Journal of Fundamental and Applied Sciences

Research Article
ISSN 1112-9867

o
]
A
o
9
g
g
s
z
§

“ Available online at http://www.jfas.info

SURFACE MODIFICATION OF SILICANANOPARTICLES BY MEANS OF
SILANES: EFFECT OF VARIOUS PARAMETERS ON THE GRAFTING
REACTIONS

0. Bounekta'?, R. Doufnoune!,?” A. Ourari®, F. Riahi*, N. Haddaoui®

YURMES, Equipe de Valorisation des Polyméres, Université Ferhat Abbas Sétif-1, Algérie
Département de Génie des Procédés, Université Ferhat Abbas Sétif-1, Algérie
SLEIMCR, Faculté de Technologie, Université Ferhat Abbas Sétif-1, Algérie
*LMPMP, Faculté de Technologie, Université Ferhat Abbas Sétif-1, Algérie
LPCHP, Faculté de Technologie, Université Ferhat Abbas Sétif-1, Algérie

Received: 21 October 2018 / Accepted: 10 December 2018 / Published online: 01 January 2019

ABSTRACT

The adsorption of four silanes, namely: N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane
(AEAPTMS), 3-methacryloxypropyltrimethoxysilane (MPTMS), allyltrimethoxysilane
(ATMS), N-2-[(N-vinylbenzylamino)ethyl]-3-aminopropyltrimethoxysilane hydrochloride
(CVBS) onto the surface of silica nanoparticles has been studied using water/ethanol
(5/95, v/v) mixture. Four experimental parameters were explored for the grafting of the
silanes: pH, concentration, time, and temperature. Possible interactions between the silanes
and the surface of silica were investigated by means of FT-IR Spectroscopy. The FT-IR
analyses confirmed the effectiveness of the silanization of the silica surface. The amount of
the adsorbed silane on the silica nanoparticles appeared to be influenced by the initial
concentration of the silane, pH, time and temperature of modification.
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1. INTRODUCTION

Silica nanoparticles in the crystalline and amorphous forms have been received enormous
attention owing to their peculiar and fascinating properties. They offer wide breadth of potential
applications in various fields, including heterogeneous supported catalysts, adsorbents and
supports for gas and liquid chromatography, biology with its diverse activities, pharmaceutical
drugs, cosmetics, electronic and optic devices, automotive, appliance, consumer goods,
aerospace and sensor industries. Silica nanoparticles have been also used as nanofillers in the
rubber products, and plastics binders for improving the thermal resistance, electrical and
mechanical properties [1-6]. In all of these applications a proper interfacial interaction is
needed to ensure a good dispersibility and stability of the nanoparticles in various liquid media.
Therefore the interface between the particles and the media in which they are incorporated
plays an important role [7-9].

The chemical properties of the silica surface are mainly determined by the density of silanol per
gram of silica. At the surface, the structure terminates in either a siloxane group (Si-O-Si) with
the oxygen on the surface, or one of several forms of silanol groups (Si-OH). The silanol groups
can be divided into: (i) isolated groups (single silanols); (ii) vicinal silanols (or bridged
silanols), or OH groups bound through the hydrogen bond (H-bonded single silanols, H-bonded
geminals, and their H-bonded combinations); and (iii) geminal silanols, geminal free (geminal
silanols or silanediols) [10-12].

The silanol groups can be easily functionalized by various chemical procedures. Generally,
the most effective technique is the use of the reaction of silanol groups with suitable
organosilane agents. Their general formula is R,SiX,.n,, where n may be varied between 1 and
3 whereas the X is a hydrolyzable group typically three methoxy, ethoxy, or isopropoxy
groups. Following hydrolysis, a reactive silanol group is formed, which can condense with the
silanols present on the silica surface to form siloxane linkages. The R group is a
non-hydrolyzable organic radical that may possess a functionality that imparts desired
characteristics [13-17].

Most of the widely used organosilanes have one organic substituent and three hydrolyzable

substituents. In the vast majority of surface treatment applications, the alkoxy groups of the
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trialkoxysilanes are hydrolyzed by water present in the liquid phase or at the substrate surface to
form silanol-containing species followed by the chemisorption process to the surface.
Hydroxyl groups present on the surface were believed to interact with the hydrolyzed silane
molecules via hydrogen bonds. Finally, during drying or curing, a covalent linkage is formed
with the substrate with a concomitant loss of water (see simplified descriptive reactions in
Figure 1) [18-24].

Commonly, two different ways are employed for depositing an organosilane on a surface. In the
extreme, there is: (i) the dry treatment, in which the silica particles are mixed with the silane
under anhydrous conditions, and (ii) the wet or slurry treatment, where the silane is deposited
from an aqueous solution. The above procedures can lead to silica surface of greatly differing
properties. In the case of wet treatment, several parameters in the silanization process are
investigated, for instance the effects of temperature, silane concentration, time and solvent. The
pH of the aqueous slurry and catalytic substances for the silanization process have also been
reported [25-30].

The incorporation of nanosilica as a nanofiller into a polymer matrix seems to be not easy. This
is essentially due to the very small dimensions, large specific area, and high surface free energy.
Consequently, the silica nanoparticles tend to agglomerate to form larger particles. Hence, the
final physical and mechanical properties of the polymeric nanocomposites will be reduced. The
surface modification of silica prior to mixing is a practical method to improve not only the
dipersion but also to compatibilize the nanofiller with the polymeric matrix. In this method,
compatible functional groups typically methacryloxy, isocyanate, epoxy, amino, mercapto,
vinyl, allyl etc... with the chemical structure of the polymer matrix are grafted on the surface of
the silica [29, 31-35]. Due to the large surface area to volume ratio of the nanoparticles as well
as the use of silylated nanoparticles, the microstructure and properties of the polymer matrix is
altered at the nanoparticles/matrix interface and the amount of this perturbed zone, referred to
as interphase, could be important. But it is largely accepted that the interphase can notably
affect the performance of nanocomposites, the reported interphase property and thickness vary

from case to case [36].
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Fig.1. Adsorption of silanes onto nanosilica particles

In this study, four silanes presenting different functionalities were chosen to modify the surface
of the silica: (i) N-(2-Aminoethyl)-3-aminopropyltri-methoxysilane (AEAPTMS),
(i) 3-methacryloxypropyltrimethoxysilane (MPTMS), (iii) allyltrimethoxysilane (ATMS) and
(iv) N-2-[(N-vinylbenzylamino)ethyl]-3-aminopropyltrimethoxysilane hydrochloride (CVBS).

The effect of pH value, silane concentration, reaction time and temperature on the chemical
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modification of silica nanoparticles was investigated. Dissolution test and Fourier transform
infrared spectroscopy (FT-IR) were used as the characterization methods for the

silane-modified silica nanoparticles.

2. EXPERIMENTAL

2.1. Materials

Amorphous silica, referenced as (CAS No S5130) was supplied from Sigma-Aldrich.
Its physico-chemical characteristics are given in Table 1. N-(2-aminoethyl)-3-
propyltrimethoxysilane amino (AEAPTS), 3-methacryloxypropyltrimethoxysilane (MPTMS),
allyltrimethoxysilane ~ (ATMS)  and N-2-(N-vinylbenzylamino)ethyl-3-aminopropyl
trimethoxysilane hydrochloride (CVBS) were purchased from Sigma-Aldrich and Dow
Corning Inc., respectively. Figure 2 shows the chemical structures of the corresponding silanes.
Solvents such as ethanol, methanol, cyclohexane and tetrahydrofuran (THF) were purchased
from Merck Chemicals Ltd. In addition, 0.1 mol/L of acetic acid and sodium hydroxide
solutions were used to adjust the pH value. All chemicals were used as received without any
further purification.

Table 1. Characteristics of nano-silica

Properties Values
Density (g/cm®) 2.3
Particle size (um) 0.007
Specific surface area (m%/g) 395+ 25
pH (at 4%) 3.7-4.7

Purity (%) 99.8
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Fig.2. Chemical formulas of silane molecules: (a) AEAPTMS, (b) MPTMS,
(c) ATMS and (d) CVBS

2.2. Surface modification of silica nanoparticles

All of the silica treatment experiments involved a solution method: In a typical experiment,
each silane was hydrolyzed for about 30 min and dissolved in 250 ml of ethanol/water mixture
(95/5 v/v). The pH of the mixture was adjusted to the required value with acetic acid or sodium
hydroxide. A Mettler Toledo™ model S220 digital pH meter equipped with a standard glass
was used to determine the pH values. The modified silica was filtered over a Buchner-funnel,
washed with THF and then was slowly dried under air at room temperature to improve the
stability of the coating and then cured for 1 day in an oven at approximately 105 °C to complete
the condensation process and the formation of polysiloxane network structures. In all

experiments time zero was taken as the moment when silica nanoparticles were added to the
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hydrolyzed silanes. In addition, the initial concentration of the silane in solution was calculated
as the weight percent of silane on silica. The synthesized silane-modified silica nanoparticles
were denoted as AEAPTMS-SiO,, MPTMS-SiO,, ATMS-SiO, and CVBS-SIO..

2.3. Determination of silane adsorption by the dissolution test

The amount of silane adsorbed on the silica surface was determined by a dissolution test
according to the research work reported by Demjén et al. [37]. The sample was stirred in 200 ml
cyclohexane for 30 min and then left standing for 1 day. The suspension was centrifuged for
10 min at 6000 cm™. The concentration of the solution was determined by FT-IR spectroscopy
and the amount of silane coupled permanently to the surface of silica was calculated. The
dissolution of aminosilane (AEAPTS) adsorbed onto the silica was exceptionally conducted in
methanol. The structure of the adsorbed silane derivatives was determined before and after
washing with THF using FT-IR spectroscopy.

2.4. Fourier Transform Infra-Red Spectroscopy (FT-IR)

The infrared spectra were recorded at room temperature with a Perkin Elmer FT-IR
spectrometer. The spectra of the grafted products were obtained in transmission using the KBr
plate method. About 5 mg of particles were mixed with 95 mg of potassium bromide. The
extracts were deposited as a drop on KCI window after evaporation of the solvent. The spectra
in transmission mode were recorded in a range from 4000 to 400 cm™, after 132 scans with a

resolution of 4 cm™.

3. RESULTS AND DISCUSSION

Figure 3 shows the FT-IR spectra of the neat silica nanoparticles. The broad bands between
3750 and 3000 cm™ are attributed to the physisorbed water and to the silanol groups of silica
surface (vicinal OH). This broad band is due to the intermolecular interactions of water
hydroxyls, whereas the vicinal silanols induce in the same region inter- and intramolecular
interactions commonly known as bonded hydrogen. The sharp absorption band observed at
3752 cm™ is ascribed to the free hydroxyl groups, and the weak band observed at 963 cm™ is
assigned to the surface free Si-OH groups (isolated and geminated OH). The absorption band

seen at 1637 cm™ is assigned to the adsorbed water molecules with their hydroxyl groups. As
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for the strong band, observed at 1085 cm™, it is also assigned to Si-O-Si asymmetric stretching
vibration and the absorption bands appearing at 806 and 465 cm™ are attributed to Si-O-Si and

Si-O symmetric stretching vibration and bending mode, respectively [29,38].
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Fig.3. FT-IR spectrum of the unmodified silica nanoparticles

The FT-IR spectra of pure AEAPTMS, MPTMS, ATMS and CVBS are presented in Figure 4.
The assignment attempts of the absorption bands of these four compounds are listed in
Table 2. The pure AEAPMS (Figure 4a) displays two weak absorption bands, between 3375
and 3291 cm™. These two bands were ascribed to the free amine asymmetrical and symmetrical
N-H stretching modes, respectively. The N-H bending vibration of primary amines was rather
observed at 1576 cm™. As for the hypothetic four bands which should be seen between 3000
and 2800 cm™, they are assignable to the two successive asymmetric and symmetric stretching
modes of methyl (CH3) and methylene (CH,) groups, describing the hydrophobic entities of the
AEAPTMS molecules. In this case, the doublet expressing the presence of methylene groups is
clearly observed, while the second appears only as shoulders just before the two previous
bands. The strong absorption band seen at 1100 cm™ was attributed to the Si-O-C stretching

mode of methoxy groups. The absorption bands near 1454 and 1190 cm™ were assigned to the
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CH3 bending and rocking modes, respectively. The very strong band which appeared at
781 cm™ was due to the Si-C stretching vibrations.

Concerning the MPTMS (Figure 4b), it showed the same absorption bands for the identical
moieties constituting the four compounds studied in this work. For this reason, only the
absorption bands characterizing their main differences will be noted like the absorption bands
observed at 1714 and 1636 cm™, respectively and were assigned to the C=0 functional groups
and C=C expressing their stretching vibrations. For the band located at 937 cm™, it may also be
considered as the result of the double bond C=C. For the regions where the hydrophobic entities
(CH3, CHy), ether and silicic groups were almost observed around the same values as

mentioned above (See Figure 4a and Table 2).

(a)

Transmittance (a.u.)

. il i ! . ! . ! . \1650 . !
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.4. FT-IR spectra of pure silanes: a) AEAPTMS, b) MPTMS, ¢) ATMS
and d) CVBS

The spectrum of the pure ATMS (Figure 4c) displays four absorption bands at 3082, 1630,
991 and 900 cm™. These bands may be respectively ascribed to the =CH, and C=C
asymmetric stretching vibrations, and the two last ones to the CH, twisting and wagging

modes.
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Table 2. Frequencies and tentative assignments for silanes used in this study

AEAPTS assignments MPTMS  assignments ATMS assignments CVBS assignments

3375 va (N-H) 2950 va (CHy) 3082 va (=CHy) 3327 va (N-H)
3291 vs (N-H) 2837 vs (CHy) 2950 va (CHs)ochs 2933 va (CHy)
2930 va (CHy) 1714 v(C=0) 2839 vs (CHa)ocks 2825 vs (CHy)
2827 vs (CH,) 1636 v(C=C) 1630 v, (C=C) 1600 v (C=C)
1576 § (NH,) 1453 8, (CHy) 1460 8, (CH,) 1465 8, (CH3)
1454 8, (CHy) 1320 v(C-CO-C) 1199 ® (CH,) 1188 v(C-0)
1190 p (-CHy) 1292 v(C-CO-C) 1091 va (Si-0-C) 1093 va (Si-O-C)
1100 v, (Si-O-C) 1163 v(C-CO-C) 991 1 (=CH),) 1050 v, (Si-O-C)
781 v (Si-C) 1090 va(Si-O-C) 900 o (=CHy) 816 va (Si-O-C)
937 v(C=C) 822 v, (Si-O-C)
814 ve (Si-0-C) 773 1 (CH,)
672 v (Si-C)
580 3 (C-H)

Abbreviations: v, stretching; ¢, bending; z, twisting; w, wagging; p, rocking.

Regarding the last spectrum of the pure CVBS (Figure 4d), the absorption bands around
3327 cm™ indicate the asymmetric NH stretching vibrations with other asymmetric and
symmetric displaying systematically some structural similarities. The band around 1600 cm™ is
ascribed to the asymmetric and symmetric (-NH-) bending modes. The vinyl group and =CH
bonds belonging to the aromatic moieties should be observed at higher than 3000 cm™, while
the double bonds like those implicated in the electronic delocalization were obviously seen at
1600 and 1465 cm™. For the hydrophobic entities such as those of (CHs, CH,), ether and silicic
groups were as well observed as indicated above due to their structural
similarities [39-42].

For the modified silica nanoparticles with different silanes, their FT-IR spectra are presented in
Figure 5. After the silanization treatment, the band of the isolated or free hydroxyl groups,
habitually observed at 3752 cm™ disappeared, while the absorption band, initially observed at

3409 cm™ was found to shift to 3450 cm™ and accompanied by hypochromic effect. This result
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suggests that the physisorbed water molecules and isolated OH groups have effectively reacted
with silane molecules. In addition to this, the band of Si-O-Si was shifted from 1085 cm™ to
1130 cm™. This shifting is generally characteristic of a highly condensed siloxane polymer. In
this case, it must be noticed that the hydrophobic moieties like CH3; and CH, groups may be
considered as being the main entities indicating the success of the modification of silica surface.
Each one of these moieties was expressed in their spectra by two absorption bands located
between 3000 and 2800 cm™ (See Figure 5). Furthermore, some other absorption bands may

also be observed for each one of the four cases.

Transmittance (a.u.)

1637

i | 2843
3353 2037
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Fig.5. FT-IR spectra of the modified silica nanoparticles: a) AEAPTMS-SIOs,
b) MPTMS -SiO;, ¢) ATMS -SiO, and d) CVBS -SiO;

The AEAPTMS-SiO; (Figure 5a) displays a shifting of the primary amino group from 1576 to
1569 cm™, confirming the formation of strong hydrogen bonds which were created from the
silanol functions and probably containing other contributions obtained from the multilayers by
action of the modifier agent. All these results confirm the effectiveness of silanization and are
in good agreement with those reported by Culler et al. [39] and Chiang et al. [42] who studied

the adsorption of APTES on glass surface as well as Doufnoune et al. [43] who investigated the
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adsorption of AEATPMS on CaCOg surface. In this case, it is worthy to note that the results
obtained by these authors [39,43] proved that the chemisorbed and physisorbed silanes were
formed on the surface of the materials. As well, the same authors demonstrated that the
chemisorbed silanes are chemically bonded to the surface via Si-O-Si linkages, while the
physisorbed layers are intermolecularly bonded through Si-O-Si bonds.

In Figure 5b which presents the FT-IR spectrum of MPTMS-SIiO,, the bands located at 1636
and 1410 cm™ were attributed to C=C stretching of methacrylate and vinyl groups, respectively.
The position of the band related to the ester carbonyl groups of methacryloxysilane shifted from
1714 to 1700 cm™ with MPTMS-SiO,. This observation can be explained by the appearance of
the intramolecular and intermolecular hydrogen bonds, confirming the high density of the
MPTMS-SIO; system [44]. Thus, the FT-IR results indicate that the MPMS compound was
effectively grafted to the silica nanoparticles. Regarding Figure 5c, illustrating the FT-IR
spectra of ATMS-SiO,, it was also confirmed that the ATMS compound was grafted on the
silica surface. This was proved with the absorption bands observed at 3080, 1650 and
580 cm™, which are assigned to the =CH,, C=C and C-H groups, respectively. These bands
provided more evidence for the successful silanization reaction.

The FT-IR spectrum of CVBS-SiO, is presented in Figure 5d in which the broad bands
observed around 3353 cm™ was ascribed to N-H stretching vibrations. This
region includes also the absorption of the O-H groups, confirming the successful grafting of
the silane on the surface of the silica.

The structure of the silanes adsorbed on the silica nanoparticles surface was also determined by
the FT-IR spectra. The extracted products using THF showed their characteristic absorption
bands in the spectral range of 1400-900 cm™. The FT-IR spectrum of the AEAPTMS extracted
with THF from silica surface (Figure 6a) shows two bands at 1193 and 1087 cm™, which were
assigned to the stretching vibrations of the Si-O-Si bond usually observed for materials of
high-molecular-weight [43,45]. The very weak band located at 1041 cm™ is also imputable to
the presence of polyaminopolysiloxanes resulting from the condensation of AEAPTMS leading

to the formation of an oligomer on the silica surface.
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Figure 6b which displays the FT-IR spectrum of MPTMS extracted with THF from silica
surface. This Figure exhibits absorption bands at 1188 and 1088 cm™
characterizing the presence of the Si-O-Si bonds of a highly crosslinked polymeric material.
The FT-IR spectrum of the ATMS extracted with THF from the surface of silica (Figure 6¢),
shows three new bands at 1165, 1105 and 1082 cm™ indicating the disappearance of the silanol
groups of the silane and the formation of polysiloxane. While in the case of CVBS (Figure 6d),
the spectrum obtained shows two weak bands at 1128 and 1040 cm™, suggesting that these two

bands express probably the bulky R groups corresponding to the forms of a

low-molecular-weight, cage-like structure on the filler surface [37].
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Fig.6. FT-IR spectra of: a) AEAPTMS, b) MPTMS c¢) ATMS and d) CVBS extracted
with THF

3.2. Parameters affecting the grafting reactions

3.2.1. The effect of the solution pH

The silane adsorption was revealed to be remarkably influenced by the pH as shown in
Figure 7, where the amount of the adsorbed silanes is plotted versus the solution pH values.

The silica nanoparticles were treated with 10 % silane solutions for 2 h at 60 °C.
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The results obtained indicate that all silanes can adsorb onto silica over a wide pH range
with the most efficient treatment in the acidic media, whereas in the basic conditions the
results seem to be less efficient. Nevertheless, Doufnoune et al. [43], Favis et al. [47] and
Plueddemann [48] have concluded that the treatment applied on the CaCO3, mica flakes

and glass fiber substrates with different silanes was found to be efficient in a wide range of

pH values.
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Fig.7. Effect of pH on the silane adsorption onto silica nanoparticles. For these experiments,
the temperature, the time and the initial concentration are respectively equal to 60°C,

2hand 10 %

3.2.2. The Effect of silane concentration

These experiments were carried out at pH 3 with a treatment time of 2 h at 60 °C. The extent of
recovery was determined using the dissolution test previously mentioned. The amount of silane
bonded permanently to the surface of the silica nanoparticles, C,, can be calculated by
determining its concentration in the solution obtained from this process. After a first linear
section, the correlation of the amount used for the treatment (C;) and the silane bonded (Cy)

tends to converge to the saturation. The characteristic quantities which can be derived from the
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correlation are: the proportionally bonded silane, Cyq9, and the saturation value, Cnax, i.€., the
maximum amount of silane that can be bonded to the surface under the grafting
conditions [37,43].

Figure 8 presents the dissolution curve of AEAPTMS for which a linear part can be
distinguished where the adsorbed amount is proportional to the initial concentration, currently
designated as Ciqo. In the horizontal part of this curve, the adsorbed amount does not vary with
the initial concentration. In this case, the maximum amount of silane can be adsorbed in the
surface is noted as Cmax. The results obtained show that the adsorbed amounts on the silica
surface increase rapidly up to the concentration of 6%. Then, this increase becomes slower until
the maximum recovery reaches a value of Cnax close to 6.56%. This result reflects a rapid
interaction between AEAPTMS and the surface of silica and after that the interaction takes
place more slowly reaching an equilibrium between the surface on which the silane is adsorbed

and the free silane existing in the solution.
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Fig.8. Effect of initial concentration on the adsorption of AEAPTMS onto silica nanoparticles.

For these experiments, the temperature, the pH and the time are respectively 60 °C, 3 and 2 h

The dissolution curve of MPTMS, shown in Figure 9, displays another behavior for which the

shape of its curve is comparable to an S-type adsorption isotherm according to the classification
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established by Gilles et al. [46]. The typical dissolution curve denotes that the interactions of
the MPTMS with silica surface seem to be much more complicated. The characteristic values of

Ci00 and Cyax are 2.98 and 3.0%, respectively.
10

Bonded silane Cp (%0)

0 R | ‘ | ‘ | L

0 2 4 6 8 10 12
Initial concentration (%)

Fig.9. Effect of initial concentration on the adsorption of MPTMS onto silica nanoparticles.

For these experiments, the temperature, the pH and the time are respectively 60 °C, 3 and 2 h

The dissolution curve of ATMS presented in Figure 10 is similar to that of MPTMS with the
only difference that the first linear section has a greater slope. The corresponding values of C1g
and Cpax are 5 and 5.4%, respectively.

Figure 11 illustrates the dissolution curve of CVBS. In this case, three discrete steps are noted,
suggesting that the adsorption phenomena are again more complicated. The values of Cp.x for
each step were found to be 3.2, 5.0 and 6.1%. This result appears as similar to those previously
reported by Favis et al. [47] and Doufnoune et al. [43] for the adsorption of CVBS and
AEAPTMS on mica flakes and CaCOj3 surface as a function of treatment time, respectively. For
this, it has been proposed that each step (plateau) corresponds to a quantity of silane molecules
necessary to create an additional layer of silane on the mica and CaCOj; surfaces. If it is
considered that the first plateau corresponds to the adsorption of the monolayer, the second and

the third one should correspond to a multilayer adsorption. From these curves, it can be
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concluded that the adsorbed amount is proportional to the initial concentration until it reaches

the maximum value at C1gg = 2.85%.
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Fig.10. Effect of initial concentration on the adsorption of ATMS onto silica nanoparticles.

For these experiments, the temperature, the pH and the time are respectively 60 °C, 3 and 2 h
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Fig.11. Effect of initial concentration on the adsorption of CVBS onto silica nanoparticles.

For these experiments, the temperature, the pH and the time are respectively 60 °C, 3 and 2 h
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3.2.3. The Effect of treatment time

Figure 12 illustrates the results obtained under the influence of the time effect towards the
adsorption  treatment with AEAPMS onto silica nanoparticles with  two
different pH solutions at a temperature of 60 °C and an initial concentration of 10%. Herein,
it was observed that under acidic conditions, two discrete steps were noted with a process
starting from time zero. The adsorption has grown progressively to reach a first plateau at
about 3.7 % while the second was reached at ~ 6.6 % and noted beyond 2 h. In addition, it is
observed that under basic conditions, the adsorbed amount reached the plateau only after 2 h
and its evolution becomes a monotone function with varying time despite the fact that the

process starts also instantly from time zero.
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Fig.12. Effect of treatment time on the adsorption of AEAPTMS onto silica nanoparticles.
For these experiments, the temperature and the initial concentration are respectively equal to

60 °C and 10%

Figure 13 presents the evolution of the adsorption amounts of MPTMS as a function of time.
A rapid increase of the adsorbed amount is observed in both acidic and basic conditions.

Under the acidic conditions, the adsorbed amount reached the plateau after 3 h and then did
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not vary with time whereas in the basic media, a continuous increase in the adsorption

amount was observed.
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Fig.13. Effect of treatment time on the adsorption of MPTMS onto silica nanoparticles. For
these experiments, the temperature and the initial concentration are respectively equal to

60 °C and 10%

The variation of adsorption amounts of ATMS with treatment time is given in Figure 14.
The adsorption under an acidic environment has revealed that the presence of two plateaus
exhibits similarities in the adsorption processes of this molecule with AEAPTMS. The
adsorption process starts immediately from time zero and follows a step-like dependence
with time. This adsorption increases rapidly at lower values of time reaching the first
plateau at about 7.8% after 2.4 h of reaction time. This tendency is almost similar for
AEAPTMS, but the final value of the adsorption amount is noticeably higher than that
obtained for ATMS even though their respective experiments were performed in the same
experimental conditions. The adsorption of ATMS versus the time in basic conditions
exhibits three distinct plateaus. The curve obtained showed that the adsorption is increased

in a step-wise manner and reached the first plateau at about 2% after 30 min, while the
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second and third plateau were reached at about 4 and 4.95% after 3 and 6 h of reaction

time, respectively.
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Fig.14. Effect of treatment time on the adsorption of ATMS onto silica nanoparticles.
For these experiments, the temperature and the initial concentration are respectively equal to

60 °C and 10%

The evolution of adsorption amount of CVBS onto silica nanoparticles is illustrated in
Figure 15. The results obtained showed that the adsorbing silane step-wisely yielded three
and two distinct plateaus under acidic and basic conditions, respectively. Under acidic
conditions, the adsorption has reached the first plateau at about 3.2% after 1.2 h while the
second and third plateau were reached at about 6.0 and 7.9% after 2.4 and 6 h, respectively.
Under basic conditions, the amount of CVVBS adsorbed reached 2.4 and 3.0% after 1.5 and
2.4 h for the first and the second plateau, respectively. It should also be noted that the silane
adsorption onto silica starts instantly from time zero. These results are in perfect agreement

with those reported in the literature for the adsorption of CVBS on mica flakes [47].
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Fig.15. Effect of treatment time on the adsorption of CVBS onto silica nanoparticles.
For these experiments, the temperature and the initial concentration are respectively equal to

60 °C and 10%

3.2.4. The Effect of the treatment temperature

The influence of the temperature on the silanes adsorption is illustrated in Figure 16. In this
case, the surface treatment of silica nanoparticles with different silanes was carried out at
different temperatures using 10% of silane solutions judiciously buffered at pH 3 during a
period of 2 h. As shown in Figure 16, after a slow increase the amount of adsorption for the
four systems rapidly increased up to a maximum level before decreasing.

The optimum absorption amounts appeared at 60 °C, indicating that the modification effect
was achieved to the best. The trend of the effect of temperature with all silanes used was
similar. This was due to the physical adsorption reaction between silane molecules and the
silica surface at lower temperature, rather than effective chemical adsorption. At higher
temperatures, the balance of the chemical adsorption reaction converted to the reverse sense,

thus the reaction of the silane and silica surface was not efficient.
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Fig.16. Effect of temperature on the adsorption of silanes onto silica nanoparticles. For these
experiments, the pH, the time and the initial concentration are respectively equal to 3,
2 h and 10%

4. CONCLUSIONS

Silica nanoparticles were chemically modified in an ethanol/water medium with four silanes
compounds; namely:  N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane  (AEAPTMS),
3-methacryloxypropyltrimethoxysilane  (MPTMS), allyltrimethoxysilane (ATMS) and
N-2-[(N-vinylbenzylamino)ethyl]-3-aminopropyltrimethoxysilane hydrochloride (CVBS).
Effects of the treatment variables including solution pH, silane concentration, reaction time and
temperature on the adsorption amounts of silane on the surface of silica were investigated using
the dissolution test and FT-IR spectroscopy. The results showed chemical interactions between
different silanes and silica nanoparticles. Also, the adsorption of silanes on the silica surface
was found to be dependent and greatly sensitive to the initial concentration of the treating

solution, treatment time and temperature.
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