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GRAPHICAL ABSTRACT

Coupling of the synthesis and surface modification processes for hydrophobic or functionalized nano-silica particles was performed. Highly hydrophobic and high-
density amino-functionalization were achieved for the nano-silica particles via the coupled process using SDS and APTES as modifiers, respectively. The coupled

process was proven more effective than the non-coupled process.
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The processes of synthesis and surface modification were coupled herein to produce hydrophobic or functio-
nalized nano-silica particles. Nano-silica particles with a spherical shape approximately 20 nm in diameter were
synthesized. Nano-silica particles with high hydrophobicity were produced by coupling the synthesis with a
modification process involving aqueous mixing, spray-drying, and thermal treatment, using the common sur-
factant sodium dodecyl sulfate (SDS) as a modifier. Amino-functionalized nano-silica particles with high grafting

density were produced via the same process using the silane coupling agent y-aminopropyltriethoxysilane
(APTES). The modification was more effective with the coupled process than with the non-coupled process.

1. Introduction

Nano-silica particles are widely used in composite materials such as
rubbers, resins, pigments, and paints [1-4]. “Green tires” have attracted
much attention both in industry and academic research for improving
tire performance [5-7]. Nano-silica particles also have specialized ap-
plication in many other fields such as fillers, catalyst carriers, and
biological and medicinal materials, which are required to be modified
by functional chemical groups, e.g., amidogens, unsaturated bonds, and
mercapto groups [8-12]. Nano-silica particles, especially precipitated
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silica, are common products in industry due to their high productivity
and low cost of production. However, nano-silica particles have strong
polarity due to the abundant hydroxyl groups on particle surface, which
makes the particles agglomerate easily, resulting in poor dispersion in
the polymer matrix or poor performance in materials [13]. Surface
modification plays a key role in the performance of nano-silica parti-
cles, and the modified silica with surface functionalization and high
grafting ratio are desired.

A modification process is usually conducted in organic solvents for
common organic modifiers, such as silane coupling agents, long chain
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alcohols [14,15], and alkanoic acids [16-18], because hydrophobic
modifiers are easily dispersed in organic solvents. However, the hy-
drophilic particles still tend to agglomerate in the solvents. Since or-
ganic solvents are usually flammable, explosive, and toxic, the re-
cycling, safety, and environmental pollution due to the use of organic
solvents must be considered. Hence, this method cannot be produc-
tively realized in industry. Modification in the gas phase, e.g., in a
fluidized bed, eliminates the requirement of organic solvents, but pre-
sents the problem of limited diffusion as the nano-silica particles are in
agglomerate states during the modification process, especially for the
precipitated silica. It is usually used for fumed silica to match the dry
production route [19-24]. An easy and effective process of modification
in aqueous phase for precipitated silica is desired to produce high
density surface functionalized particles.

Nano-silica particles, especially precipitated silica, easily agglom-
erate in the drying process. The nearby silanol groups among the par-
ticles easily condense through dehydration resulting in a low grafting
ratio in the subsequent modification. There have been many studies on
in-situ liquid phase modification by adding agents during the genera-
tion of particles [25-30]. However, the environment of the particle
formation, such as the solution pH, limits the selection of modifiers and
grafting ratio. In addition, unreacted agents are removed during de-
salting and filtering, which causes inefficient agent utilization and
difficulty in recycling the organic agent. To modify the nano-silica
particles more effectively during wet synthesis, a process for coupling
the synthesis and modification was developed in this work. The mod-
ification involves the aqueous mixing of silica particles with the
modifier, which prevents particle agglomeration and keeps silanol
groups reactive before modification; the spray-drying of the slurry,
which keeps most of the agents on the particle surface; and the sub-
sequent thermal treatment of the dry powder, which further enhances
the grafting reaction [31].

Two water soluble modifiers are chosen to demonstrate the ad-
vantages of the process. For surface hydrophobic modification, the
common surfactant sodium dodecyl sulfate (SDS) was used as the re-
presentation of the alkanoic acid in this work. SDS is soluble in water,
and its ester linkage can hydrolyze when heated [32-34]. This produces
a hydrophobic surface for particles and improves compatibility between
the particles and the organic matrix.

For nano-silica particle functionalization, y-aminopropyltriethox-
ysilane (APTES), which is a common silane coupling agent with an
amino group on the end, was used as the modifier in this work. Amino-
terminated silica particles have a wide range of applications. They are
used not only as a filler in plastic and rubber to increase the abrasion
resistance, tensile strength, and rheological properties of the compo-
sites [35], but also used as a chromatography stationary phase or ad-
sorbent because of their large adsorption capacity and excellent se-
lectivity for specific metal ions, such as Cu®**, Pb*>*, and Hg>* [36-39].
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2. Experimental
2.1. Reagents

Sodium silicate solution with a modulus (i.e., mole ratio of SiO,/
Na,0) of 2.23 (Beijing Chemical Works, China) was used to prepare the
precipitated nano-silica particles. The APTES (Alfa-Aesar, Johnson
Matthey Co. USA) used was analytical reagent (AR) grade, with a purity
of 98% and density of 0.948 g/cm>. SDS (Sinopharm Chemical Reagent
Co. Ltd, China) was AR grade. H,SO, (Beijing Chemical Works, China),
anhydrous ethanol (Modern Oriental Technology Development Co. Ltd,
Beijing, China), Na,SiO39H,0 (Beijing Chemical Works, China), NaOH
(Beijing Chemical Works, China), and CuSO44.5H,0 (Beijing Chemical
Works, China) were AR grade.

2.2. Synthesis of nano-silica particles

Optimal reaction conditions were established for the synthesis of
nano-silica particles, i.e., the concentration of sodium silicate was 8 wt
%, the temperature of the water bath was 75 °C, and the titration speed
of the 2.4 M H,SO, solution was 3 mL/min, which were determined by
orthogonal experiments.

In the literature, the H,SO, solution was titrated into a diluted so-
lution of sodium silicate without an aging stage until reaching the final
pH of 5 [40-42]. The nano-silica particles underwent a gelation pro-
cess, which led to difficulty in washing and filtering. An improved
acidification process was designed in two steps: (1) When the solution
pH decreased to 10, at which point the solution was about to turn to
blue gel, the acidification was stopped and the solution was aged for
40 min; (2) the acidification was continued until the pH reached 5.5,
followed by aging for 20 min. The nano-silica particles slurry was de-
salted by washing and filtering for five times with deionized water. The
filtered cake with a solid content of approximately 20 wt% was dis-
persed into deionized water in a conical flask under magnetic stirring.
The formed suspension was divided into two parts; one part was di-
rectly spray-dried and the obtained powders were labeled as SiO,(sp),
and the other part underwent a subsequent modification in a wet pro-
cess.

2.3. Coupled and non-coupled processes

In the process of drying, the nano-silica particles easily agglomerate
due to hydrogen-bond interactions and the condensation of abundant
hydroxyl groups on the particle surface. Some agglomerates are difficult
to disperse into primary nano-silica particles due to chemical bond
formation between the particles during hydroxyl condensation. The
previous work developed a modification route of aqueous mixing, spray
drying and thermal treatment for commercial nano-silica particles.
However, the commercial nano-silica particles are already dried, and
the agglomerates have been formed in the drying process, which leads
to a poor modification.

Therefore, a coupled process combining the synthesis with the
three-step modification was designed as follows. After washing and

ks
Spray drying

H,SO, Synthesis : - Modification
solution | Modifier |

B g ——— i i —
Na,SiO; iltermg, L P ] . hermal
solzution washing | Dispession }; Spray drying treatment

Fig. 1. Coupled (with solid arrow) and non-coupled (with dashed arrow) processes of synthesis and modification for nano-silica particles.
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filtering the synthesized nano-silica particles, the modifier was dis-
persed in the suspension under stirring at room temperature, and then
the nano-silica particle suspension was spray-dried and thermally
treated. The coupled process is marked by solid arrow in the block
diagram in Fig. 1.

Particles synthesized in different methods are quite different in size,
morphology and surface hydroxyl properties. In order to make the re-
sults comparable, a non-coupled process was designed as follows. The
nano-silica particle suspension was directly spray-dried referring to
process in the industry, and then dispersed in water, followed by the
same modification procedures. The non-coupled process simulated the
production process of synthesis first and modification afterward.

2.4. Hydrophobic modification

Modification was conducted with partial reference to our previous
work [31,43]. After the suspension of the synthesized nano-silica par-
ticles was processed with ultrasonication for 10 min, SDS solution was
added. The SDS concentration in the suspension was set to 1.6 wt%,
corresponding to the mass ratio of SDS/SiO; of 20 wt%. This was de-
signed based on the hydroxyl number on the particle surface of 3-
4nm ™2, referring to the literatures’ reports [44,45], to ensure that the
hydroxyl on the surface of the nano-silica particle was grafted with
excess SDS molecules in a mono-layer. For comparison, an experiment
with an SDS concentration of 20 wt%, corresponding to a 25 wt% mass
ratio of SDS/Si0O,, was also conducted.

After the addition of SDS, the suspension was stirred for 1 h at room
temperature for well mixing. The aqueous mixing was conducted at
pH = 7 without any organic solvents. The suspension was then dried in
a spray-dryer to obtain the dried powders. The air temperatures inlet
and outlet were 220 °C and 80 °C respectively, and the air flow rate was
40 L/h. The powders were then thermally treated in a sealed steel tube
in a muffle furnace at a set temperature of 200 °C for 30 min according
to the optimal conditions in our previous work [31]. After the thermal
treatment, the powders were washed with anhydrous ethanol five times
to remove the unreacted SDS. Subsequently, the samples were dried at
80 °C for 24 h. The obtained samples of SDS/SiO, 20 wt% and 25 wt%
were labeled as SiO,-SDS-20%-EW and SiO,-SDS-25%-EW, respectively.

For comparison, 5g of spray-dried SiO, powders without mod-
ification were used to replace the filtered cake of the same mass of SiO,,
followed with the process as described above, and the sample was la-
beled as SiO»(sp)-SDS-20%-EW.

2.5. High-density silanization with APTES

For modification using APTES, the operational procedure was the
same as that described in Section 2.4. The ratio of APTES/SiO, was set
to 1 mL: 1g, corresponding to the APTES concentration in the sus-
pension of 1.6 wt%.

The nano-silica particle suspension was stirred for 10 min at room
temperature for good dispersion without any addition of organic sol-
vents. The mixing time was set to 10 min considering APTES molecules
tend to self-condense in water. The pH of the suspension was about 11
due to the alkaline of APTES. The suspension was then dried in a spray-
dryer to obtain the dried powders and the spray drying conditions were
the same with those in Section 2.4. The powders were then thermally
treated at a temperature of 360 °C for 30 min according to the optimal
conditions in our previous work [43]. The obtained sample was labeled
as SiO,-APTES. The thermally treated particles were thoroughly washed
with anhydrous ethanol five times to remove the unreacted APTES.
Subsequently, the sample was dried at 80 °C for 24h and labeled as
SiO,-APTES-EW.

For comparison, 5 g of spray-dried SiO, powder without modifica-
tion was used to replace the filtered cake of the same mass of SiO,,
followed by the procedure described above, and the sample was labeled
as SiO5(sp)-APTES-EW.
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2.6. Characterization

The BET surface area of the nano-silica particles was measured with
a surface area analyzer (Autosorb-iQ, Quantachrome Instruments,
USA). The crystal structure of the nano-silica particles was inspected
using an X-ray diffraction (XRD) analyzer (D8-Advance, Brucker,
Germany) at a scan speed of 5°/min over a 20 range of 10°-90°. The
morphology of the silica particles was inspected by high-resolution
transmission electron microscopy (HRTEM; JEM-2011, JEOL Co.,
Tokyo, Japan), after the sample was ultrasonically dispersed in ethanol
for 10 min. The particle size distribution was measured by dynamic
light scattering using Zetasizer (ZS90, Malvern Instruments Ltd,
Britain), after the sample was ultrasonically dispersed in ethanol for
30 min. The same sample was repeatedly measured three times and the
average was used as the diameter. The contact angle of the sample was
measured using a contact angle analyzer (HARKE-SPCA, Beijing Harke,
China). The same sample was repeatedly measured five times and the
median was used. The characteristic groups on the modified silica
surface and modifiers were examined by FTIR spectrometer (Nexus 670,
Nicolet, USA) using KBr as the matrix. The grafted amount on the
particle surface after ethanol washing was determined by thermo-
gravimetric analysis (TGA; DSC 1, Mettler Toledo, Switzerland). In
TGA, the heating rate was set to 20 K/min from 30 °C to 900 °C under an
atmosphere of nitrogen. The concentrations of copper ions were mea-
sured by an inductively coupled plasma atomic emission spectroscopy
(ICP-AES; FHM22, SPECTRO, Germany) to determine the adsorption
performance of APTES-modified silica. The same sample was repeatedly
measured three times and the average was used as the concentration.

2.7. Cu®* adsorption

The Cu®* adsorption performance was used to verify the functio-
nalization of the APTES-modified silica. The concentration of copper
ions was measured by ICP-AES with a detection range of 10~ 2-10* ppm.
The initial concentrations of CuSO44.5H,0 were set to 100, 200, 400,
800, 1600 and 3200 mg/L, corresponding to the Cu®>* concentrations at
25.5, 51.2, 102.4, 204.8, 409.6 and 819.2 mg/L, respectively. 25 mg of
APTES-modified particles were added to 50 mL of prepared CuSO, so-
lutions at different initial concentrations. The suspensions were suffi-
ciently shaken in a constant temperature shaker at 25 °C for 2 h to reach
an adsorption equilibrium. After the adsorption, the solutions were
centrifuged, and the Cu®* concentrations of the supernatants were
measured by ICP.

3. Results and discussions
3.1. Synthesized nano-silica particles

The synthesized nano-silica particles without a drying process were
washed, ultrasonically dispersed in ethanol and sampled to examine the
morphology and particle size by TEM. The primary particle size was
approximately 20 nm, as shown in Fig. 2. The BET surface area of the
nano-silica particles was 302m?/g. The specific surface area of ideal
spherical particles with a particle size of 20 nm is expected to be ap-
proximately 115 m?/g. The surface area of the synthesized nano-silica
particles was about three times of the ideal spherical particles, and also
higher than the average value for commercial nano-silica. The larger
surface area provides more active hydroxyl to react with modifiers. The
crystal structure of the synthesized nano-silica particles was in-
vestigated with XRD, as shown in Fig. 3. The nano-silica particles have
no characteristic diffraction peak, indicating a typical amorphous
structure. The size distributions of particles synthesized with and
without spray drying were shown in Fig. 4. The average diameter of the
particles synthesized without a drying process is 141.8 nm, and the size
distribution is relatively narrow. The drying process increases the
average diameter significantly.
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Fig. 3. XRD pattern of the synthesized nano-silica particles.
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Fig. 4. Size distributions of synthesized nano-silica particles.

3.2. Hydrophobic modification using SDS

3.2.1. Modification process

Modification of the nano-silica particles was conducted successively
through aqueous mixing, spray-drying, and thermal treatment. In the
aqueous mixing, water-soluble SDS was added into the suspension of
the nano-silica particles under stirring, in which the SDS molecules
contacted with the silica particles sufficiently. In the spray-drying, SDS
physically or chemically adsorbed on the nano-silica particle surface. In
the thermal treatment, the unreacted adsorbed-SDS continued to react
with the combined water to generate dodecanol as Eq. (1) [32-34],
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(b)

Fig. 2. TEM images of the synthesized nano-silica particles at different amplification times.

Ci,HysSO;y + H,O — CpHysOH + HY + SO~ (€))]

The dodecanol underwent a dehydration-condensation reaction
with the hydroxyl groups on the silica particles, grafting the hydro-
phobic groups onto the particle surface and converting the particle
surface from hydrophilic to hydrophobic. Our previous work had con-
firmed that SDS and hydroxyl on the silica surface did not undergo a
chemical reaction during aqueous mixing or spray-drying. For an ef-
fective reaction, the thermal treatment temperature was set to 200 °C
[31].

3.2.2. Modification results

The FTIR spectra of SDS-modified samples are measured and the
results are shown in Fig. 5. Since the SDS-modified samples have been
washed by ethanol for 5 times, the mixed and physically adsorbed SDS
is completely removed [31]. The SDS characteristics peaks observed
from the SDS-modified sample indicate the SDS is chemically grafted on
the particle surface. The small peaks at 2923 cm™! and 2852 cm™!
represent —CH, stretching vibrations, and peaks appearing at
1463cm ™! and 1387 cm ™! represent C—H bending vibrations. The
asymmetric —SO,4 stretching vibration appearing at 1025-1210 cm ™!
can’t be observed because of the coincidence of a large peak at
1106 cm ! assigned to the asymmetric Si—O—Si stretching vibration.

To examine the hydrophobicity, the contact angles of the un-
modified and modified particles were measured, as shown in Fig. 6. The
contact angle of the unmodified particles was only 20°, because the
large number of hydroxyl groups made the surface hydrophilic. The
contact angle of the modified particles was 136°, which indicated high
hydrophobicity of the silica surface.

By analyzing the weight loss of pure SDS as shown in Fig. 7(a), two
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Fig. 5. Infrared spectra of unmodified SiO,, pure SDS and SDS modified SiO,,
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Fig. 6. Contact angles of the unmodified and modified nano-silica particles. (a) unmodified SiO, particles, (b) modified SiO»(sp)-SDS-20%-EW (via the non-coupled

process), (c) modified SiO,-SDS-20%-EW (via the coupled process).
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Fig. 7. TG curves of (a) pure SDS (b) SDS-modified nano-silica particles at
different SDS/SiO, ratios.

weight loss peaks at 230 °C and 280 °C were inferred attributing from
the evaporation and decomposition of the SDS. By analyzing the weight
loss of the modified samples, the amount of SDS grafted onto the par-
ticle surface was determined. The TG curves of pure SiO,, SiO, modified
with 20 wt% SDS/SiO,, and SiO, modified with 25 wt% SDS/SiO, via
the coupled process are shown in Fig. 7(b). It is evident that all the
samples experience a weight loss in the temperature range of
30-190 °C, which was attributed to the removal of the adsorbed water
and part of the hydroxyl on the silica surface [46,47]. The weight loss
due to the water on the unmodified particles is much higher than that
on the modified particles. This is because the adsorbed SDS occupied
active sites on the particle surface and reduced the amount of adsorbed
water. As shown in Fig. 7(a), the SDS decomposition finishes at 300 °C,
so physically adsorbed SDS doesn’t contribute to the weight loss over
300 °C. In the range of 360-600 °C, SiO,-SDS-20%-EW and SiO,-SDS-
25%-EW show remarkable weight losses, which were attributed to the
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decomposition of the SDS grafted onto the silica surface, indicating that
SDS was chemically bonded on the silica surface. It is known that the
bond energies of Si-O, S—0O, C—C, and S—C are 460, 364, 332, and
272 kJ/mol, respectively; thus, the bond energy of C—C is low and the
S—C bond is the weakest [48]. This indicates that the decomposition
and shedding of C;,Hos— groups contribute most to the weight loss in
the range of 360-600 °C.

In the range of 30-190 °C, the weight loss of SiO5-SDS-20%-EW is
slightly higher than that of SiO,-SDS-25%-EW. It is inferred that SDS at
20 wt% SDS/SiO, occupies fewer active sites of the particle surface,
thereby exposing more water or hydroxyl on the particle surface and
resulting in greater weight loss. There is little difference in the weight
losses of both samples in the range of 360-600 °C, at 5.76% for SiO»-
SDS-20%-EW and 5.48% for SiO,-SDS-25%-EW. This suggests that the
grafting amount did not increase with increasing SDS addition when
SDS is more than that required for mono-layer modification under these
experimental parameters.

3.2.3. Grafting density of SDS on the particle surface
The mole number of chemical grafted SDS, ngps (mol), can be cal-
culated from the weight loss in the temperature range of 360-600 °C,

AW (%) X mzgo

Nsps =
MClezs

(2)
where the weight loss (%) at 360-600°C can be calculated as
AW = (mzep — Mgpp)/Mzg0 X 100%, and M, m,5 (g/mol) is the molecular
weight of the C;,H,5 group, i.e., 169 g/mol.

The corresponding surface area S (nm?) of the silica particles is
given by,

S = (Msi0, — Muaser) X Sper—sio, X 1018

3

where the mass of SiO, in the SDS-modified sample is given by
Msio, = 1 — Ngps X Mcy,ms, and Sger—sio, (m?/g) is the specific surface
area of the silica particles, i.e., 302 mz/g, as mentioned above. Then,
the number of SDS molecules grafted on the silica surface per square
nanometer, ngps (nm~2), is calculated as,

s _ Nsps X Ny
Rsps = s
AW (%) X
(%) X m360 x Ny
_ McyyHys
- AW (%) X m3s0 18
1 - ——""""> XM, —-m X Sppr—sio, X 10
( MC12H25 Ci12Hzs water) BET—SiO2 (4)

3.2.4. Comparison of hydrophobicity modification via the coupled and non-
coupled processes

During the coupled process, modifier was added into the suspension
of the synthesized nano-silica particles, followed by spray-drying and
subsequent thermal treatment. Because the nano-silica particles can
achieve excellent dispersion in an aqueous suspension, the coupled
process ensures sufficient contact between the nano-silica particles and
modifier molecules. In the non-coupled process, the synthesized nano-
silica particle suspension was spray-dried, which is the production
process most often used in the industry for non-modified nano-silica
particles. The dried powders were then dispersed in water with the



K. Yu, et al

60
— Si0,-SDS-20%-EW

. —SiO,(sp)-SDS-20%-EW
<
>
wn
=
(]
=
S 15

0 :

L L L T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Diameter(nm)

Fig. 8. Size distributions of SDS-modified particles via the coupled and non-
coupled processes.

addition of the modifier, followed by the same procedure of spray-
drying and subsequent thermal treatment. In practical operation, some
of the synthesized nano-silica particles were taken out of the suspension
and spray-dried, then followed by the modification in the non-coupled
process. For better comparability, all operating conditions in the two
processes were kept the same.

The size distributions of particles modified via coupled and non-
coupled processes were shown in Fig. 8. The average diameters of
particles modified via coupled and non-coupled processes are 331.5 nm
and 480.3 nm, respectively. The hydrophobicity of the modified nano-
silica particles was measured. For the coupled process, the contact
angle of the modified particles is 136°, while for the non-coupled pro-
cess, the contact angle of the modified particles is 108° in Fig. 6. This
shows that the coupled process provides a higher hydrophobicity to the
modified particles than the non-coupled process does.

The TG curves of the modified nano-silica particles for the coupled
and non-coupled processes are shown in Fig. 9. From Fig. 9, the weight
loss of Si0,-SDS-20%-EW (via the coupled process) in the range of 360-
600 °C is 5.76%, while that of SiO,(sp)-SDS-20%-EW (via the non-
coupled process) is 4.12%. The number of SDS molecules grafted on the
silica surface per square nanometer, ngyg, for SiO,-SDS-20%-EW was
calculated to be 0.72nm~2, which is obviously higher than the
0.47 nm 2 for SiO4(sp)-SDS-20%-EW, confirming that the modification
via the coupled process is more effective than that via the non-coupled
process.
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Fig. 9. TG curves of SDS-modified particles via the coupled and non-coupled
processes.
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Table 1
Modification results via the coupled and non-coupled processes.

Sample Contact AW (%) npg(nm™—3) Apparent nipg(nm~?)
angle (°) (S =302m%4g) (S=115m?%/g)
Si0,-SDS- 136 5.76 0.72 1.89
20%-EW
SiO,(sp)-SDS- 108 4.12 0.47 1.23
20%-EW

The excellent modification via the coupled process is attributed to
the excellent dispersion of the nano-silica particles in aqueous solution
and the sufficient contact of the primary particles with the SDS mole-
cules. Spray-drying before modification in the non-coupled process re-
sults in the agglomeration of nano-silica particles, making the disper-
sion in the primary particles more difficult.

In fact, only the modification on the external surface is effective for
the dispersion of nano-silica particles in the organic substrates. For
easier understanding, the apparent grafting density was estimated with
the assumption that only the external surface of SDS was modified, by
using the specific surface area of idea spherical particles with a dia-
meter of 20 nm, i.e., 115 m?/g. With the density of silica assumed to be
2.6 g/cm?, the apparent grafting density, ndys, was calculated, and is
shown in Table 1. A high SDS grafting density indicates higher hydro-
phobicity and better compatibility with nonpolar rubber substrates.

Considering that the addition of SDS is sufficient and the mod-
ification is enhanced by the thermal treatment, itis inferred that the
grafting density of SDS for SiO,-SDS-20%-EW is the highest under these
experimental parameters.

3.3. High-density silanization using APTES

3.3.1. Silanization process and results

APTES is a typical silane coupling agent. The reaction process of
silane coupling agent grafting onto the silica surface can be divided into
four steps [49], i.e., (1) the silane coupling agent undergoes hydrolysis;
(2) the adjacent hydroxyls of the silane coupling agent form a siloxane
oligomer from the condensation reaction; (3) the siloxane oligomer
grafts onto the silica surface through a hydrogen bond interaction; (4) a
covalent linkage is formed during dehydration via drying or curing. The
hydrolyzed APTES reacts on the silica surface with three possible paths,
forming a monodentate, bidentate, or tridentate structure, as shown in
the schematic diagram of Fig. 10. A higher density of APTES grafting
indicates that the surface of the particles was modified with more active
amino groups, thereby providing more functionalization sites. Some
studies have shown that thermal treatment converts the bonding state
of APTES on the nano-silica particle surface from a monodentate into a
bidentate or tridentate structure [50-53].

The FTIR spectra of APTES-modified samples were measured and
the results are shown in Fig. 11. Since the APTES-modified samples

H2N
s OH —-SII\
3
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o}\ ~ \/\/
/ Yo o2
Ry /

Fig. 10. Schematic diagram of the three bonding paths of APTES on the particle
surface.
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Fig. 12. Cu®>* adsorption isotherms of APTES-modified particles and fitting
curves.

Table 2
Fitting parameters of the adsorption isotherms of the APTES-modified particles.

Langmuir model Freundlich model

Parameters Qi max bI/mg) R? Ky (mg/g) n(L/mg) R?
(mg/g)

SiO5-APTES-EW 126.58 0.007 0.925 2.60 1.61 0.928

SiO,(sp)-APTES-EW  47.39 0.024 0.928 6.16 2.97 0.932

have been washed by ethanol for 5 times, the mixed and physically
adsorbed APTES was completely removed [43]. The APTES character-
istics peaks observed from the APTES-modified sample indicate the
APTES is chemically grafted on the particle surface. The small peaks at
2929 cm ™! and 2874 cm ™! represent —CH, stretching vibrations, and
peaks appearing at 1478 cm ™! and 1362 cm ~ ! represent C—H bending
vibrations. The -NH, stretching vibration appearing at 3500-
3300 cm ™! can’t be observed because of the coincidence of a peak at
3400 cm ™' assigned to O—H stretching vibrations from hydroxyl
groups on particle surface.

3.3.2. cu®* adsorption performance
Amino groups have good chelation on many metal ions. Nano-silica
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Fig. 13. Size distributions of APTES-modified particles via the coupled and non-
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Fig. 14. TG curves of (a) pure APTES (b) APTES-modified samples via the
coupled and non-coupled processes.

Table 3
Apparent grafting densities of APTES-modified particles via the coupled and
non-coupled processes.

Sample AW (%) n (nm~3) Apparent n(nm %)
(S = 302 m?/g) (S =115 m?/g)

SiO,-APTES-EW 12.34 8.55 14.08

SiO4(sp)-APTES-EW 7.81 3.11 8.10
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particles functionalized by amino groups have good selectivity and high
adsorption capacity for heavy metal ions, such as Cu®**, Pb**, and
Hg2™" in water [26,28,29].

The copper adsorption performance of SiO,-APTES-EW (via the
coupled process) and SiO,(sp)-APTES-EW (via the non-coupled process)
were examined according to Section 2.7. The adsorption isotherms were
measured and fitted with the Langmuir and Freundlich models [54,55],
as shown in Fig. 12. The fitting parameters of the adsorption isotherms
are given in Table 2. The maximum adsorption capacities Q, max Of
SiO5-APTES-EW and SiO5(sp)-APTES-EW are 126.58 and 47.39 mg/g,
respectively, calculated by the Langmuir model. It indicates that the
coupled process is more effective on amino-functionalization than the
non-coupled process. The Langmuir model assumes the adsorption to be
a homogeneous process. Moreover, the adsorption performance of
APTES-modified particles is also well fitted with the Freundlich model,
indicating the grafting has the characteristics of multi-layer.

3.3.3. Comparison of silanization via the coupled and non-coupled
processes

The size distributions of the particles modified via coupled and non-
coupled processes are shown in Fig. 13. The average diameters of
particles modified via coupled and non-coupled processes are 468.7 nm
and 615.4 nm, respectively. The average diameters of APTES-modified
particles are larger than those of SDS-modified particles, due to a cer-
tain degree of self-condensation of APTES.

By analyzing the weight loss of pure APTES as shown in Fig. 14(a),
the sample has obvious weight loss before 180 °C due to the evapora-
tion, therefore the physically adsorbed APTES doesn’t contribute to the
weight loss over 180 °C. Fig. 14(b) shows the TG curves of the un-
modified particles (SiO,), the modified particles via the coupled process
after ethanol washing (SiO,-APTES-EW), and the modified particles via
the non-coupled process after ethanol washing (SiO5(sp)-APTES-EW).
As shown in Fig. 14(b), in the temperature range 300-750 °C, samples
SiO5-APTES-EW and SiO,(sp)-APTES-EW undergo an obvious weight
loss, which is attributed to the decomposition of the APTES grafted onto
the silica surface, indicating that APTES was chemically bonded on the
silica surface. The weight loss of SiO,-APTES-EW via the coupled pro-
cess is 12.34%, and that of SiO,(sp)-APTES-EW via the non-coupled
process is 7.81%. The weight loss of SiO-APTES-EW is much higher
than that of SiO,(sp)-APTES-EW, indicating the coupled process was
more effective than the non-coupled process for the silanization of
nano-silica particles.

Referring to Egs. (2)—(4), for the silanization of APTES on nano-
silica particles, the number of APTES molecules grafted onto the silica
surface per square nanometer, nj, can be calculated as Eq. (6),

AW (%)
nS:nAXNA: MNH XN
AW (%
S a- MN(H) X Mu#) X Spgr—sio, X 1018 6)

The weight loss in the range of 300-750 °C is attributed to the
chemically grafted APTES. In Eq. (6), Myg is the molar mass of
NH, CH,CH,CH,—, which is 58 g/mol. The molar masses of grafting
groups in the monodentate, bidentate, and tridentate structure are 119,
101, 83 g/mol, respectively. For simplification, the molar mass of the
bidentate structure, i.e., 101 g/mol, is used as the average molar mass
of grafting groups M ,*. Sgrr—sio, is 302 mz/g.

The number of APTES molecules grafted onto the silica surface per
square nanometer (nj) for SiO,-APTES-EW was calculated to be
8.55nm 2, and is much higher than that for SiO.(sp)-APTES-EW of
3.11 nm ™2, which also confirms the advantages of the coupled process.
For easy understanding and comparison, the apparent grafting density
was estimated with the assumption that only the external surface was
modified, by using the specific surface area of ideal spherical particles
with a diameter of 20 nm, i.e., 115 m?/g. With the relative density of
silica assumed to be 2.6 g/cm?®, the apparent grafting density (n}) was
calculated and is shown in Table 3.
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Table 3 shows that the silanization of APTES on the nano-silica
particle surface is more effective via the coupled process.

4. Conclusions

Nano-silica particles were synthesized with sodium silicate and
sulfuric acid, and modified using SDS and APTES through an aqueous
mixing, spray-drying, and thermal treatment process. The synthesis and
modification were coupled, and the modification results were compared
with that via the non-coupled process. In hydrophobic modification

using the common surfactant SDS, the contact angle and the apparent

grafting density of the nano-silica particles were 136° and 1.89 nm ™2,

respectively, via the coupled process, and 108° and 1.23nm 2 via the
non-coupled process. During silanization modification, the apparent
grafting density reached 14.08 nm™2 via the coupled process, and
8.10nm ™2 via the non-coupled process. The coupled process was con-
firmed to be effective, simple, and feasible for the modification of nano-
silica particles.
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