig. 7). The particle size of OctSiNP-1ranges from 66 to 174 nm

and the average particle size is about112 + 21 nm. The main peak corresponding to the average

particle size equals to 149 + 36 nm in case of OctSiINP-2, while the sample with highest octyl-

containing groups is characterized by the narrowest particle size distribution with a mean value of

167 + 23 nm. As observed for the other samples also in this case particle size increases with an

increase of the functional groups. So, the investigation of the SEM images of all samples modified
with urea-propyl, phenyl and octyl groups indicates that the size and the shape of the final products
were fully dependent on quantity and the type of the used organo-precursors in sol—gel synthesis. The
structure of final products is tunable by varying the molar ratio of used silicon precursors and co-

precursors in sol—gel synthesis.

3.4. Surface area characterization

The nitrogen isotherms with the corresponding pore-size distribution for samples with a minimum
and maximum content of functional groups are presented in Fig. 8. As it can be seen from Fig. 8,
according to the IUPAC classification [50] the samples SiNP and PhSiNP-3 exhibit type | (SiNP) and
type IV (PhSiNP-3) adsorption/desorption profiles, respectively. The typical hysteresis loop (type
H2) is observed in case of PhSiNP-3. The hysteresis loop is usually associated with the filling and
emptying of the mesopores by capillary condensation. However, the other samples modifying with
octyl and urea groups show type Ilb isotherms with type H3hysteresis associated to inter-particles
pores originating from packing of particles. The isotherm of pure silica (SiNP) exhibits a very gradual
increase of adsorbed nitrogen, suggesting a broad distribution of pores, which are however
characterized by small volume (Table 3). In this case no hysteresis loop is observed, showing an
important effect of the functional groups on silica porosity. The BET surface area of all samples along
with their total pore volume and average pore size calculated according to the BJH methods are listed
in Table 3. The obtained results show that the surface properties of modified silicas are clearly
different from pure silica. The pure silica is characterized by a low specific surface area (~40 m?/g).
Also the pore size distribution curve of pure silica shows very intensive peak at 2.6 nm and one weak

peak between 5 and 7 nm. The increase in the surface area, pore size and pore volume is observed
11



after surface functionalization for all silicas modified with octyl, phenyl and urea-propyl fragments.
The specific surface area, average pore size of OctSiNP-1are 91 m%/g and 16 nm while the specific
surface area and average pore size of OctSiNP-3 are 85 m?/g and 19 nm, respectively. This a minor
effect of octyl functional groups on surface properties is observed. However, we can observe serious
changes in surface area in case of phenyl modified silicas. The surface area of PhSiNP-1 equals166
m2/g whereas the surface area of PhSiNP-3 is 330 m2/g. The latter sample (PhSiNP-3) also shows a
narrow pore size distribution with the average pore size of 6.5 mn whereas PhSiNP-1 is characterized
by the broad pore size distribution with average pore size of 17 mn. This suggests an important effect
of the phenyl functional groups concentration on the surface properties and porosity. By comparing
these data to the SEM images it is clear that the sample (PhSiNP-3) shows the highest specific surface
area but also the largest particle size. This apparent disagreement could be explained by an important
role of the small pores in determining the overall surface area. Furthermore, the formation big clusters
of agglomerates consisting of non-spherical particles might have an impact. The particle shape is an
important factor in determining physic mechanical properties of colloidal systems and could be
responsible for the formation of relatively small pores (6.5 nm), responsible for the high surface area.
Analysis of experimental data of urea-propyl modified silicas confirmed the fact that increasing the
amount of urea-propyl groups onto silica surface leads to a reduction in the surface area. This also
results in a decrease of pore size which is probably due to the occupation of the functionalized

molecules on the surface.

3.5. Adsorption of bilirubin from aqueous solution.

3.5.1. Effect of time

The effect of time on the bilirubin adsorption was studied (Fig. 9).The results show that adsorption
rate depends on the type of the sed adsorbent. It appears that the adsorption kinetics of pure
amorphous silica was faster than that of the modified silicas with different functional groups. The

time required to reach equilibrium conditions was about 60 min in case of pure amorphous silica

whereas the adsorption time of OctSiNP-3 and PhSiNP-3 for reaching equilibrium conditions was ~

90 min. This was even higher forUSINP-3 (~120 min). It can be also seen that the adsorption capacity

of the modified adsorbents is higher than for pure silica. This fact might be due to specific Van der
Waals, hydrogen bonding and electrostatic interactions, which could require a longer time to reach
equilibrium conditions. Moreover, the differences in kinetics could be related to the different

interparticle porosity of the samples. More details concerning the type of interactions between
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bilirubin and functionalized silica surface will be discussed later. A wide range of adsorption rates
have been reported in the literature.

From the analysis of literature [51] for patients diagnosed as having fulminant hepatitis it was reported
that the effective treatment time for bilirubin removal ranges from 1 to 2 h. In this study it can be
concluded that the time to reach equilibrium conditions seems to be quite suitable.3.5.2. Bilirubin
adsorption isotherms. The relations between the equilibrium concentration of bilirubin and the
equilibrium adsorption amount of bilirubin for all prepared samples are given in Fig. 10. The
adsorption values of bilirubin increased as the bilirubin concentration increased, and finally reached
a saturation level at high concentrations. It can be seen that up to a certain concentration, no more
bilirubin can be adsorbed on the silica surface. Therefore, it can be estimated that the adsorption
capacity of SINP, OctSiNP-1,0ctSiNP-2 and OctSiNP-3 for bilirubin are 0.32, 0.57, 0.64 and 0.73
mg/qg, respectively. As for PhSiNP-1, PhSiNP-2 and PhSiNP-3, the adsorption capacity equals to
0.51, 0.71 and 0.95 mg/g, respectively. The adsorption capacity for USiNP-1,USiNP-2 and USiNP-3
is found to be 0.95,1.53 and 2.01 mg/g, respectively. The obtained results indicate that the adsorption
capacity for bilirubin of functionalized adsorbents increased after surface modification.

It can be observed that the maximum amount of adsorbed bilirubin strongly depends on the type and
quantity of used functional groups. It is clearly that the adsorption capacity of octyl and phenyl
functionalized silicas is much higher than that of pure silica gel. Bilirubin is basically a hydrophobic
molecule so its higher adsorption in case of silicas modified with octyl and phenyl groups can be
probably related with the hydrophobic properties of octyl and phenyl groups. It was shown [52,53]
that hydrophobic interactions play an important role in adsorption of dyes and drugs when the silica
surface was modified by octyl and phenyl fragments. More-over, the pore volumes of OctSiNP-3
(0.48 cm®/g) and PhSiNP-3(0.39 cm3/g) are sensibly larger than that of pure amorphous silica (0.015
mq/g). This fact also plays an important role in increasing of adsorption capacity for bilirubin. The
phenyl functionalized silicas exhibited a better value of adsorption capacity which can be associated
with stronger hydrophobic attractions and higher surface area (SBET= 330 m?/g for PhSiNP-3). The
urea-propyl modified adsorbents seem to have the best adsorption capacity for bilirubinin aqueous
solution with respect to the other prepared materials. In aqueous solutions, amine and carbonyl groups
of urea fragment can be protonated and deprotonated. The lone pair of electrons on the nitrogen is
delocalized into the carbonyl with formation of negative and positive charges, respectively [54]. In
water at pH 7.4 two carboxyl groups in bilirubin molecule can dissociate with negative charge.
Therefore, we can suggest that high adsorption capacity for bilirubin is observed due to existence of
strong electro-static interactions between carboxyl groups of bilirubin and amine groups in urea

fragment of modified silica. In addition, formation of hydrogen bonding between amide carbonyl
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groups and carboxyl groups of bilirubin and non-specific Van der Waals interactions have influence
on bilirubin adsorption. However, the surface area and porosity have also impact on increase of
adsorption capacity with respect to bilirubin. Thus, the difference of bilirubin adsorption is mostly
due to the properties of each adsorbent: the morphological structure,s pecific surface area, total pore
volume and average pore size, functional groups grafted onto surface. Moreover, even if the amount
of organic functionality was not determined in the pre-pared hybrid materials, an effect of the ratio
between tetraethylortosilicate and organosilane co-precursors employed in the synthesis was
observed in the adsorption efficiency. Therefore, we suppose that the type of surface functional
groups has the strongest influence on bilirubin adsorption. The surface area of octyl- and urea-propyl
modified silicas does not change remarkably in comparison with their adsorption capacities.
Moreover, in spite of the highest surface area of phenyl modified silicas (Seer= 330 m?/g), the urea-
propyl modified silica (SBET= 105 m2/g) is characterized by the highest adsorption. Also we suggest
that spherical particles of urea-propyl modified silica with maximum coverage of functional groups
provide better interactions with bilirubin molecules and, therefore, increase adsorption efficiency.
When comparing the adsorption capacity of the obtained materials to adsorbents reported by other
authors (Table 4), it can be concluded that the adsorbents prepared in this work have good adsorption
capacity for bilirubin. The adsorption capacity of these adsorbents depends on the type of reactive
ligands and experimental conditions (e.g. the conditions for bilirubin adsorption experiments). For
instance, the adsorption capacity ofcyclodextrin-grafted polyethyleneimine is a bit higher than that of
our functionalized silicas. But the organo-functionalized silicas have higher adsorption capacity
compared to albumin modified silicas and poly-d-lysine immobilized chitosan particles. Also it
should be indicated that there are some adsorbents based on nanocarbon exhibiting excellent
adsorption properties for bilirubinin comparison with our materials. Thus, the difference of bilirubin
adsorption is mostly due to the properties of each adsorbent: the morphological structure, specific

surface area, total pore volume and average pore size, functional groups grafted onto surface.

4. Conclusions

Hybrid silicas functionalized with octyl, phenyl and urea-propyl groups were successfully prepared
via sol—gel technique. The FTIR spectra of the obtained functionalized silicas confirmed the presence
of functional groups. The morphological structure and surface properties of final products were
tunable by varying the type of used organosilanes and the molar ratio of TEOS and co-precursors.
The use of the functional organosilane co-precursors leads to generation of different morphology
from plate-like structure to spherical nanoparticles. The functionalized silicas are characterized by
the special interface properties for effective bilirubin binding and a good range of adsorption rate for
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bilirubin. It was shown that bilirubin adsorption is affected by the type of functional-containing
groups and their surface coverage. The urea-propyl functionalized silicas showed the largest binding
ability for bilirubin from aqueous solution (pH 7.4) compared to octyl and phenyl functionalized
silicas due to the presence of amine and carboxyl functional groups and uniform structure. The results

show the good potential of these functionalized silicas as effective adsorbents for bilirubin removal.
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Fig. 1. Structure formula of bilirubin in “ridge-tile” 5Z, 15Z conformation stabilizedby six

intramolecular hydrogen bonds.
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Table 1

Amount of silicon precursors used in the synthesis of the organo-functionalized silicas.

Samples TEOS/OTES OTES TEOS
(molar ratio)

SiNP — 0 8.13
OctSiNP-1 4:1 1.82 6.48
OCctSiNP-2 3:1 2.28 6.08
OctSiNP-3 2:1 3.05 5.41

Samples TEOS/PhTES PhTES TEOS
(molar ratio)

SiNP — 0 8.13
PhSINP-1 4:1 1.88 6.48
PhSiNP-2 3:1 2.34 6.08
PhSINP-3 2:1 3.12 5.04

Samples TEOS/TMSPU TMSPU TEOS
(molar ratio)

SiNP — 0 8.13
USINP-1 4:1 1.74 6.48
USiNP-2 3:1 2.17 6.08
USiNP-3 2:1 2.89 5.04
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Table 2

Characteristic vibration frequencies (cm™) in FTIR spectra of synthesized silica samples.

Octyl-functionalized silicas

SiNP OctSINP-1 ~ OctSiNP-2  OctSiNP-3  Type of vibrations  Structural unit
3452 3450 3461 3452 O—H and SiO-H---H20
SiO—H OH---H>0
- 2929 2923 2925 va(C—H) —CH:
1633 1635 1633 S(H—O—H) H-O-H
1093 1081 1087 1081 Vas(Si—O—Si) =Si-O-Si=
800 794 794 788 ve(Si—O0) =Si-0O-Si=
458 462 457 458 8(Si—O—Si) -0-Si-O-
Phenyl-functionalized silicas
SiNP PhSiNP-1 PhSiNP-2 PhSiNP-3  Type of vibrations  Structural unit
3452 3442 3440 3442 O—H and SiO—H---H.0
SiO—H OH:--H>0
- 2979 2976 2975 vas(C—H) —CH:2
- 1635 1635 1631 8(H—O—H) H-O-H
1432 1431 1430 v(C=C) + &(C-H) Si—Phenyl
1093 1079 1078 1081 Vas(Si—O—Si) =Si-0O-Si=
800 792 789 790 ve(Si—O0) =Si-O-Si=
S 742 740 740 o(C-H) Si— Phenyl
— 700 701 700 O(N-H) Si—Phenyl
458 470 471 474 8(Si—O—Si) —0-Si-O-
Urea-propyl-functionalized silicas
SiNP USIiNP-1 USINP-2 USINP-3  Type of vibrations  Structural unit
3452 3442 3446 3448 O—H and SiO—H---H.0
SiO—H OH---H>0
- 2941 2942 2935 vas(C—H) —CH:
weak weak weak
- 1648 1641 1641 v(C=0) C=0 (Amide I)
— 1565 1560 1560 v(N—H) N—H (Amide II)
1093 1068 1076 1081 Vas(Si—O—Si) =Si-0-Si=
800 863 865 865 v(Si—O) =Si-0-Si=
weak weak
458 451 453 457 8(Si—O—Si) —O-Si-O-

v — stretching vibration; vs—symmetric stretching vibration; vas— unsymmetrical stretching vibration;
d —deformation vibration; @—out-of-plane ring deformation vibration; ® — in-phase out-of-plane
wagging ( the abbreviations of frequencies were used from [42]).
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Table 3
Physical parameters of the adsorbents measured by nitrogen adsorption-desorption
isotherms.

Sample BET surface Total pore Average pore

area® (m?*/g) volume® diameter® (nm)
(cm?/g)

SiNP 40 0.015 26

Octyl functionalized silicas

OctSiNP-1 a1 0.32 16

OcCtSiNP-2 28 0.41 17

OctSiNP-3 24 048 19

Phenyl functionalized silicas

PhSiNP-1 167 0.92 17

PhSiNP-2 232 0.51 10

PhSiNP-3 330 0.39 6.5

Urea-propyl functionalized silicas

USiNP-1 141 0.42 25

USiNP-2 124 0.49 16

USiNP-3 105 0.54 11

4 BET specific surface area measured in the 0.05-0.25 range of the relative
Pressiures.

b Total pore volume was calculated at a relative pressure about 0.99.

¢ Average pore size was calculated from the BJH method.
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Table 4

Adsorption capacity for bilirubin of modified adsorbents from the literature.

Material Ligand Adsorption Reference
(method of modification) capacity
(mg/g)

polyethyleneimine cyclodextrin 2.5 [34]
chitosan particles poly-D-lysine 1.5 [54]
amino-modified silica bovine serum albumin 1.17-1.65 [55]
particles
silica particles polymethacrylate guanidine 0.48 - 0.64 [38]
silica particles polyacrylate guanidine 0.94-1.10 [38]
poly(HEMA-MAT)/MIP? molecular recognition 3.41 [24]
cellulose acetate fiber Cibaron Blue F3GA 4 [56]
Hollow mesoporous carbon  High surface area, large pore size ~70 [26]
spheres with narrow distribution
single-wall carbon nanohors The size effect of nanopores ~9.6 [37]
poly(MAA-EDGMA)/MIP?  molecular recognition 1.04 [57]
Octyl-functionalized silica  Octyltriethoxysilane 0.57-0.73 This study
Phenyl-functionalized silica  phenyltriethoxysilane 0.51-0.95 This study
Urea-propyl-functionalized  1-[3-(trimethoxysilyl)- 0.95-2.01 This study

silica

propyl]urea
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Octyl modified silica
R;= —(CH2)CH;

Graphical abstract

Highlights

- Organo-functionalized silicas were synthesized via sol-gel method.
- Functional groups have influence on morphological properties of the final products.
- The adsorption efficiency mostly depends on the type of surface functional groups.
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